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ABSTRACT 
 

 
     Pollinators are in decline worldwide, and these declines have implications for 
flowering plants and their reproduction, given that 80% of flowering plants depend on 

insects for pollination. One potential contributor to pollinator species’ declines is shifts in 
disturbance regimes, such as increased severity and frequency. Wildfires are essential 

natural disturbances that are important drivers of forest biodiversity in the western U.S., 
and there is often pressure to respond to wildfire with management including post-
wildfire logging. This management strategy involves the removal of dead trees for 

economic value immediately following wildfire. Thus, is expected that post-wildfire 
logging has additional impacts on forest communities compared to non-salvage logging, 

and that it impacts forb and pollinator communities. Several studies have examined the 
short-term responses of forb and pollinator communities to wildfire and non-salvage 
logging individually, and one study examined their combined effects. However, no 

studies have examined the long-term effects of post-wildfire logging, on forb and 
pollinator communities and on forb reproduction. My research addresses these gaps in 

knowledge and asks: 1) how do floral and bee communities respond to post-wildfire 
logging and how do their responses differ between two different-aged fires, and 2) how 
does post-wildfire logging influence forb reproduction and pollen limitation of 

reproduction in an older wildfire? In the more recent fire, floral and bee density and 
species richness were higher in logged than unlogged areas. By contrast, in the older fire, 

forb and bee communities were similar between logged and unlogged areas. 
Unexpectedly, we found large inter- and intra-annual variation in the effects of post-
wildfire logging. Lastly, in the older fire, there were no effects of post-wildfire logging 

on forb reproduction, but plants were pollen limited in unlogged areas. This suggests that 
plants in unlogged areas are able to augment their reproductive output with supplemental 

pollen resources, but plants in logged areas cannot. Together, these results suggest that 
post-wildfire logging is beneficial for forbs and pollinators in the short-term, and these 
positive effects depend on time of growing season and sampling year. However, post-

wildfire logging may be detrimental for forb reproduction in the long-term. 
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INTRODUCTION 
 

 
Disturbances play a key role in structuring terrestrial plant and animal 

communities worldwide and in driving spatial and temporal heterogeneity across multiple 

scales (Turner 2010). A disturbance is defined by White and Pickett (1985) as “any 

relatively discrete event that disrupts the structure of an ecosystem, community, or 

population, and changes resource availability or the physical environment”. One of the 

greatest current threats to biodiversity and ecosystem services is unprecedented shifts in 

disturbance regimes (Turner 2010). According to the Intergovernmental Panel on Climate 

Change, it is expected that in response to climate change, natural disturbance events, such 

as wildfires, will become more severe and more frequent (IPCC 2013), which is likely to 

alter the land cover we see today.  

Wildfires are essential natural disturbances that are important drivers of 

biodiversity in the forests of the western U.S. (Hansen et al. 1998) and are predicted to 

increase in intensity and frequency in the Greater Yellowstone Ecosystem (GYE) by the 

mid-21st century (Westerling et al. 2006; Morgan, Heyerdahl & Gibson 2008; Littell et 

al. 2009; Spracklen et al. 2009; Higuera, Whitlock & Gage 2010). The opening of the 

forest canopy by wildfire creates early successional habitat and can lead to increased 

plant productivity and plant diversity (Swanson et al. 2011). The long-term (11 + years 

post-wildfire) response of flowering plants to wildfire will be mediated by responses of 

pollinators and plant-pollinator interactions. Insect pollinators are essential for 

maintaining plant diversity in forest ecosystems (Kearns & Inouye 1997) as the majority 

(80%) of flowering plants depend on insects for pollination (Potts et al. 2010). Early 
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successional habitats are essential for pollinator communities as they provide pollinators 

with important foraging and nesting resources (Potts et al. 2003a, 2005; Taki et al. 2013). 

Both flower and pollinator diversity increase in the short-term (0-10 years) after fire 

(Potts et al. 2003a; b; Grundel et al. 2010; Taki et al. 2013; Van Nuland et al. 2013).  

In the Western U.S., there is often pressure to respond to increased wildfire 

frequency with management that includes post-wildfire logging (Lindenmayer, Burton & 

Franklin 2008; Congress 2013). Post-wildfire logging is a type of salvage logging that 

involves the removal of dead or dying trees for economic value specifically following 

wildfire disturbance (Lindenmayer et al. 2008). Post-wildfire logging may reduce fuels 

for future wildfires and advance regeneration in post-wildfire forests (Sessions et al. 

2004). It also alters forest structural complexity, community composition, and ecosystem 

function by removing coarse woody debris, harvesting remaining biological legacies, 

and, harvesting trees at younger ages (Lindenmayer & Noss 2006).  

These changes in land cover and land use in the GYE are expected to have major 

consequences for ecosystem functioning (Parmenter et al. 2003). Post-wildfire logging 

takes place immediately after wildfire during earlier successional stages unlike non-

salvage logging (ex: clearcutting or forest thinning). Thus it is expected that post-wildfire 

logging will have effects on forest ecosystems additional to those of non-salvage logging 

including greater soil compaction and erosion, greater reductions in canopy cover, 

harvesting of larger sized stands of trees, and construction of more logging roads (McIver 

& Starr 2000; Morissette et al. 2002; Lindenmayer et al. 2008).  
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In light of these changes, it is important for ecologists to understand the long-term 

effects in addition to the short-term effects of increased human land use on biodiversity 

and ecosystem services (Turner 2010). Plants are key to stabilizing soils and reducing 

erosion in earlier successional stages. These short-term effects allow for the maintenance 

of soil resources that influence the future productivity of late-successional stages (Chapin 

III, Matson & Mooney 2002). It is important to evaluate the long-term effects of post-

wildfire logging specifically because the combination of wildfire and post-wildfire 

logging may influence succession, and the long-term state of the forest ecosystem may 

impact the future fire regime of the logged region. For example, post-wildfire logging 

depletes, or at times eliminates, biological legacies. Biological legacies are organisms and 

organic structures that survive a disturbance event and can strongly influence the rate and 

pattern of succession through stabilization of ecosystem processes, providing habitat for 

some species, and modifying the environmental conditions (Franklin et al. 2000). It is 

thought that the abundance and spatial arrangement of biological legacies may be one of 

the key factors contributing to how succession differs across different disturbance 

severities (Turner, Donato & Romme 2013). Post-wildfire logging reduces the number of 

biological legacies more than wildfire naturally does, and this may lead to an altered 

process of succession (Lindenmayer et al. 2008). The results of this ecological alteration 

may not be observed until later on in successional time as different species are adapted to 

certain successional stages, and some species may be affected by the combination of 

wildfire and post-wildfire logging disturbances differently than others.  



4 
 

Furthermore, any changes in the process of succession may lead to differences in 

community structure at different successional times, which may have implications for 

natural fire regimes, relative to those the system has historically experienced. Surviving 

structures increase the structural complexity in post-disturbance ecosystems for decades 

to centuries beyond the short-term post-disturbance period. This structural complexity is 

important specifically for the recovery of forb and pollinator species (Ponisio et al. 

2016). For example, biological legacies in the form of dead trees may provide increased 

diversity of micro-climates supporting a higher diversity of forbs (Franklin et al. 2000), 

as well as greater nesting habitat supporting a greater abundance and diversity of cavity-

nesting pollinators (Harmon & Sexton 1996; Moretti et al. 2009; Williams et al. 2010; 

Mateos, Santos & Pujade-Villar 2011; Vázquez et al. 2011). Otherwise decades or 

centuries are required for these structures to develop. 

The negative impact of post-wildfire logging on early successional forest habitat 

is also expected to impact forb and pollinator communities. Studies investigating the 

effects of non-salvage logging on forb and pollinator communities suggest that plants and 

pollinators respond similarly to logging as they do to wildfire; both plant and pollinator 

diversity increase immediately after logging (Romey et al. 2007; Pengelly & Cartar 2010; 

Jackson, Turner & Pearson 2014). In one study, pollinator richness was highest 

immediately following the combination of burning (prescribed fire) and logging 

(mechanical shrub removal) compared to burned only, logged only, and undisturbed 

(Campbell, Hanula & Waldrop 2007). However, short-term effects of fire or logging may 

be significantly different than the long-term effects (Siemann, Haarstad & Tilman 1997; 
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York 1999). For example, a small number of studies investigating the effects of time-

since-fire or time-since- logging on plants and pollinators show flower richness and 

pollinator abundance and richness steadily decline with time (Potts et al. 2003a; b; 

Grundel et al. 2010; Dafni, Izhaki & Ne’eman 2012; Jackson et al. 2014). Though the 

responses of forb and pollinator communities to the combination of wildfire and post-

wildfire logging may depend on time-since-fire, the long-term effects of post-wildfire 

logging on forb and pollinator communities are unknown.  

An essential aspect of both short- and long-term post-wildfire forest recovery 

involves pollination and plant reproduction. Given that higher pollinator abundance has 

been associated with greater plant reproduction (Winfree et al. 2015), it is expected that 

the observed effects of post-wildfire logging on pollinator communities (Chapter 2) will 

subsequently influence plant reproduction. Plant reproduction is often limited by the 

receipt of pollen, and plants in disturbed areas may have lower reproduction than plants 

in undisturbed areas (Bierzychudek 1981; Galen 1985; Johnston 1991; Burd 1994; Parker 

1997; Kearns, Inouye & Waser 1998; Ashman et al. 2004; Knight et al. 2005; Aizen & 

Harder 2007; Chen et al. 2016). In addition to being strongly influenced by the biotic 

conditions present (i.e., pollinator abundance and richness and pollen availability), plant 

reproduction is also driven by available abiotic resources (Burd 1994). As previously 

discussed, natural and anthropogenic disturbances can impact the biotic and abiotic 

resources necessary for plant growth and reproduction (Potts et al. 2003a).  

As mentioned above, there has been a great deal of effort in studying the short-

term response of forb and pollinator communities to wildfire and logging individually, 
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and one study examining their combined effects. However, none of these studies have 

examined the long-term effects of post-wildfire logging in particular, on forb and 

pollinator communities and on forb reproduction. My research addressed these gaps in 

knowledge by focusing on the following questions: 1) how do floral and bee communities 

respond to post-wildfire logging, 2) how do the responses of floral and bee communities 

to post-wildfire logging differ between two different-aged fires, 3) How does post-

wildfire logging influence forb reproduction in the long-term, and 4) How does post-

wildfire logging influence pollen limitation of forb reproduction in the long-term? 

The study area was located within the Greater Yellowstone Ecosystem (GYE) in 

the Gallatin National Forest near Pray, Montana (4514’N, 11033’W). While I was 

partially interested in testing the effect of time-since-fire on forb and bee communities 

and forb reproduction, I could not test this directly since that requires conducting a long-

term study within one single wildfire, and this was not logistically feasible. Instead I 

selected two wildfires, the Wicked Creek fire and the Thompson Creek fire, that were 

similar to each other in every way logistically possible. These sites were located in 

adjacent watersheds, and likely experienced similar climatic conditions. They represented 

similar environmental conditions containing similar elevational, slope and aspect ranges. 

One way in which they differed was when they burned and when they were post-wildfire 

logged. The more recent fire, Wicked Creek, burned in 2007 and was logged in 2008. 

The older fire, Thompson Creek, burned in 1991 and was logged in 1993. 

Within the two fire perimeters, in Chapter 2, I focused on addressing the first two 

questions by examining the influence of post-wildfire logging on floral and bee 
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communities, how these effects varied across the growing season, between sampling 

years, and between two different aged fires. In Chapter 3, I addressed the third and fourth 

questions by examining the long-term effects of post-wildfire logging (using the older 

fire, Thompson Creek) on the reproductive success, and pollen limitation, of 

Symphoricarpos albus using a pollen supplementation experiment. Symphoricarpos albus 

is a widespread, fire adapted, and ecologically valuable shrub species common in post-

wildfire vegetation communities of south-central Montana. Symphoricarpos albus also 

exhibits many characteristics that are advantageous for pollen supplementation 

experiments. I chose to address these questions in the older fire to assess the extent of any 

long-term effects of post-wildfire logging on forb reproduction, regardless of differences 

in forb or bee communities (addressed in Chapter 2). 

My study area was located within a montane mixed conifer forests (elevation: 

1,912.63 m-2,244.24 m). This area of south-central Montana is characterized by medium 

productivity and medium environmental moisture levels with mixed severity fires 

occurring every 35-200 years (Montana Field Guide 2010; U.S. Department of 

Agriculture, Forest Service & Missoula Fire Sciences Laboratory 2012). The biophysical 

conditions present within my study area are unique to montane mixed conifer forests and 

these conditions are important drivers of fire activity (severity and frequency) (Mcwethy 

et al. 2013). Areas at the productivity and environmental moisture extremes experience 

fire activity that is limited by sparse fuel loads or by high fuel moisture (Mcwethy et al. 

2013). For example, temperate rain forest ecosystems such as those of the Pacific 

Northwest of the United States, are characterized by high productivity and moisture 
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levels. These ecosystems experience low fire frequency as fuel moisture restricts the 

spread of fire. On the other hand, desert ecosystems such as those in the southwestern 

United States, are characterized by low productivity and moisture levels. They are limited 

by sparse fuels and experience infrequent, low severity fires (Mcwethy et al. 2013). 

While my study took place in an ecosystem in between these two productivity and 

moisture extremes, I can use the results from my study and what is known about the 

biophysical conditions and fire regimes of other ecosystems to predict how post-wildfire 

logging will impact forbs, pollinators and pollination services in other ecosystems. 

To my knowledge, this is the first study to elucidate the long-term impacts of 

post-wildfire logging on native forb and pollinator communities and plant reproduction. 

Overall, addressing these gaps in knowledge will provide ecologically relevant 

information on how post-wildfire logging affects forb and pollinator communities, the 

extent of pollen limitation as a potential mechanism contributing to these observed effects 

on forbs, and insight into how post-wildfire forests can be managed to protect 

biodiversity of western U.S. forests. 
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THE EFFECTS OF POST-WILDFIRE  
LOGGING ON FORB AND POLLINATOR COMMUNITIES 

 
 

Introduction 

 
 

Wildfires are key drivers of biodiversity in forest ecosystems of the Western U.S. 

(Hansen et al. 1998). By opening up the forest canopy and creating early successional 

habitat, wildfires can lead to increased plant productivity and play a key role in 

structuring forest vegetative and animal communities (Swanson et al. 2011). In particular, 

because early successional habitats are beneficial for pollinator communities (Taki et al. 

2013), wildfires may strongly influence pollinator nesting and foraging habitat, but these 

effects are not well understood.  

Pollinator community structure is driven by foraging and nesting resources. 

Pollinators’ main foraging resources include pollen and nectar. Floral communities are 

thought to be the primary driver of pollinator community structure (Potts et al. 2003a). 

Floral community characteristics such as floral diversity (Tepedino & Stanton 1981), 

floral patch size (Jha & Kremen 2013), and reward structure (pollen and nectar quantity 

and quality) (Potts et al. 2003a) are all important in structuring pollinator communities.  

The required nesting resources vary between ground-nesting and cavity-nesting 

pollinators. For ground-nesting pollinators, important nesting resources include bare 

ground and pre-existing burrows (Potts et al. 2005). For cavity-nesting pollinators, 

resources include woody debris (Harmon & Sexton 1996; Moretti et al. 2009; Williams et 

al. 2010; Mateos et al. 2011; Vázquez et al. 2011), abandoned beetle galleries, and 

hollow stems (Potts et al. 2005). Numerous studies have investigated the importance of 
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various nesting habitat characteristics and found the following to be important: soil 

texture (Cane 2016), soil compaction (Potts & Willmer 1997), soil moisture (Wuellner 

1999), cavity shape and size (Schmidt & Thoenes 1992), and aspect and slope (Potts & 

Willmer 1997). 

Pollinators are essential for maintaining plant diversity in forest ecosystems 

(Kearns & Inouye 1997), and it is expected that the long-term responses of flowering 

plants to wildfire will be partially mediated by the responses of pollinators and plant-

pollinator interactions. Several studies have examined the short-term effects of fire on 

forb and pollinator communities, showing that both flower and pollinator diversity 

increase immediately after fire (Potts et al. 2003a; b; Grundel et al. 2010; Taki et al. 

2013). 

A common post-wildfire management practice is a type of salvage logging called 

post-wildfire logging, i.e. “the removal of dead trees or trees damaged or dying because 

of injurious agents (Lindenmayer et al. 2008)” specifically following wildfire 

disturbance. Post-wildfire logging is thought to aid in reducing fuels for subsequent fires 

and in stimulating regeneration in post-wildfire systems (Sessions et al. 2004). Post-

wildfire logging also results in altered forest structural complexity, community 

composition, and ecosystem processes and functions (Lindenmayer & Noss 2006). 

Because it takes place during earlier successional stages compared to non-salvage 

logging, salvage logging in general has additional effects on forest ecosystems including 

greater soil compaction, increased erosion, greater reductions in canopy cover, harvesting 
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of larger sized blocks of trees, harvesting trees at younger ages, and construction of more 

logging roads (McIver & Starr 2000, Morissette et al. 2002; Lindenmayer et al. 2008).  

Since post-wildfire logging alters the conditions created by fire and significantly 

impacts early successional forest habitat (Swanson et al. 2011), post-wildfire logging 

could consequently influence forb and pollinator communities, and thus forest ecosystem 

functioning. The few studies that have investigated the effects of logging on forb and 

pollinator communities have focused on clearcutting and forest thinning, and have found 

patterns similar to those created by wildfire; both flower and pollinator diversity increase 

in the short-term after logging (between 2 and 9 years after logging) (Romey et al. 2007; 

Pengelly & Cartar 2010; Jackson, Turner & Pearson 2014). In addition, Campbell et al. 

(2007) considered the combined effects of fire (prescribed fire) and logging (mechanical 

shrub removal) on pollinator communities. They found that one to two years after 

disturbance, pollinator abundance and richness were highest in areas with both the shrub 

removal and experimental burn treatments relative to areas that were only burned, where 

only shrubs were removed, or were undisturbed (Campbell et al. 2007). 

Importantly, ecological changes that occur in the short-term after fire or logging 

may be notably different than long-term changes that persist a number of years after the 

disturbance (Siemann et al. 1997; York 1999). All of the previously mentioned studies 

examined the short-term responses of forb or pollinator communities to fire and logging. 

The few studies examining the long-term responses of forb and pollinator communities to 

wildfire or logging have shown that flower richness and pollinator abundance and 

richness steadily decline with time-since-disturbance (Potts et al. 2003a; b; Grundel et al. 
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2010; Dafni et al. 2012; Jackson et al. 2014). Despite the potential additional impacts of 

wildfire and post-wildfire logging combined, and that these impacts may depend on time-

since-wildfire, the long-term effects of post-wildfire logging on forb and pollinator 

communities are unknown.  

In this study, I investigated the long-term influences of post-wildfire logging on 

floral and bee communities in the Gallatin National Forest, Montana, USA by comparing 

two adjacent, different-aged wildfires, Thompson Creek and Wicked Creek. The 

Thompson Creek wildfire occurred in 1991 and was post-wildfire logged in 1993 and 

1995 (i.e., 23-24 years post-fire); the Wicked Creek wildfire burned in 2007 and was 

logged in 2008 (i.e., 7-8 years post-fire).  

Within these two wildfires, I compared post-wildfire logged areas to unlogged 

areas and addressed the following questions: 1) how do floral and bee communities 

respond to post-wildfire logging, and 2) how do these community responses to post-

wildfire logging differ between a more recent fire and an older fire? I also investigated 

inter-annual variability, intra-annual variability and their interactions on floral and bee 

communities. For my first question, I hypothesized that floral and bee density and species 

richness would be higher in post-wildfire logged areas as previous studies have shown 

that non-salvage logging opens up the canopy and increases sunlight availability, which 

have been shown to be beneficial for plant and bee habitat (Swanson et al. 2011; Taki et 

al. 2013). For my second question, I expected floral and bee density and species richness 

to be higher in the short-term (represented by Wicked Creek) compared to the long-term 
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(represented by Thompson Creek) due to less canopy cover in the more recent wildfire 

(Taki et al. 2013). 

To my knowledge, this research is the first to elucidate the long-term impacts of 

post-wildfire logging on native forb and pollinator communities. Overall, addressing this 

gap in knowledge will provide ecologically relevant information on how post-wildfire 

forests can be managed if plant and pollinator biodiversity is considered as a management 

goal.  

 

Methods 
 

 
Study Sites and Experimental Design 
 

To quantify the effect of post-wildfire logging on forb and pollinator 

communities, I selected two wildfires that were similar to each other in every way 

logistically possible in that they were located in adjacent watersheds, and they were 

characterized by similar elevational, slope and aspect ranges. This allowed me to 

compare forb and pollinator communities between these two fires as a space-for time 

substitution for the effect of time-since-fire. This study was conducted in the Gallatin 

National Forest near Pray, Montana, USA (4514’N, 11033’W). Within the perimeters 

of the Thompson Creek (burned in 1991) and Wicked Creek (burned in 2007) wildfires, I 

selected two 15-hectare stands that were post-wildfire logged and two 15-hectare stands 

that were unlogged. Within each stand, I established nine sites that were randomly 

selected using a stratified design from the GRTS package in R (R Core Development 

Team 2013), for a total of 72 sites. 
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Quantification of Site Characteristics 
 

I quantified coarse woody debris (CWD; downed trees > 5 cm in diameter) 

volume at each site because of its known ecological importance. For example, CWD is 

decreased by logging (Hopkins, Larson & Belote 2014), suppresses forb habitat (Tinker 

& Knight 2000; Vázquez et al. 2011), is an important nesting resource for cavity-nesting 

bees (Harmon & Sexton 1996; Moretti et al. 2009; Williams et al. 2010; Mateos et al. 

2011; Vázquez et al. 2011), and it is important for long-term ecosystem nutrient cycling 

by affecting soil structure and providing organic matter inputs to forest ecosystems 

(Tinker & Knight 2000).To quantify CWD volume, along a 25 m transect at each site, I 

identified the species of, measured the diameter of, and recorded the decay classification 

of CWD (Lutes & Keane 2006). CWD was calculated using the formula from Harmon 

and Sexton (1996): V =  9.869 * (d2)/8L, where d is the piece diameter in cm, L is the 

length of the transect in meters, and V is CWD volume in m3/ha. I also used ArcGIS 10 

to extract elevation, slope and aspect for each site. I included these site characteristics to 

account for any variability in environmental conditions between sites. However, none of 

these characteristics were included in our model set as none of them were statistically 

significant (P > 0.05 in all cases) predictors of floral density, floral species richness, bee 

density, or bee species richness. 

 
Plant Sampling 
 

Throughout the 2014 and 2015 growing seasons (1 June through 21 August), I 

visited each site once per week. During each site visit, I quantified the floral community 
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by recording the density of open flowers of each species along a 25m X 2m band transect 

that was aligned to the center of the plot, perpendicular to the slope of the site.  

 

Pollinator Sampling 
 

During each site visit, I quantified the density of pollinators (# bees/20min./625 

m2) by hand-netting pollinators within a 25 m diameter circular plot centered on each 

site, for a total of 20 minutes.  I considered pollinators to be any insect floral visitor that 

was observed flying from flower to flower and contacting the reproductive parts of the 

flowers. The pollinator communities of each plot were sampled for approximately 3 

hours and 40 minutes over each growing season, with a total sampling time of 264 hours 

across all plots. The pollinators were collected individually in vials, immediately put on 

ice, and identified to species later in the lab. 

 
Statistical Analyses 

 
 In order to assess the effects of post-wildfire logging on forb and pollinator 

communities, I used generalized linear mixed effects models (GLMMs) to analyze floral 

density and species richness and bee density and species richness all separately as 

response variables since these metrics were all correlated with one another (R2 > 0.3). I 

assessed the effect of post-wildfire logging on these metrics and how these metrics varied 

between two different-aged fires, Wicked Creek (the more recent fire) and Thompson 

Creek (the older fire). I also assessed how these community metrics varied with CWD 

volume, over the course of the growing season, and between sampling years. Fixed 

factors included post-wildfire logging (presence or absence), fire ID (Thompson Creek or 
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Wicked Creek), CWD volume (CWD), Julian day (representing first day of each 

sampling week throughout summer growing season- 1 June through 21 August), 

sampling year (2014 and 2015). I also included two-way interactions between fire ID and 

post-wildfire logging, fire ID and CWD volume, and post-wildfire logging and CWD 

volume in order to address my original questions. I accounted for repeated measures 

within and across two sampling years by including Julian day and sampling year as fixed 

effects. Random factors included site nested with stand. A Poisson distribution was used 

for all response variables as they were all counts bounded at 0. I included CWD as an 

explanatory variable in the GLMMs due to its potential importance in structuring plant 

and insect communities. All analyses were performed in R 3.1.3 (R Core Development 

Team 2015). Mixed effects models were analyzed using the R package lme4 

(Bates et al. 2015). Due to the contentious nature of using p-values and hypothesis testing 

with GLMMs, I decided to use F-values to make inference on overall main and 

interaction parameters. 

To determine the best-supported models for my data predicting forb and 

pollinator communities, I used Akaike’s Information Criteria (AIC) model selection. The 

top models for floral and bee density and species richness did not explain expected 

variation in the effects of logging and differences between the more recent fire and the 

older fire. Thus, I investigated these relationships further and included three-way 

interactions (fire ID x post-wildfire logging x Julian day, and fire ID x post-wildfire 

logging x CWD volume) in AIC model selection to determine the new best-supported 

model for my data. Using the top models for flower density and species richness and for 
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pollinator density and species richness, I used the lsmeans R package for a post-hoc 

assessment of multiple comparison of means, and I based all significant differences in 

means on non-overlapping confidence intervals (Lenth 2016). 

I used the adonis function (Oksanen 2015) to examine whether differences in 

floral and bee communities between logged and unlogged areas were driven by 

differences in community composition. I did this in the more recent fire only, where 

significant differences between logged and unlogged floral and bee communities were 

observed. 

 

Results 
 

Floral Density and Species Richness 

Over 264 hours of observation, I sampled 3054 pollinator specimens of 201 

species visiting 125 forb species. I also counted a total of 739,250 flowers representing 

236 species. 

 
Post-Wildfire Logging and Fire ID. Contrary to my hypotheses, there were no 

significant effects of post-wildfire logging or differences between the older fire and the 

more recent fire in mean floral density or mean floral species richness (Tables 1 & 2). 

However, as expected, the effects of logging on floral density and species richness 

depended on fire ID (i.e., logging by fire ID interaction) (Fig. 1 & 2). Floral density was 

28% lower in logged than unlogged areas in the older fire (Thompson Creek), whereas it 

was 39% greater in logged than unlogged areas in the newer fire (Wicked Creek). There 

was no difference in floral species richness between logged and unlogged areas in the 



18 
 

older fire, however, floral species richness was 23% higher in logged areas than in 

unlogged areas in the newer fire. 

 

Table 1. Summary table for final model of floral density 

 

Df SumSq MeanSq Fvalue 

YEAR 1 3 3.20 3.16 

logging 1 6 5.90 5.86 

FIRE 1 3 3.10 3.10 

Julian Day 11 89475 8134.10 8134.09 

log.cwdv 1 6 6.30 6.27 

YEAR  logging 1 118 117.60 117.57 

YEAR  FIRE 1 1773 1773.20 1773.16 

YEAR  Julian Day 10 22005 2200.50 2200.46 

FIRE  Julian Day 10 6079 607.90 607.90 

logging  Julian Day 11 17272 1570.20 1570.17 

logging  FIRE 1 3 2.60 2.59 

FIRE  log.cwdv 1 0 0.00 0.01 

logging  log.cwdv 1 1 1.00 0.97 

logging  FIRE  Julian Day 10 2702 270.20 270.20 

logging  FIRE  log.cwdv 1 1 0.80 0.83 
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Table 2. Summary table for final model of floral species richness 

 

Df SumSq MeanSq Fvalue 

YEAR 1 0.51 0.51 0.51 

logging 1 12.44 12.44 12.44 

FIRE 1 0.40 0.40 0.40 

Julian Day 11 293.03 26.64 26.64 

log.cwdv 1 0.40 0.40 0.40 

YEAR  logging 1 57.85 57.85 57.85 

YEAR  FIRE 1 124.05 124.05 124.05 

YEAR  Julian Day 10 45.79 4.58 4.58 

FIRE  Julian Day 10 45.70 4.57 4.57 

logging  Julian Day 11 8.32 0.76 0.76 

logging  FIRE 1 2.08 2.08 2.08 

FIRE  log.cwdv 1 0.54 0.54 0.54 

logging  log.cwdv 1 0.59 0.59 0.59 

logging  FIRE  Julian Day 10 29.47 2.95 2.95 

logging  FIRE  log.cwdv 1 1.47 1.45 1.47 

 

 
Figure 1. Significant differences in mean floral density between post-wildfire logged 
(blue) and unlogged (red) areas in Thompson Creek (older fire; TC) and Wicked Creek 
(newer fire; WC) are indicated by asterisks. The colored circles are site-specific floral 

density predictions from the final mixed model. The black circles represent the mean site-
specific predicted floral density, and the error bars represent a 95% confidence interval 

around the mean for each logging, fire ID combination. 
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Figure 2. Significant differences in mean floral species richness between post-wildfire 

logged (blue) and unlogged (red) areas in Thompson Creek (older fire; TC) and Wicked 
Creek (newer fire; WC) are indicated by asterisks. The colored circles are site-specific 
floral species richness predictions from the final mixed model. The black circles 

represent the mean site-specific predicted floral species richness, and the error bars 
represent a 95% confidence interval around the mean for each logging, fire ID 

combination. 
 
 

Inter- and Intra-Annual Variability. As expected, neither floral density nor floral 

species richness differed between sampling years (Tables 1 & 2). However, 

unexpectedly, the effects of logging on floral density and species richness varied by 

sampling year (Figures 3 & 4). In 2014, there were no differences in mean floral density 

or richness between logged and unlogged areas, while logged areas had 31% higher mean 

floral density and 20% higher mean species richness compared to unlogged areas in 2015.  
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Figure 3. Significant differences in mean floral density between post-wildfire logged 
(blue) and unlogged (red) areas in 2014 and 2015 are indicated by asterisks. The colored 

circles are site-specific floral density predictions from the final mixed model. The black 
circles represent the mean site-specific predicted floral density, and the error bars 
represent a 95% confidence interval around the mean for each logging, year combination. 

 
 

 
Figure 4. Significant differences in mean floral species richness between post-wildfire 

logged (blue) and unlogged (red) areas in 2014 and 2015 are indicated by asterisks. The 
colored circles are site-specific floral species richness predictions from the final mixed 
model. The black circles represent the mean site-specific predicted floral species 

richness, and the error bars represent a 95% confidence interval around the mean for each 
logging, year combination. 
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The difference in floral density and floral species richness between an older and 

more recent fire depended on sampling year (Tables 1 & 2). In 2014, floral density was 

37% lower in the older fire (Thompson Creek) than in the more recent fire (Wicked 

Creek) (Fig. 5), whereas in 2015, there was no difference in mean floral density between 

the older fire and the newer fire. In 2014, there was no difference in mean floral species 

richness between the older fire and the more recent fire, whereas in 2015, the older fire 

had 37% lower mean floral richness than the newer fire (Fig. 6). 

 

 
Figure 5. Significant differences in mean floral density between an older fire (Thompson 

Creek; red) and a more recent fire (Wicked Creek; blue) in 2014 and 2015 are indicated 
by asterisks. The colored circles are site-specific floral density predictions from the final 
mixed model. The black circles represent the mean site-specific predicted floral density, 

and the error bars represent a 95% confidence interval around the mean for each year, fire 
ID combination. 



23 
 

 
Figure 6. Significant differences in mean floral species richness between an older fire 
(Thompson Creek; red) and a more recent fire (Wicked Creek; blue) in 2014 and 2015 

are indicated by asterisks. The colored circles are site-specific floral species richness 
predictions from the final mixed model. The black circles represent the mean site-specific 
predicted floral species richness, and the error bars represent a 95% confidence interval 

around the mean for each year, fire ID combination. 
 

 
The effects of sampling year on floral density and floral species richness varied 

over the course of the summer (Tables 1 & 2, Fig. 7). Early and late in the 2014 growing 

season, mean floral density was higher and mean floral species richness was lower 

compared to 2015.  These differences peaked at 100% higher floral density (Julian day 

160, Fig. 7a) and 92% lower floral species richness (Julian day 167, Fig. 7b) in 2014 than 

2015. However, during the peak growing season, there were no differences in mean 

flower density (Fig. 7a) or richness (Fig. 7b) between 2014 and 2015.  
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Figure 7. Significant differences (indicated by asterisks) in floral density (a) and floral 

species richness (b) between 2014 (red) and 2015 (blue) across the growing season 
(Julian Day; each Julian day represents first day of sampling week). The colored circles 

are site-specific floral density and floral species richness predictions from the final mixed 
model. The black circles show the mean site-specific predicted floral density and floral 
species richness, and the error bars represent a 95% confidence interval around the mean 

for each sampling week, year combination. 
 

 
The effects of post-wildfire logging also varied across the summer growing 

season, and these effects differed between an older and a more recent fire (Fig. 8; Tables 

1 & 2; logging by Julian Day by fire ID interaction). In the older fire, (Thompson Creek), 

there were minimal differences in floral density (Fig. 8a) or species richness (Fig. 8c) 

between logged and unlogged sites throughout most of the summer. By contrast, in the 

more recent fire (Wicked Creek) floral density (Fig. 8b) and species richness (Fig. 8d) in 

logged areas were higher than in unlogged areas throughout much of the summer. The 

difference between logged and unlogged floral density and species richness peaked at 86-

89% higher during the early growing season (Julian days 167-195). 
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Figure 8. Significant differences (indicated by asterisks) in floral density (top panels) and 
floral species richness (bottom panels) for Thompson Creek (left panels) and Wicked 

Creek (right panels) between logged (blue) and unlogged (red) sites across the growing 
season (Julian Day) throughout both sampling years. Each Julian day represents the first 

day of sampling week from June through August. The colored circles are site-specific 
floral density and floral species richness predictions from the final mixed model. The 
black circles represent the mean site-specific predicted floral density and floral species 

richness, and the error bars represent a 95% confidence interval around the mean for each 
sampling week, logging treatment combination.  

 
 

These differences in floral density and richness between logged and unlogged 

areas throughout the growing season in Wicked Creek were not driven by a specific suite 

of floral species (adonis: P = 0.3). In fact, there was high similarity in floral community 

composition between logged and unlogged areas in the early growing season when the 

difference between logged and unlogged floral density and richness was highest in 

Wicked Creek. Instead, the higher floral density in logged areas may have been driven by 

an increase in density of all species, which suggests post-wildfire logging affects all 

species similarly. The higher floral species richness in logged areas may be due to the 

presence of a few rare species in some of the logged areas.   
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Coarse Woody Debris. Floral density varied with CWD (Table 1). Mean floral 

density decreased by 15% with every doubling of CWD (Fig. 9).  

 

 
Figure 9. Floral density by coarse woody debris. The black points represent mean site-

specific floral density predictions from the final mixed model and the gray error bounds 
represent a 95% confidence interval around the regression line.  
 

 
Bee Density and Species Richness 

 
Post-Wildfire Logging and Fire ID. Unexpectedly, there was no significant effect 

of post-wildfire logging on bee species richness (Table 3). However, mean bee density 

was 1.7 times higher in logged areas than unlogged areas, which was consistent with my 

hypothesis (Table 4). Contrary to my hypotheses, there were no significant effects of fire 

ID on bee density or bee species richness (Tables 3 & 4). However, as expected, the 

effects of logging on mean bee density and mean bee species richness depended on fire 

ID (Tables 3 & 4). 

0

1000

2000

3000

4000

0 2 4 6

CWD

F
lo

ra
l 
D

e
n

s
it
y
 (

#
 f

lo
w

e
rs

/5
0
 m

^
2
)



27 
 

Table 3. Summary table for final model of bee species richness 

 

Df SumSq MeanSq Fvalue 

YEAR 1 188.90 188.90 188.90 

logging 1 18.62 18.62 18.62 

FIRE 1 23.39 23.39 23.39 

Julian Day 11 114.47 10.41 10.41 

YEAR  logging 1 29.03 29.03 29.03 

YEAR  FIRE 1 5.29 5.29 5.29 

YEAR  Julian Day 10 136.11 13.61 13.61 

FIRE  Julian Day 10 16.21 1.62 1.62 

logging  Julian Day 11 31.41 2.86 2.86 

logging  FIRE 1 6.53 6.53 6.53 

logging  FIRE  Julian Day 9 18.64 2.07 2.07 

 
 

Table 4. Summary table for final model of bee density 

 

Df SumSq MeanSq Fvalue 

YEAR 1 539.33 539.33 539.33 

logging 1 6.65 6.65 6.65 

FIRE 1 6.37 6.37 6.37 

Julian Day 11 455.24 41.39 41.39 

YEAR  logging 1 16.17 16.17 16.17 

YEAR  FIRE 1 12.77 12.77 12.77 

YEAR  Julian Day 10 249.45 24.94 24.94 

FIRE  Julian Day 10 22.03 2.20 2.20 

logging  Julian Day 11 61.51 5.59 5.59 

logging  FIRE 1 1.16 1.16 1.16 

logging  FIRE  Julian Day 9 34.13 3.79 3.79 

 

 Intra- and Inter-Annual Variability. As expected, there were no significant effects 

of sampling year on bee density or bee species richness. Also as expected, the effects of 

logging on mean bee density and mean bee species richness between the older and more 

recent fire varied over the course of the growing seasons (Fig. 10; Tables 3 & 4). In the 

older fire, there were minimal differences in mean bee density (Fig. 10a) or richness (Fig. 
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10c) between logged and unlogged areas throughout the growing season. By contrast, in 

Wicked Creek, mean bee density (Fig. 10b) and richness (Fig. 10d) were up to 1.7 and 

1.9 times higher, respectively, in logged areas than in unlogged areas early in the growing 

season. Bee richness was up to 100% higher in logged areas than in unlogged in the late 

growing season. 

 

 
Figure 10. Significant differences (indicated by asterisks) in bee density (top panels) and 
bee species richness (bottom panels) in Thompson Creek (left panels) and Wicked Creek 
(right panels) between logged (blue) and unlogged (red) sites within sampling week 

across the growing season (Julian Day). Each Julian day represents the first day of each 
sampling week. The colored circles are site-specific bee density and bee species richness 

predictions from the final mixed model; red solid circles represent unlogged sites and 
blue open circles represent logged sites. The black circles represent the mean site-specific 
predicted bee density and bee species richness, and the error bars represent a 95% 

confidence interval around the mean for each sampling week, logging treatment 
combination. 

 
 

These differences in bee density and richness between logged and unlogged sites 

were not driven by a specific suite of bee species (adonis: P = 0.19); there was high 

similarity in bee community composition between logged and unlogged areas. Instead, 
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higher bee density in logged areas may be due to an increase in all bee species. The 

higher bee species richness in logged areas may be due to one or a few rare species that 

are present in logged areas. 

These patterns of variation in bee density and bee species richness across the 

growing season differed by sampling year (Tables 3 & 4, Fig. 11). In the late growing 

season of 2014, mean bee density (Fig. 11a) and mean bee species richness (Fig. 11b) 

were up to 6.3 and 3.3 times higher, respectively, compared to 2015. The effects of 

logging on bee density and bee species richness also varied by sampling year. In 2014, 

there were no differences in mean bee density or richness between logged and unlogged 

sites. However, in 2015 mean bee density was 1.7 times higher and richness was 1.5 

times higher in logged areas than in unlogged areas. 
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Figure 11. Significant differences (indicated by asterisks) in bee density (a) and bee 
species richness (b) between 2014 (red) and 2015 (blue) across the growing season. Each 

Julian day represents the first day of each sampling week. The colored circles are site-
specific bee density and bee species richness predictions from the final mixed model. The 

black circles show the mean site-specific predicted bee density and bee species richness, 
and the error bars represent a 95% confidence interval around the mean for each sampling 
week, year combination. 

 
 

The effects of fire ID on bee density and species richness varied by sampling year 

(Tables 3 & 4). Mean bee density was 100% higher in the newer fire than in the older fire 

in 2014 and 41% higher in the newer fire than in the older fire in 2015. Mean bee species 

richness was 66% higher in the newer fire than in the older fire in 2014, and 38% higher 

in the newer fire than in the older fire in 2015. 

 
Discussion 

 
Floral and bee density and richness were higher in post-wildfire logged areas than 

in unlogged areas in the short-term (Wicked Creek), but not long-term (Thompson 
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Creek), indicating that the benefits of post-wildfire logging on floral and bee 

communities diminishes over successional time, as expected. While a combination of 

wildfire and post-wildfire logging was beneficial for forb and bee communities, this 

effect depended on time of the growing season, sampling year and the specific fire. The 

effects of post-wildfire logging on floral and bee communities were dependent on a 

number of interacting variables. 

 
Effects of Post-Wildfire  
Logging on Floral Communities 

 
Post-wildfire logging was beneficial for floral communities in the short-term 

(Wicked Creek) but not in the long-term (Thompson Creek). Floral density and species 

richness were higher in logged areas compared to unlogged areas in the more recent fire, 

but there were few differences in the floral communities between logged and unlogged 

areas in the older fire. The difference in the effect of logging between the two different-

aged fires is consistent with previous studies, and can emerge through a variety of 

mechanisms including increase in canopy cover over time, and less light availability for 

forb growth (Winfree, Griswold & Kremen 2007; Taki et al. 2013). My results are 

consistent with studies that show, over the long-term (from 8 to 178 years post-

disturbance), floral communities of burned or logged areas become more similar to 

undisturbed sites (Potts et al. 2003a; Pengelly & Cartar 2010; Taki et al. 2013). 

Floral density decreased with an increase in CWD volume, indicating that higher 

CWD volumes create less space for forb growth, which is consistent with a previous 

study (Tinker & Knight 2000). CWD provides suitable substrate for tree regeneration, 
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and thus greater tree regeneration in areas of higher CWD volumes may increase 

competition between woody plants and for forbs (Heinemann & Kitzberger 2006; 

Lindenmayer et al. 2008; Stine et al. 2014). The higher floral density and species 

richness in logged areas in the newer fire may be due to lower CWD volumes as I found 

that logged areas had lower CWD volumes than unlogged areas (P < 0.01). The removal 

of woody biomass (standing trees in addition to CWD) by post-wildfire logging creates 

lower tree cover and greater sunlight availability, promoting forb growth (Lindenmayer et 

al. 2008).  

 

Effects of Post-Wildfire  
Logging on Pollinator Communities 
 

Positive effects of post-wildfire logging on bee communities were observed in the 

newer fire (Wicked Creek) but not in the older fire (Thompson Creek), indicating that the 

influence of post-wildfire logging diminished over successional time, as expected. The 

attenuation of logging influence may be due to a variety of mechanisms, including 

increased canopy cover over time and reduced light availability for forb growth, which 

bees respond to directly through decreased foraging (Potts et al. 2003a; Campbell et al. 

2007; Romey et al. 2007; Winfree et al. 2007; Grundel et al. 2010; Pengelly & Cartar 

2010; Taki et al. 2013; Jackson et al. 2014; Rubene, Schroeder & Ranius 2015). Over the 

long-term, bee communities of burned and logged areas have been shown to become 

more similar to those of undisturbed sites (Potts et al. 2003a; Pengelly & Cartar 2010; 

Taki et al. 2013). My results show that, in the long-term (Thompson Creek), the bee 

communities of post-wildfire logged areas are the same as unlogged sites. However, in 
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the short-term (Wicked Creek), my study shows that bee communities in post-wildfire 

logged areas are still different than those of unlogged areas. 

Post-wildfire logging’s effect on the pollinator community was also dependent on 

time of the growing season. Bee species with different life histories may be affected by 

post-wildfire logging differently and are active at different times throughout the summer 

growing season. For example, I sampled the greatest number of Halictid bees in the early 

growing season, Andrenids in the early and peak growing seasons, Megachilids in the 

peak growing season, Colletids in the peak and late growing season, and Apids in the late 

growing season. This variable effect may also be due to bees responding to changes in 

floral community and forage availability across the growing season (Potts et al. 2003a; 

Mateos et al. 2011; Jackson et al. 2014; Rubene et al. 2015). Overall forb density and 

species richness nearly doubles from the early to the peak growing season. Then, from 

the peak to the late growing season, both forb density and species richness decrease by 

nearly 65% and 35%, respectively. 

In addition, logged areas may support some specific guilds of bees better than 

unlogged areas. I found that logged areas had lower CWD volumes than unlogged areas. 

Although I expected that greater CWD volume would benefit bee density communities by 

providing nesting habitat for cavity-nesting bees (Harmon & Sexton 1996; Moretti et al. 

2009; Grundel et al. 2010; Williams et al. 2010; Mateos et al. 2011; Vázquez et al. 2011) 

or alternatively decrease bee density by limiting bare ground availability for ground-

nesting bees, CWD volume was not a significant predictor of bee density or species 

richness (P > 0.05). This result suggests that bee communities are not limited by woody 
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or ground-nesting resources in our system, that the amount of CWD volume present at 

my sites was not high enough to detect an effect, or that the amount of CWD volume was 

high enough across all sites, logged and unlogged, that I was unable to detect a 

difference. 

Alternatively, ground-nesting bees may have been responding to increased 

availability of bare ground rather than CWD, and thus contributed to the increase in 

pollinator density in logged areas. Post-wildfire logging creates an increase in bare 

ground (Lindenmayer et al. 2008), and ground-nesting bees depend on bare ground for 

nesting resources (Potts et al. 2005; Campbell et al. 2007). Specifically, bee density for 

bees of ground-nesting families, Halictidae, Andrenidae and Apidae, were 43%, 45% and 

23% greater in post-wildfire logged versus unlogged areas, respectively. 

 
Inter-Annual Variability in Post-Wildfire  
Logging’s Effects on Forb and Bee Communities 

 
Lastly, I found significant interannual variation in floral and bee community 

dynamics, and in the effects of post-wildfire logging on both floral and bee communities. 

Previous studies have also found interannual variation in forb and bee communities 

(Inouye, Saavedra & Lee-Yang 2003; Kudo & Hirao 2006; Alarcon, Waser & Ollerton 

2008; Petanidou et al. 2008; Burkle & Irwin 2009; Devoto et al. 2009; Gallai et al. 2009; 

Hegland et al. 2009; Lambert, Miller-Rushing & Inouye 2010). The most notable 

differences between sampling years were seen in the pollinator communities, as the 

density bumble bee species (Bombus spp.) declined by 69% from 2014 to 2015. The bee 

density of all other families expect Andrenidae (Colletidae, Megachilidae, and 
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Halictidae) stayed relatively steady between 2014 and 2015. However, the bee density of 

Andrenidae increased by 23% from 2014 to 2015, suggesting that these bees responded 

positively to the reduction in Bombus spp. density. 

This interannual variation may be due to forb and pollinator population dynamics, 

or may be due to fluctuations in climate patterns, including snowpack, precipitation, and 

temperature, between the sampling years. Recent warming in the GYE has been 

associated with earlier spring snowmelt and warmer summer temperatures (Romme & 

Turner 2015). Precipitation throughout the winter, as well as throughout the summer 

growing season, is important for forb growth, phenology, and reproduction, and 

pollinators respond to the presence and density of floral resources directly. These 

conclusions highlight the importance of conducting additional future research to better 

understand the interaction of temporal variability in climate and the effects of post-

wildfire logging on forest biodiversity. 

 

Implications of Post-Wildfire  
Logging on Forb-Bee Interactions 
 

 Post-wildfire logging similarly enhanced two interacting trophic levels -- forb and 

bee communities -- in the short-term (Wicked Creek). In the long-term (Thompson 

Creek), the benefits of post-wildfire logging on both forb and bee communities 

diminished. However, the timing of when the positive effects of post-wildfire logging 

were the strongest was different between forbs and bees. Forb density and species 

richness was highest in logged areas during the early and peak growing season, whereas 

bee density and species richness was highest in logged areas in the early and late growing 
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season. These differences in timing may lead to mis-matches in important forb-bee 

interactions, which could have negative implications for forb reproduction. 

 

Future Directions 

I would expect that the effects of post-wildfire logging on forb and pollinator 

communities differs based on where the study takes place. This study took place in a 

montane mixed conifer forest, with medium productivity, medium moisture levels, and 

mixed severity fires occurring every 35-200 years. On one end of the productivity and 

moisture spectrum, the deserts of the southwestern U.S. are characterized by low 

productivity, low moisture levels and fire activity is limited by sparse fuels. In these 

desert ecosystems, I predict that post-wildfire logging would have a similar effect on forb 

and pollinator communities; forb and pollinator density and species richness would be 

higher in post-wildfire logged than unlogged areas. However, I would expect that these 

differences in forb and pollinator communities between logged and unlogged areas to 

remain for much longer. Given the low productivity, I would expect the process of 

succession to be much slower and therefore the forb and pollinator communities of post-

wildfire logged areas of an older fire would still be different than those of unlogged areas, 

even past 25 years post-fire. On the other end of the spectrum, the temperate rain forests 

of the Pacific Northwest of the U.S. are characterized by high productivity and high 

moisture levels, and fire activity is limited by fuel moisture levels. In these types of 

ecosystems, I would expect that the effects of post-wildfire logging on forb and pollinator 

communities would diminish more quickly than they do in a mixed conifer forest. 

Specifically, I would predict that it would take less time for forb and pollinator 
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communities in post-wildfire logged areas to become indistinguishable from unlogged 

areas, due to the high productivity and high moisture levels. Future studies may consider 

conducting a similar study in different ecosystems to test the hypothesis that the effects of 

post-wildfire logging on forb and pollinator communities depends on the ecosystems’ 

biophysical conditions. 

Additionally, the questions of this study were addressed with an observational-

approach focused on floral and bee community dynamics patterns, and not a mechanistic-

approach. Mechanisms underlying the patterns seen in the floral and bee communities 

due to post-wildfire logging may be addressed with field experiments. Manipulating the 

abiotic environment, for example soil moisture levels or sunlight availability, would 

allow future studies to gain a clearer understanding of the ecological processes 

underlying the effects of post-wildfire logging. 

While this study focused on the effects of post-wildfire logging on bee foraging 

habitat (floral density and species richness), it did not directly assess pollinator nesting 

habitat. I would expect that the effects of post-wildfire logging on foraging habitat do not 

accurately represent the effects on nesting habitat since bee foraging and nesting habitat 

can be spatially separated (Westrich 1996). The availability of nesting sites and nesting 

resources has been found to be important for bee community structure (Potts et al. 2005), 

and timber harvesting likely disrupts potential nest sites for ground-nesting bees and 

removes biomass (Lindenmayer et al. 2008), which is potentially used by cavity-nesting 

bees. To gain a more complete understanding of how post-wildfire logging influences bee 

communities, future studies may also consider assessing bee nesting habitat.  
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Furthermore, I expect that the effects of post-wildfire logging would be different 

immediately after wildfire (1 year post-fire) or long after wildfire (60 years post-fire) 

than what I found 7-8 years (Wicked Creek) and 23-24 years (Thompson Creek) years 

after wildfire due to changes in forest community structure through successional time. 

Future studies must examine additional temporal differences in the effects of post-

wildfire logging, especially the immediate and long-term effects, along with the 

mechanisms underlying those changes to gain an even deeper understanding of the 

temporal variation in how this type of forest management influences biodiversity. 

 

Conclusions and Management Implications 

To my knowledge, these results provide the first assessment of the responses of 

forb and pollinator communities to post-wildfire logging and are key to expanding our 

understanding of the effects of post-wildfire logging on forest biodiversity. Post-wildfire 

logging positively affected forb and pollinator communities in a more recent wildfire, but 

these effects diminished with time, suggesting short-term benefits. There may be longer-

term negative effects of logging on the forb communities as suggested by Wyatt and 

Silman (2010) and Duffy and Meier (1992) and thus on the pollinator communities as 

well. These potential long-term negative effects could potentially lead to mismatched 

phenology between forbs and pollinators. The long-term effects of post-wildfire logging 

have received minimal attention, especially with regards to forb and pollinator 

communities. This study shows that over the long-term forb and pollinator communities 

in post-wildfire logged areas are more similar to unlogged areas than they are in the 
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short-term. This implies that there are no negative long-term implications of post-wildfire 

logging on forb and pollinator density and species richness. 

As changes in climate lead to more frequent and severe fires in the Greater 

Yellowstone Ecosystem (Westerling et al. 2006; Morgan et al. 2008; Littell et al. 2009; 

Spracklen et al. 2009; Higuera et al. 2010), the pressure for post-wildfire logging is likely 

to increase (Lindenmayer et al. 2008). The management of wildfire-affected landscapes 

must consider the effects of human land use on forest biodiversity, particularly floral and 

pollinator communities (Gaston 2006). Many ecological studies consider tree species 

richness and structural diversity in their assessment of the effects of timber harvesting 

(Belote & Aplet 2014). However, given the importance of early successional habitat to 

floral and bee communities (Taki et al. 2013) and that the most diverse ecoregions of 

Montana experience the greatest amount of timber harvesting, it is imperative that 

ecological assessments of logging consider additional indices of biodiversity (Belote & 

Aplet 2014), including floral and pollinator community dynamics.  This study shows that 

post-wildfire logging has a beneficial effect on forb and bee communities, and these 

effects change through time. 
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THE EFFECTS OF POST-WILDFIRE LOGGING ON PLANT  
REPRODUCTIVE SUCCESS: A CASE STUDY USING SYMPHORICARPOS ALBUS 

 
 

Introduction 

 
 

The majority of flowering plant species (80%) require insect pollinators for 

reproduction (Potts et al. 2010). Furthermore, the reproduction of up to 73% of plant 

species is limited by pollen receipt (e.g., Bierzychudek 1981; Galen 1985; Johnston 1991; 

Burd 1994; Parker 1997; Ashman et al. 2004; Knight et al. 2005). This widespread pollen 

limitation of plant reproduction may have especially negative consequences for plant 

reproduction for plant species influenced by disturbances (Kearns et al. 1998; Aizen & 

Harder 2007; Chen et al. 2016). Investigating the extent of pollen limitation of plant 

reproductive success can provide insight into the mechanisms by which disturbances 

influence plant populations. 

Because plant reproductive success is a product of both abiotic (e.g., soil 

nutrients, sunlight) and biotic resources (e.g., pollination services) (Burd 1994), both 

natural and anthropogenic disturbances that affect the availability of these resources 

(Potts et al. 2003a; Lindenmayer et al. 2008) may indirectly influence plant reproduction. 

In particular, by opening up the forest canopy, burned (i.e. wildfire and prescribed fires) 

and logged (i.e. forest thinning and clearcutting) areas create early successional habitat 

(Lindenmayer & Noss 2006; Swanson et al. 2011). Forb and pollinator abundance and 

diversity increase in early successional habitat (Potts et al. 2003a; Romey et al. 2007; 

Grundel et al. 2010; Pengelly & Cartar 2010; Jackson et al. 2014), and high pollinator 

abundance has been associated with increased plant reproductive success (Winfree et al. 
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2015). Wildfire can impact another fundamental abiotic resource for plant growth by 

augmenting levels of soil micronutrients that are important for seed development (i.e. P, 

K, and N) (Rundel 1981; Kutiel & Naveh 1987; le Maitre & Midgley 1992; Potts, Dafni 

& Neeman 2001), while logging can compact and erode soil, which restricts plant growth 

(Lindenmayer & Noss 2006). 

The combination of fire and logging can have interactive effects on both abiotic 

and biotic conditions (Lindenmayer & Noss 2006; Campbell et al. 2007). Pollinator 

richness has been shown in an experimentally manipulated system to be higher in burned 

(i.e. prescribed fire) plus logged (i.e. mechanical shrub thinning) areas compared to areas 

that were only burned, only logged, or undisturbed (Campbell et al. 2007). Higher 

pollinator abundance in burned plus logged treatments may lead to increased plant 

reproductive success (Winfree et al. 2015). To my knowledge, only one previous study 

has examined the effect of the combination of fire (i.e., prescribed fire) and logging (i.e., 

tree retention logging- “retaining single trees or forest patches at the time of harvest”) on 

plant reproductive success: Rodriguez et al. (2015) found that Vaccinium myrtillus 

(bilberry) reproduction was higher in areas that were unlogged (regardless of fire) when 

compared to areas that were logged. However, the same study found no difference in 

(lingonberry) reproduction (i.e. berry yield) between burned, logged or burned plus 

logged (Rodriguez & Kouki 2015). This study also assessed the effects of bee abundance 

and diversity on bilberry and lingonberry reproductive success to draw inference on the 

pollen limitation of plant reproduction in logged and burned areas. Rodriguez et al. 

(2015) found that the reproductive success of both plant species was independent of bee 
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abundance and diversity. From this result, the authors inferred that the plants were not 

pollen limited since both plants were obligatory insect pollinated and had been found to 

have reduced fruit set in the absence of pollinators (Rodriguez & Kouki 2015). 

Post-wildfire logging often takes place within one year following wildfire and 

thus is thought to have additional effects on forest abiotic properties including increased 

soil compaction, increased soil erosion, and greater reductions in forest canopy when 

compared to non-salvage logging (i.e. forest thinning or clearcutting) because seral 

vegetation has not yet developed to stabilize soils (McIver & Starr 2000; Morissette et al. 

2002; Lindenmayer et al. 2008). Despite these additional ecological impacts, the effects 

of post-wildfire logging on plant reproductive success and pollen limitation is unknown.  

Previous research suggests that non-salvage logging minimizes the degree of 

pollen limitation of plant reproduction via enhanced pollinator abundance and diversity 

compared to unlogged areas (Campbell et al. 2007; Rodriguez & Kouki 2015). In this 

study, I addressed the following questions: (1) how does post-wildfire logging influence 

forb reproductive success in an old fire and (2) how does post-wildfire logging influence 

pollen limitation of forb reproduction in an old fire? My first question does not separate 

the abiotic and biotic factors important for forb reproduction. Assessing the extent of 

pollen limitation of forb reproduction with my second question allows me to focus solely 

on the biotic component of forb reproduction, or the pollinators’ roles in forb 

reproduction. I hypothesized that forb reproduction would be higher and less pollen 

limited in post-wildfire logged areas in the long-term, as previous studies suggest that 

logging enhances reproduction and minimizes the degree of pollen limitation of forb 
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reproduction due to increased pollinator abundance and diversity in logged areas 

(Campbell et al. 2007; Rodriguez & Kouki 2015). However, I did not find higher 

pollinator density and species richness in post-wildfire logged areas compared to 

unlogged areas in the long-term (Chapter 2). Therefore, I adjusted my hypotheses and I 

expected that, if forb reproduction and pollen limitation of forb reproduction is driven by 

bee density and bee species richness, there would be no difference in forb reproduction, 

or forb pollen limitation between logged and unlogged areas. 

In this study, I investigated the effects of post-wildfire logging on forb 

reproductive success in the same older wildfire from Chapter 2 (Thompson Creek, 2,824 

hectares) in the Gallatin National Forest, Montana, USA. Within this fire perimeter, I 

performed a pollen supplementation experiment (PSE) on Symphoricarpos albus 

(snowberry) in post-wildfire logged and unlogged areas to investigate pollen limitation of 

reproductive success. I chose Thompson Creek for this PSE because I was interested in 

knowing whether or not there were any long-term repercussions on forb reproduction, 

regardless of what the community dynamics look like in response to post-wildfire 

logging. I selected S. albus because it is a widespread, self-incompatible, bee-pollinated, 

fire tolerant, and ecologically valuable shrub species. 

To my knowledge, this field experiment is one of few studies that extends the 

investigation of responses of forb and pollinator communities to forest management 

practices by examining effects of post-wildfire logging on forb reproductive success and 

a potential mechanism, pollen limitation, in driving those effects. 
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Methods 
 

 
Study System 
 

This study was conducted in the Gallatin National Forest near Pray, Montana, 

USA  (4514’N, 11033’W) within the Thompson Creek wildfire perimeter (burned in 

1991, 2,824 hectares). I selected the Thompson Creek fire to conduct this experiment to 

be able to assess the long-term effects of post-wildfire logging on the pollen limitation of 

forb reproduction. To determine the degree to which forb reproduction is pollen limited 

in post-fire logged versus unlogged areas, I conducted a whole-plant pollen 

supplementation field experiment on Symphoricarpos albus individuals in July - August 

2015.   

Pollen supplementation experiments involve supplementally-pollinated and open- 

pollinated (i.e., naturally) plants. The supplementally-pollinated plants are assumed to 

receive maximum possible pollen resources for maximum plant reproduction. This is 

done by hand-pollinating the plants with a small paintbrush using pollen from nearby 

con-specific plants. These flowers are then left open to receive natural pollination as well. 

Open-pollinated plants serve as the control plants, and they represent natural pollination 

levels. The reproduction of supplementally-pollinated plants is compared to open-

pollinated plants. If the reproduction of supplementally-pollinated plants is greater than 

that of open-pollinated plants, this indicates that plant reproduction is limited by the 

receipt of pollen. If there is no difference between supplementally-pollinated plants and 

open-pollinated plants, this indicates that the plants are not pollen limited. 
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I selected S. albus for this experiment because it has several characteristics that 

are advantageous for a pollen limitation experiment: it requires an insect pollinator for 

seed set; it is a small plant with few, big flowers, which is important for efficiency in the 

PSE; it was a common and widespread species throughout my study system as it was 

present at the majority of sites (10/18 sites per logging treatment); and it has 2 ovules 

with the capacity to produce a maximum of two seeds, which is also important for 

efficiency in measuring seeds. I conducted this experiment at four post-wildfire logged 

and four unlogged sites (total of 8 sites). In order to reduce variability in reproductive 

success metrics (fruit and seed size) that may be associated with plant size, I selected 

plants that were 1-2 feet tall and had at least 15 flowers, but no more than 60 flowers. To 

limit potential variability in abiotic conditions (e.g., sunlight, soil nutrients) that the 

plants experienced, all of the plants at a site were within 25 meters of each other. 

 

Pollination Methods 
 

Four S. albus plants at each of the 8 sites were randomly assigned to the 

supplemental pollination treatment and four were selected as control plants (i.e., N= 64 

plants total). The control plants were exposed to open, natural pollination only. For the 

supplemental pollination treatment, I collected ten anthers from pollen donor plants 

within 25 meters of the focal plant and mixed them in a microcentrifuge tube. Using a 

small paintbrush, I transferred pollen from the pollen mixture to all open flowers on each 

designated plant (average of 27 flowers per plant). Pollen supplementation was done once 

during peak S. albus bloom (July 13th-July 24th) and the flowers were then left to receive 

natural pollination. Since S. albus has a short bloom time from early through late July and 
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flowering lasts approximately 14 days (L. Heil, pers. obs.), supplementally-pollinating 

each plant once during peak bloom likely treated the majority of flowers on each plant. 

 

Fruit Collection and Processing Methods 
 

I collected all fruits from each plant as they matured throughout the last week of 

July and the first three weeks of August. To remove all moisture and measure the exact 

dry mass of the fruits and seeds, I dried the fruits in a drying oven for 48 hours at 50 C 

then dehumidified them in a desiccator for 30 minutes before weighing each fruit and 

seed individually. I also tested seed viability using the Tetrazolium test with a 0.1% 

Tetrazolium (Tz) solution (2, 3, 5 triphyenyltetrazolium chloride and water) after soaking 

the seeds in water for three hours (Kearns & Inouye 1993). I calculated mean mass per 

fruit, total fruit mass per plant, mean mass per seed, total seed mass per plant, number of 

seeds per plant, fruit set (# flowers/# fruits) per plant, and seed viability.  

I selected one metric as my response variable in my analysis since all of these 

reproductive success metrics were correlated (0.48 < R < 0.99, P < 0.01 in all cases). 

Given all of these metrics, I chose mean mass per seed as the response variable in order 

to measure plant fitness in the most direct manner possible as the function of the seed is 

to pass on a plant’s genetic material. Also, in general, there is a positive relationship 

between seed size and seed fitness (Smith & Fretwell 1974); seeds with greater seed mass 

have a greater chance of germinating as they are more tolerant of their conspecific 

neighbors (Lebrija-Trejos et al. 2016). There is also a positive relationship between 

number of seeds and seed fitness (Smith & Fretwell 1974). However, since S. albus only 

produces a maximum of two seeds per fruit, that leaves little room for any variability 
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between plants to measure any effect on this metric, and thus I did not use the number of 

seeds metric. Alternatively, while the fruit size metrics are also related to fitness, fruit 

size is a less direct measure of plant fitness as fruits serve other functions in addition to 

housing the seed. These include both protecting the seed from frugivores and attracting 

frugivores for seed dispersal (Gurevitch, Scheiner & Fox 2006). Lastly, selecting seed 

size to represent plant reproductive success provides a more complete measure of fitness 

since both male and female parents’ genetic material contribute to seed development, 

while fruit development is derived solely from the female plant (Lyons et al. 1989). 

While I completed the Tetrazolium test to test for seed viability, I did not consider 

those results due to the subjective nature in interpreting the results. I felt that the results 

from objective fruit and seed measurements were a more precise representation of 

reproductive success. 

 

Statistical Methods 
 

To assess the effects of post-wildfire logging, pollination treatment and their 

interaction on the reproductive success (i.e. mean mass per seed) of S. albus, I used a 2-

way ANOVA (R Core Development Team 2015). Using the results from the ANOVA, I 

used the lsmeans package to conduct a post-hoc assessment of multiple comparisons of 

means and investigate the interaction between logging and pollination treatments (Lenth 

2016). 
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Results 
 

 
Overall, pollination treatment (P = 0.047, t = -2.03, df=60; Fig. 12), post-wildfire 

logging (P = 0.048, t = -2.02, df = 60) significantly influenced Symphoricarpos albus 

reproductive success (i.e., mass per seed) and the effect of pollination treatment depended 

on the presence of post-wildfire logging (P = 0.052, t = 1.98, df=60). As expected, 

natural S. albus reproduction represented by open-pollinated (OP) plants was the same 

between post-wildfire logged and unlogged areas (P > 0.44, df = 60) in the long-term. 

This indicated that post-wildfire logging does not influence S. albus reproduction in an 

older fire. However, unexpectedly, the mean mass per seed for supplementally-pollinated 

plants in unlogged areas was, on average, 73% greater than that of plants in all other 

treatments (P < 0.05 in all cases, df = 60) and S. albus reproduction was similar in these 

other treatments (P > 0.44 in all cases, df = 60). This suggests that S. albus is pollen 

limited in unlogged areas but not in logged areas in the long-term. 
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Figure 12. Mean mass per seed of supplementally-pollinated plants (SP; dark red) 

compared to that of open-pollinated plants (OP; pink) in unlogged areas versus post-
wildfire logged areas. The error bars represent one standard error around the mean. 

 
 

Discussion 

 
 

Plant populations are often pollen limited (Bierzychudek 1981; Galen 1985; 

Johnston 1991; Burd 1994; Parker 1997; Ashman et al. 2004; Knight et al. 2005), and 

this may have reproductive consequences for plant populations affected by human 

activities (Kearns et al. 1998; Aizen & Harder 2007). I found that, in an old fire 

(Thompson Creek), post-wildfire logging had no impact on natural S. albus reproductive 

success (open-pollinated plants), and this was consistent with my hypothesis. However, 

contrary to my hypothesis, S. albus reproductive success (i.e., mass per seed) was limited 

by the receipt of pollen in unlogged areas (i.e., significant interaction between pollination 

and logging) in the old fire.  
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While plant reproductive success has been found to be pollen limited in areas that 

have experienced anthropogenic disturbances including prescribed fire, retention forestry, 

and urbanization (Johnson & Bond 1997; Aizen & Feinsinger 2003; Kolb 2005; Cheptou 

& Avendano V 2006), the few studies that have examined the effects of disturbances, 

particularly logging (retention logging), fire (prescribed burning), or the combination of 

both on plant reproductive success have yielded species-specific effects (i.e., both 

positive and negative responses). However, other studies show plant reproductive success 

in disturbed sites was not pollen limited compared to undisturbed areas (Potts et al. 2001; 

Rodriguez & Kouki 2015; Chen et al. 2016).  

This result that S. albus reproduction was pollen limited in unlogged areas was 

inconsistent with the few similar studies previously mentioned (Potts et al. 2001; 

Rodriguez & Kouki 2015; Chen et al. 2016), but consistent with my original hypothesis. 

However, that hypothesis was based on my expectation that forbs in unlogged areas, but 

not logged areas, would be pollen limited due to lower bee density and species richness in 

unlogged areas. Since I previously found that there were no differences in bee density 

and species richness between logged and unlogged areas in the older fire in Chapter 2, the 

pollen limitation of S. albus must be due to abiotic factors, other biotic effects, or a 

combination of abiotic and other biotic factors (Ashman et al. 2004; Knight et al. 2005). 

Plants in unlogged areas may be able to take advantage of the extra pollen resources, 

which supplemental pollination provides them with, and produce larger seeds with those 

extra resources. However, forbs in logged areas may not be able to take advantage of 
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these extra pollen resources as there was no difference between the mean mass per seed 

for open-pollinated plants and supplementally-pollinated plants in logged areas.  

A possible explanation for this may be that post-wildfire logging influences soil 

structure, composition, or the microclimates that are present. This may happen through 

soil compaction or changes in soil nutrients that negatively affected seed development 

(Rundel 1981; Lindenmayer et al. 2008). Additionally, as decreased canopy cover may 

disrupt plant growth and reproduction (Franklin et al. 2000; Lindenmayer & Noss 2006), 

decreased canopy cover in logged areas may lead to drier soils, which could directly limit 

plant growth and reproductive success, given that S. albus grows best in moist soils 

(Gilbert 1995; Lindenmayer & Noss 2006). Therefore, even with the extra pollen 

resources, plants in post-wildfire logged areas are still unable to produce larger seeds.  

In terms of biotic factors, differences in pollinator behavior, such as changes in 

visitation rates, between logged and unlogged areas may lead to greater mean mass per 

seed in unlogged areas than in logged areas. Overall, my results suggest that, in the long-

term, post-wildfire logging does not lead to pollen limitation of S. albus reproduction, but 

may negatively influence the abiotic resources that are important for S. albus 

reproduction. However, this study did not examine these abiotic conditions. 

 

Future Research Priorities 
 

Similar to what I expected in Chapter 2, I expect that the results from this study 

depend on the biophysical conditions of where the study takes place. For example, I 

would expect that forbs in desert ecosystems would be more limited by abiotic factors, 

such as soil micronutrients or soil moisture, due to the low productivity and moisture 
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levels characteristic of these ecosystems. Alternatively, I would predict that forbs in 

temperate rain forest ecosystems would be less limited by abiotic factors. While this 

study provides valuable information about S. albus reproduction in post-wildfire logged 

areas, it would be beneficial if future studies explicitly investigated the processes that are 

driving these patterns to further our understanding of plant reproduction. Specifically, to 

better inform how we conserve biodiversity and conduct post-wildfire management, it 

will be important to separate abiotic and biotic mechanisms underlying the effects of 

post-wildfire logging on forb reproduction and pollen limitation of forb reproduction. 

Manipulating the abiotic conditions, such as soil nutrient levels, and soil moisture levels, 

will allow us to make inferences on differences in the abiotic conditions between post-

wildfire logged and unlogged areas. Future studies may incorporate a more community-

wide approach and investigate inter-specific variation in plant reproductive responses to 

post-wildfire logging. It is expected that different species vary in how they respond to 

both natural and anthropogenic disturbances. Lastly, this study investigated the response 

of S. albus to post-wildfire logging in a 24-year old fire to investigate the presence of 

long-term implications of post-wildfire logging on plant reproduction. Future studies may 

gain insight into temporal variation in the effects of post-wildfire logging by examining 

whether the response of plant reproduction to post-wildfire logging depends on time-

since-fire. Based on previous studies, forb and pollinator communities of disturbed areas 

become more similar to undisturbed areas with time-since-fire (Jackson et al. 2014). I 

observed differences in forb and bee density and species richness between post-wildfire 

logged and unlogged areas in an eight-year old fire (Chapter 2), and thus might expect 
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plant reproductive success to be augmented in more recent fires in response to these 

community differences. 

 

Conclusions 

 To my knowledge, this study is the first to show that post-wildfire logging has no 

effects on forb reproductive success but may have negative consequences for pollen 

limitation of forb reproduction in an old fire. Teasing apart the abiotic and biotic 

mechanisms of how post-wildfire management affects forb reproductive success is 

essential to advancing our understanding of the effects of wildfire and anthropogenic 

disturbances on forest ecosystems. 
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CONCLUSIONS 
 

 
 In a more recent fire (Wicked Creek), the effects of post-wildfire logging on forb 

and bee communities were beneficial: both floral and bee density and species richness 

were higher in logged areas compared to unlogged areas. In an older fire (Thompson 

Creek), by contrast, there were minimal effects of post-wildfire logging: the forb and bee 

communities were very similar between logged and unlogged areas. Symphoricarpos 

albus was pollen limited in unlogged areas in the long-term. The reproductive success of 

S. albus in logged areas was not limited by pollen, but it may have been limited by 

abiotic resources affected by post-wildfire logging. 

As mentioned, this assessment of the effects of post-wildfire logging on forb and 

bee communities applies to a montane mixed-conifer forest of medium productivity, 

medium moisture levels, and mixed severity fires. In more productive ecosystems, I 

would expect that the ecosystem would return to its pre-disturbed state more quickly and 

would have relatively higher forb and pollinator density and species richness in a more 

recent fire after post-wildfire logging. In a less productive ecosystem, I would expect that 

the ecosystem would take longer to return to its pre-disturbed state and would have 

relatively lower forb and pollinator density and species richness in a more recent fire after 

post-wildfire logging (Huston 2014). 

Current forest management, particularly post-wildfire management, focuses 

largely on tree growth and regeneration (Belote & Aplet 2014). Despite the fact that 

insect and understory plant species make up a large majority of forest biodiversity, and 

the most diverse areas of Montana experience the most logging, little attention is given to 
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managing for biodiversity (Hagar 2007). As disturbance regimes change, it is essential 

for forest managers to understand community-wide effects of forest management on 

biodiversity. More importantly, it is imperative that forest managers anticipate expected 

increases in wildfire frequency and intensity and in post-wildfire logging activity and 

incorporate these predicted changes into their forest management planning. Lindenmayer 

and Noss (2006) urge that ecologically informed forest management policies regarding 

post-wildfire logging must be set in place before major natural disturbances occur so that 

haphazard decision making can be avoided.  

The research herein depicts both the short-term and long-term effects that post-

wildfire logging has on forb and pollinator community structure and forb reproduction, 

and the results of these two studies combined provide useful information for future post-

wildfire management of south-central Montana forests. I recommend that forest managers 

consider the negative long-term implications demonstrated herein that post-wildfire 

logging has on the sustainability of forest ecosystems and pollination services when 

determining the extent of post-wildfire logging activity in wildfire-affected areas. 

However, it is clear that more research is needed to understand the spatial and temporal 

variability in the effects of post-wildfire logging on forb and pollinator communities and 

pollination services. 

 

 
 
 

 

 

 



56 
 

REFERENCES CITED 

Aizen, M. A. & Feinsinger, P. (2003) 6 Bees not to be? Responses of insect pollinator 
faunas and flower pollination to habitat fragmentation. Ecological Studies pp. 111–
129. 

 
Aizen, M.A. & Harder, L.D. (2007) Expanding the limits of the pollen-limitation 

concept: effects of pollen quantity and quality. Ecology, 88, 271–281. 
 
Alarcon, R., Waser, N.M. & Ollerton, J. (2008) Year-to-year variation in the topology of 

a plant-pollinator interaction network. Oikos, 117, 1796–1807. 
 

Ashman, T., Knight, T.M., Steets, J.A., Amarasekare, P., Burd, M., Campbell, D.R., 
Dudash, M.R., Johnston, M.O., Mazer, S.J., Mitchell, R.J., Morgan, M.T. & Wilson, 
W.G. (2004) Pollen Limitation of Plant Reproduction: Ecological and Evolutionary 

Causes and Consequences. Ecology, 85, 2408–2421. 
 

Bates, D., Maechler, M., Bolker, B.M. & Walker, S.C. (2015) Fitting Linear Mixed-
Effects Models using lme4. Journal Of Statistical Software, 67, 1–48. 

 

Belote, R.T. & Aplet, G.H. (2014) Land protection and timber harvesting along 
productivity and diversity gradients in the Northern Rocky Mountains. Ecosphere, 5, 

art17. 
 
Bierzychudek, P. (1981) Pollinator Limitation of Plant Reproductive Effort. American 

Society of Naturalists, 117, 838–840. 
 

Burd, M. (1994) Bateman’s Principle and Plant Reproduction: The Role of Pollen 
Limitation in Fruit and Seed Set. The Botanical Review, 60, 83–139. 

 

Burkle, L. & Irwin, R. (2009) The importance of interannual variation and bottom–up 
nitrogen enrichment for plant–pollinator networks. Oikos, 118, 1816–1829. 

 
Campbell, J.W.W., Hanula, J.L.L. & Waldrop, T.A. a. (2007) Effects of prescribed fire 

and fire surrogates on floral visiting insects of the blue ridge province in North 

Carolina. Biological Conservation, 134, 393–404. 
 

Cane, J.H. (2016) Soils of Ground-Nesting Bees ( Hymenoptera : Apoidea ): Texture , 
Moisture , Cell Depth and Climate Author ( s ): James H . Cane Source : Journal of 
the Kansas Entomological Society , Vol . 64 , No . 4 ( Oct ., 1991 ), pp . 406- 

Published by : Kansas ( Ce. , 64, 406–413. 
 

Chapin III, F.S., Matson, P.A. & Mooney, H.A. (2002) Lanscape Heterogenetiy and 
Ecosystem Dynamics. Principles of Terrestrial Ecosystem Ecology p. Springer-



57 
 

Verlag, New York, New York. 
 

Chen, M., Zhao, X.-Y., Zuo, X.-A., Mao, W., Qu, H. & Zhu, Y.-C. (2016) Effects of 
habitat disturbance on the pollination system of Ammopiptanthus mongolicus 
(Maxim) Cheng f. at the landscape-level in an arid region of Northwest China. 

Journal of Plant Research, 129, 435–447. 
 

Cheptou, P.-O. & Avendano V, L.G. (2006) Pollination processes and the Allee effect in 
highly fragmented populations: consequences for the mating system in urban 
environments. New Phytologist, 172, 774–783. 

 
Congress, 113th. (2013) Healthy Forest Management and Wildfire Prevention Act. 

U.S.A. 
 
Dafni, A., Izhaki, I. & Ne’eman, G. (2012) The Effect of Fire on Biotic Interactions in 

Mediterranean Basin Ecosystems: Pollination and Seed Dispersal. Israel Journal of 
Ecology & Evolution, 58, 235–250. 

 
Devoto, M., Medan, D., Roig-Alsina, A. & Montaldo, N.H. (2009) Patterns of species 

turnover in plant-pollinator communities along a precipitation gradient in Patagonia 

(Argentina). Austral Ecology, 34, 848–857. 
 

Duffy, D.C. & Meier, A.J. (1992) Do Appalachian Herbaceous Understories Ever 
Recover from Clearcutting? Conservation Biology, 6, 196–201. 

 

Franklin, J.F., Lindenmayer, D., MacMahon, J.A., Mckee, A., Magnuson, J., Perry, D.A., 
Waide, R. & Foster, D. (2000) Threads of continuity. Conservation in Practice, 1, 

8–17. 
 
Galen, C. (1985) Regulation of Seed-Set in Polemonium viscosum: Floral Scents , 

Pollination , and Resources. Ecology, 66, 792–797. 
 

Gallai, N., Salles, J.-M., Settele, J. & Vaissière, B.E. (2009) Economic valuation of the 
vulnerability of world agriculture confronted with pollinator decline. Ecological 
Economics, 68, 810–821. 

 
Gaston, K.J. (2006) Biodiversity and extinction: species and people. Progress in Physical 

Geography, 29, 239–247. 
 
Gilbert, O.L. (1995) Symphoricarpos albus (L.) S. F. Blake (S. Rivularis Suksd., S. 

Racemosus Michaux). Journal of Ecology, 83, 159–166. 
 

Grundel, R., Jean, R.P., Frohnapple, K.J., Glowacki, G.A., Scott, P.E. & Pavlovic, N.B. 
(2010) Floral and nesting resources, habitat structure, and fire influence bee 



58 
 

distribution across an open-forest gradient. Ecological Applications, 20, 1678–1692. 
 

Gurevitch, J., Scheiner, S.M. & Fox, G.A. (2006) The Ecology of Plants, 2nd ed (eds A 
Sinauer and CD Holabird). Sinauer Associates, Inc., Sunderland, Massachusetts. 

 

Hagar, J.C. (2007) Wildlife species associated with non-coniferous vegetation in Pacific 
Northwest conifer forests : A review. , 246, 108–122. 

 
Hansen, A.J., Rotella, J., Gallant, A. & Brown, D. (1998) Perspectives on the Land Use 

History of North America: A Context for Understanding Our Changing Environment  

(ed Thomas D. Sisk). 
 

Harmon, M.E. & Sexton, J. (1996) Guidelines for measurements of woody detritus in 
forest ecosystems. US LTER Publication, no, 20. 

 

Hegland, S.J., Nielsen, A., Lázaro, A., Bjerknes, A.-L. & Totland, Ø. (2009) How does 
climate warming affect plant-pollinator interactions? Ecology Letters, 12, 184–195. 

 
Heinemann, K. & Kitzberger, T. (2006) Effects of position, understorey vegetation and 

coarse woody debris on tree regeneration in two environmentally contrasting forests 

of north-western Patagonia: A manipulative approach. Journal of Biogeography, 33, 
1357–1367. 

 
Higuera, P.E., Whitlock, C. & Gage, J.A. (2010) Linking tree-ring and sediment-charcoal 

records to reconstruct fire occurrence and area burned in subalpine forests of 

Yellowstone National Park, USA. The Holocene, 21, 327–341. 
 

Hopkins, T., Larson, A.J. & Belote, R.T. (2014) Contrasting effects of wildfire and 
ecological restoration in old-growth western larch forests. Forest Science, 60, 1005–
1013. 

 
Huston, M.A. (2014) Disturbance, productivity, and species diversity: empiricism vs. 

logic in ecological theory. Ecology, 90, 2047–2056. 
 
Inouye, D.W., Saavedra, F. & Lee-Yang, W. (2003) Environmental influences on the 

phenology and abundance of flowering by Androsace septentrionalis (Primulaceae). 
American Journal of Botany, 90, 905–910. 

 
IPCC. (2013) Working Group I Contribution to the IPCC Fifth Assessment Report, 

Climate Change 2013: The Physical Science Basis. Stockholm. 

 
Jackson, M.M., Turner, M.G. & Pearson, S.M. (2014) Logging Legacies Affect Insect 

Pollinator Communities in Southern Appalachian Forests. Southeastern Naturalist, 
13, 317–336. 



59 
 

Jha, S. & Kremen, C. (2013) Resource diversity and landscape-level homogeneity drive 
native bee foraging. Proceedings of the National Academy of Sciences, 110, 555–

558. 
 
Johnson, S.D. & Bond, W.J. (1997) Evidence for widespread pollen limitation of fruiting 

success in Cape wildflowers. Oecologia, 109, 530–534. 
 

Johnston, M.O. (1991) Pollen limitation of female reproduction in Lobelia cardinalis and 
L. siphilitica. Ecology, 72, 402–416. 

 

Kearns, C.A. & Inouye, D.W. (1993) Techniques for Pollination Biologists. University 
Press of Colorado, Niwot, CO. 

 
Kearns, C.A. & Inouye, D.W. (1997) Pollinators, flowering plants, and conservation 

biology. BioScience, 47, 297–307. 

 
Kearns, C.A., Inouye, D.W. & Waser, N.M. (1998) Endangered mutualisms: The 

conservation of plant-pollinator interactions. Annual Review of Ecology and 
Systematics, 29, 83–112. 

 

Knight, T.M., Steets, J.A., Vamosi, J.C., Mazer, S.J., Burd, M., Campbell, D.R., Dudash, 
M.R., Johnston, M.O., Mitchell, R.J. & Ashman, T.-L. (2005) Pollen limitation of 

plant reproduction: Pattern and process. Annual Review of Ecology, Evolution, and 
Systematics, 36, 467–497. 

 

Kolb, A. (2005) Reduced reproductive success and offspring survival in fragmented 
populations of the forest herb Phyteuma spicatum. Journal of Ecology, 93, 1226–

1237. 
 
Kudo, G. & Hirao, A. (2006) Habitat-specific responses in the flowering phenology and 

seed set of alpine plants to climate variation: implications for global-change impacts. 
Population Ecology, 48, 49–58. 

 
Kutiel, P. & Naveh, Z. (1987) Soil Properties Beneath Pinus halepensis and Quercus 

calliprinos Trees on Burned and Unburned Mixed Forest on Mt. Carmel, Israel. 

Forest Ecology, 20, 11–24. 
 

Lambert, A.M., Miller-Rushing, A.J. & Inouye, D.W. (2010) Changes in snowmelt date 
and summer precipitation affect the flowering phenology of Erythronium 
grandiflorum (glacier lily; Liliaceae). American Journal of Botany, 97, 1431–1437. 

 
Lebrija-Trejos, E., Reich, P.B., Hernández, A. & Wright, S.J. (2016) Species with greater 

seed mass are more tolerant of conspecific neighbours: a key driver of early survival 
and future abundances in a tropical forest. Ecology Letters. 



60 
 

Lenth, R. V. (2016) Least-Squares Means: The R Package lsmeans. Journal of Statistical 
Software, 69, 1–33. 

 
Lindenmayer, D.B., Burton, P.J. & Franklin, J.F. (2008) Salvage Logging and Its 

Ecological Consequences, 1st ed. Island Press, Washington, D. C. 

 
Lindenmayer, D.B. & Noss, R.F. (2006) Salvage logging, ecosystem processes, and 

biodiversity conservation. Conservation Biology, 20, 949–958. 
 
Littell, J.S., McKenzie, D., Peterson, D.L. & Westerling, A.L. (2009) Climate and 

wildfire area burned in western U.S. ecoprovinces, 1916-2003. Ecological 
Applications, 19, 1003–1021. 

 
Lutes, D. & Keane, R.E. (2006) Fuel Load ( FL ) Sampling Method. 
 

Lyons, E.E., Waser, N.M., Price, M. V, Antonovics, J. & Motten, F. (1989) Sources of 
Variation in Plant Reproductive Success and Implications for Concepts of Sexual 

Selection. , 134, 409–433. 
 
le Maitre, D.C. & Midgley, J.J. (1992) Plant reproductive ecology. The ecology of 

Fynbos, nutrients, fire and diversity (ed R.M. Cowling), pp. 135–174. Oxford Univ 
Press. 

 
Mateos, E., Santos, X. & Pujade-Villar, J. (2011) Taxonomic and functional responses to 

fire and post-fire management of a Mediterranean Hymenoptera community. 

Environmental Management, 48, 1000–1012. 
 

McIver, J.D. & Starr, L. (2000) Environmental Effects of Postfire Logging: Literature 
Review and Annotated Bibliography. Portland, OR. 

 

Mcwethy, D.B., Higuera, P.E., Whitlock, C., Veblen, T.T., Bowman, D.M.J.S., Cary, 
G.J., Haberle, S.G., Keane, R.E., Maxwell, B.D., Mcglone, M.S., Perry, G.L.W., 

Wilmshurst, J.M., Holz, A. & Tepley, A.J. (2013) A conceptual framework for 
predicting temperate ecosystem sensitivity to human impacts on fire regimes. Global 
Ecology and Biogeography, 22, 900–912. 

 
Montana Field Guide. (2010) Rocky Mountain Dry-Mesic Montane Mixed Conifer 

Forest— Northern Rocky Mountain Dry-Mesic Montane Mixed Conifer Forest. 
URL http://fieldguide.mt.gov/displayES_Detail.aspx?es=4232 [accessed 7 January 
2016] 

 
Moretti, M., De Bello, F., Roberts, S.P.M. & Potts, S.G. (2009) Taxonomical vs. 

functional responses of bee communities to fire in two contrasting climatic regions. 
Journal of Animal Ecology, 78, 98–108. 



61 
 

Morgan, P., Heyerdahl, E.K. & Gibson, C.E. (2008) Multi-Season Climate Synchronized 
Forest Fires Throughout the 20th Century, Northern Rockies, USA. Ecology, 89, 

717–728. 
 
Morissette, J.L., Cobb, T.P., Brigham, R.M. & James, P.C. (2002) The response of boreal 

forest songbird communities to fire and post-fire harvesting. Canadian Journal of 
Forest Research, 32, 2169–2183. 

 
Van Nuland, M.E., Haag, E.N., Bryant, J. a M., Read, Q.D., Klein, R.N., Douglas, M.J., 

Gorman, C.E., Greenwell, T.D., Busby, M.W., Collins, J., Leroy, J.T., Schuchmann, 

G., Schweitzer, J. a & Bailey, J.K. (2013) Fire promotes pollinator visitation: 
implications for ameliorating declines of pollination services. PLoS ONE, 8, 1–8. 

 
Oksanen, J. (2015) Vegan: ecological diversity. Cran. 
 

Parker, I.M. (1997) Pollinator Limitation of Cytisus Scoparius ( Scotch Broom ), an 
Invasive Exotic Shrub. Ecology, 78, 1457–1470. 

 
Parmenter, A., Hansen, A.J., Kennedy, R.E., Cohen, W.B., Langner, U., Lawrence, R.L., 

Maxwell, B., Gallant, A. & Aspinall, R. (2003) Land use and land cover change in 

the Greater Yellowstone Ecosystem: 1975-1995. Ecological Applications, 13, 687–
703. 

 
Pengelly, C.J. & Cartar, R. V. (2010) Effects of variable retention logging in the boreal 

forest on the bumble bee-influenced pollination community, evaluated 8-9 years 

post-logging. Forest Ecology and Management, 260, 994–1002. 
 

Petanidou, T., Kallimanis, A.S., Tzanopoulos, J., Sgardelis, S.P. & Pantis, J.D. (2008) 
Long-term observation of a pollination network: Fluctuation in species and 
interactions, relative invariance of network structure and implications for estimates 

of specialization. Ecology Letters, 11, 564–575. 
 

Ponisio, L.C., Wilkin, K., M’Gonigle, L.K., Kulhanek, K., Cook, L., Thorp, R., 
Griswold, T. & Kremen, C. (2016) Pyrodiversity begets plant-pollinator community 
diversity. Global Change Biology, n/a-n/a. 

 
Potts, S.G., Biesmeijer, J.C., Kremen, C., Neumann, P., Schweiger, O. & Kunin, W.E. 

(2010) Global pollinator declines: trends, impacts and drivers. Trends in Ecology & 
Evolution, 25, 345–351. 

 

Potts, S.G., Dafni, A. & Neeman, G. (2001) Pollination of a core flowering shrub species 
in Mediterranean phrygana: variation in pollinator diversity, abundance and 

effectiveness in response to fire. Oikos, 92, 71–80. 
 



62 
 

Potts, S.G., Vulliamy, B., Dafni, A., Ne’eman, G., O’Toole, C., Roberts, S. & Willmer, P. 
(2003a) Response of plant-pollinator communities to fire: changes in diversity, 

abundance and floral reward structure. Oikos, 101, 103–112. 
 
Potts, S.G., Vulliamy, B., Dafni, A., Ne’eman, G. & Willmer, P. (2003b) Linking bees 

and flowers: how do floral communities structure pollinator communities? Ecology, 
84, 2628–2642. 

 
Potts, S.G., Vulliamy, B., Roberts, S., O’Toole, C., Dafni, A., Ne’eman, G. & Willmer, P. 

(2005) Role of nesting resources in organising diverse bee communities in a 

Mediterranean landscape. Ecological Entomology, 30, 78–85. 
 

Potts, S. & Willmer, P. (1997) Abiotic and biotic factors influencing nest-site selection 
by Halictus rubicundus, a ground-nesting halictine bee. Ecological Entomology, 22, 
319–328. 

 
R Core Development Team. (2013) The R Project for Statistical Computing. URL 

http://www.r-project.org/  
 
R Core Development Team. (2015) R: A language and environment for statistical 

computing. 
 

Rodriguez, A. & Kouki, J. (2015) Emulating natural disturbance in forest management 
enhances pollination services for dominant Vaccinium shrubs in boreal pine-
dominated forests. Forest Ecology and Management, 350, 1–12. 

 
Romey, W.L., Ascher, J.S., Powell, D. a. & Yanek, M. (2007) Impacts of Logging on 

Midsummer Diversity of Native Bees (Apoidea) in a Northern Hardwood Forest. 
Journal of the Kansas Entomological Society, 80, 327–338. 

 

Romme, W.H. & Turner, M.G. (2015) Ecological Implications of Climate Change on the 
Greater Yellowstone Ecosystem. Yellowstone Science, 23. 

 
Rubene, D., Schroeder, M. & Ranius, T. (2015) Diversity patterns of wild bees and wasps 

in managed boreal forests: Effects of spatial structure, local habitat and surrounding 

landscape. Biological Conservation, 184, 201–208. 
 

Rundel, P.W. (1981) Fire as an Ecological Factor. Physiological Plant Ecology I: 
Responses to the Physical Environment. 

 

Schmidt, J.O. & Thoenes, S.C. (1992) Criteria for nest site selection in honey bees 
(Hymenoptera, Apidae): preferences between pheromone attractants and cavity 

shapes. Environmental Entomology, 21, 1130–1133. 
 



63 
 

Sessions, J., Bettinger, P., Buckman, R., Newton, M. & Hamann, J. (2004) Hastening the 
return of complex forests following fire: The consequences of delay. Journal of 

Forestry, 38–45. 
 
Siemann, E., Haarstad, J. & Tilman, D. (1997) Short-term and long-term effects of 

burning on oak savanna arthropods. American Midland Naturalist, 137, 349–361. 
 

Smith, C.C. & Fretwell, S.D. (1974) The Optimal Balance between Size and Number of 
Offspring. The American Naturalist, 108, 499–506. 

 

Spracklen, D. V., Mickley, L.J., Logan, J.A., Hudman, R.C., Yevich, R., Flannigan, M.D. 
& Westerling, A.L. (2009) Impacts of climate change from 2000 to 2050 on wildfire 

activity and carbonaceous aerosol concentrations in the western United States. 
Journal of Geophysical Research, 114, 1–17. 

 

Stine, P., Hessburg, P., Spies, T., Kramer, M., Fettig, C.J., Hansen, A., Lehmkuhl, J., 
O’Hara, K., Polivka, K., Singleton, P., Charnley, S., Merschel, A. & White, R. 

(2014) The Ecology and Management of Moist Mixed-Conifer Forests in Eastern 
Oregon and Washington: A Synthesis of the Relevant Biophysical Science and 
Implications for Future Land Management. Portland, OR. 

 
Swanson, M.E., Franklin, J.F., Beschta, R.L., Crisafulli, C.M., DellaSala, D.A., Hutto, 

R.L., Lindenmayer, D.B. & Swanson, F.J. (2011) The forgotten stage of forest 
succession: Early-successional ecosystems on forest sites. Frontiers in Ecology and 
the Environment, 9, 117–125. 

 
Taki, H., Okochi, I., Okabe, K., Inoue, T., Goto, H., Matsumura, T. & Makino, S. (2013) 

Succession Influences Wild Bees in a Temperate Forest Landscape: The Value of 
Early Successional Stages in Naturally Regenerated and Planted Forests. PLoS ONE, 
8. 

 
Tepedino, V.J. & Stanton, N.L. (1981) Diversity and Competition in Bee-Plant 

Communities on Short-Grass Prairie. Oikos, 36, 35–44. 
 
Tinker, D.B. & Knight, D.H. (2000) Coarse woody debris following fire and logging in 

Wyoming lodgepole pine forests. Ecosystems, 3, 472–483. 
 

Turner, M.G. (2010) Disturbance and landscape dynamics in a changing world. Ecology, 
91, 2833–2849. 

 

Turner, M.G., Donato, D.C. & Romme, W.H. (2013) Consequences of spatial 
heterogeneity for ecosystem services in changing forest landscapes: Priorities for 

future research. Landscape Ecology, 28, 1081–1097. 
 



64 
 

U.S. Department of Agriculture, Forest Service & Missoula Fire Sciences Laboratory. 
(2012) Information from LANDFIRE on fire regimes of northern Rocky Mounatin 

montane mixed-conifer communities. In: Fire Effects Information System, [Online]. 
URL http://www.feis-crs.org [accessed 7 January 2016] 

 

Vázquez, D.P., Alvarez, J.A., Debandi, G., Aranibar, J.N. & Villagra, P.E. (2011) 
Ecological consequences of dead wood extraction in an arid ecosystem. Basic and 

Applied Ecology, 12, 722–732. 
 
Westerling,  a. L., Hidalgo, H.G., Cayan, D.R. & Swetnam, T.W. (2006) Warming and 

earlier spring increase western U.S. forest wildfire activity. Science, 313, 940–3. 
 

Westrich, P. (1996) Habitat requirements of central European bees and the problems of 
partial habitats. The conservation of bees (eds A. Matheson),, S.L. Buchmann),, C. 
O’Toole),, P. Westrich), & I.H. Williams), pp. 1–16. Book Section, Academic Press, 

New York. 
 

White, P.S. & Pickett, S.. T.. A.. (1985) Natural Disturbance and Patch Dynamics: An 
Introduction. The Ecology of Natural Disturbance and Patch Dynamics (eds S.. T.. 
A.. Pickett), & P.S. White), pp. 3–13. Academic Press, San Diego, CA. 

 
Williams, N.M., Crone, E.E., Roulston, T.H., Minckley, R.L., Packer, L. & Potts, S.G. 

(2010) Ecological and life-history traits predict bee species responses to 
environmental disturbances. Biological Conservation, 143, 2280–2291. 

 

Winfree, R., Fox, J.W., Williams, N.M., Reilly, J.R. & Cariveau, D.P. (2015) Abundance 
of common species, not species richness, drives delivery of a real-world ecosystem 

service. Ecology Letters, 18, 626–635. 
 
Winfree, R., Griswold, T. & Kremen, C. (2007) Effect of human disturbance on bee 

communities in a forested ecosystem. Conservation Biology, 21, 213–223. 
 

Wuellner, C.T. (1999) Nest site preference and success in a gregarious, ground-nesting 
bee Dieunomia triangulifera. Ecological Entomology, 24, 471–479. 

 

Wyatt, J.L. & Silman, M.R. (2010) Centuries-old logging legacy on spatial and temporal 
patterns in understory herb communities. Forest Ecology and Management, 260, 

116–124. 
 
York, A. (1999) Long-term effects of frequent low-intensity burning on ant communities 

in coastal blackbutt forests of southeastern Australia. Journal of Insect 
Conservation, 191–199. 

 
 



65 
 

 

 

 

 

 

 

APPENDIX A 

 

TABLES 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 



66 
 

Table 5. AIC Model Selection summary table for floral density 

Model selection based on AICc: 
    

 

K AICc Delta_AICc AICcWt Cum.Wt LL 

Model 10 65 342687.1 0.0 1 1 -171275.0 

Model 9 64 342841.2 154.1 0 1 -171353.2 

Model 8 64 344089.6 1402.6 0 1 -171977.4 

Model 7 55 356576.3 13889.2 0 1 -178230.6 

Model 6 63 344403.9 1716.8 0 1 -172135.6 

Model 5 54 356592.6 13905.5 0 1 -178239.9 

Model 4 54 357791.3 15104.3 0 1 -178839.3 

Model 3 54 345574.9 2887.8 0 1 -172731.0 

Model 2 53 357882.5 15195.4 0 1 -178885.9 

Model 1 18 395786.8 53099.7 0 1 -197875.1 

 
 

Table 6. AIC Model Selection summary table for floral species richness 

Model selection based on AICc: 
      

 

K AICc Delta_AICc AICcWt Cum.Wt LL 

Model 10 65 6294.6 0.0 0.8 0.81 -3078.8 

Model 7 55 6297.8 3.2 0.2 0.97 -3091.4 

Model 3 54 6301.5 6.9 0.0 1 -3094.3 

Model 9 64 6326.2 31.6 0.0 1 -3095.7 

Model 5 54 6337.2 42.6 0.0 1 -3112.2 

Model 8 64 6354.0 59.4 0.0 1 -3109.6 

Model 4 54 6371.5 76.9 0.0 1 -3129.4 

Model 6 63 6395.0 100.4 0.0 1 -3131.2 

Model 2 53 6421.5 126.9 0.0 1 -3155.4 

Model 1 18 6512.7 218.1 0.0 1 -3238.1 
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Table 7. AIC model selection summary table for bee density 

Model selection based on AICc: 

 

K AICc Delta_AICc AICcWt Cum.Wt LL 

Model 19 60 4156.1 0.0 0.7 0.7 -2014.7 

Model 30 62 4159.6 3.5 0.1 0.9 -2014.2 

Model 29 62 4159.9 3.8 0.1 1.0 -2014.4 

Model 35 63 4161.7 5.6 0.0 1.0 -2014.1 

Model 3 54 4177.5 21.4 0.0 1.0 -2032.0 

Model 10 59 4178.7 22.6 0.0 1.0 -2027.1 

Model 23 61 4181.9 25.9 0.0 1.0 -2026.5 

Model 22 61 4182.4 26.3 0.0 1.0 -2026.7 

Model 34 62 4184.0 27.9 0.0 1.0 -2026.4 

Model 32 62 4184.0 27.9 0.0 1.0 -2026.4 

Model 13 59 4193.0 37.0 0.0 1.0 -2034.3 

Model 26 61 4196.7 40.6 0.0 1.0 -2033.9 

Model 25 61 4196.9 40.9 0.0 1.0 -2034.0 

Model 31 62 4198.8 42.8 0.0 1.0 -2033.8 

Model 6 58 4218.2 62.1 0.0 1.0 -2048.0 

Model 17 60 4221.7 65.6 0.0 1.0 -2047.5 

Model 16 60 4222.0 66.0 0.0 1.0 -2047.7 

Model 28 61 4223.8 67.7 0.0 1.0 -2047.4 

Model 9 50 4384.8 228.7 0.0 1.0 -2140.1 

Model 21 52 4388.3 232.2 0.0 1.0 -2139.6 

Model 20 52 4388.7 232.7 0.0 1.0 -2139.9 

Model 4 49 4390.1 234.1 0.0 1.0 -2143.8 

Model 33 53 4390.4 234.3 0.0 1.0 -2139.6 

Model 12 51 4393.5 237.4 0.0 1.0 -2143.3 

Model 11 51 4394.0 237.9 0.0 1.0 -2143.6 

Model 24 52 4395.6 239.5 0.0 1.0 -2143.3 

Model 5 49 4416.1 260.1 0.0 1.0 -2156.8 

Model 15 51 4419.8 263.8 0.0 1.0 -2156.5 

Model 14 51 4420.1 264.1 0.0 1.0 -2156.7 

Model 27 52 4422.0 265.9 0.0 1.0 -2156.5 

Model 2 52 4431.0 274.9 0.0 1.0 -2161.0 

Model 1 19 4522.5 366.4 0.0 1.0 -2241.9 

Model 8 49 4712.8 556.7 0.0 1.0 -2305.2 

Model 7 49 4713.0 557.0 0.0 1.0 -2305.3 

Model 18 50 4715.0 558.9 0.0 1.0 -2305.2 
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Table 8. AIC model selection summary table for bee species richness 

Model selection based on AICc: 

  K AICc Delta_AICc AICcWt Cum.Wt LL 

Model 19 60 3393.6 0.0 0.7 0.7 -1633.4 

Model 30 62 3396.8 3.2 0.1 0.8 -1632.8 

Model 29 62 3397.2 3.6 0.1 0.9 -1633.0 

Model 3 54 3398.3 4.7 0.1 1.0 -1642.4 

Model 35 63 3398.9 5.3 0.1 1.0 -1632.8 

Model 10 59 3412.6 19.0 0.0 1.0 -1644.1 

Model 23 61 3415.3 21.7 0.0 1.0 -1643.2 

Model 22 61 3416.0 22.4 0.0 1.0 -1643.5 

Model 34 62 3417.4 23.8 0.0 1.0 -1643.1 

Model 32 62 3417.4 23.8 0.0 1.0 -1643.1 

Model 13 59 3431.1 37.5 0.0 1.0 -1653.3 

Model 26 61 3434.4 40.8 0.0 1.0 -1652.7 

Model 25 61 3434.7 41.1 0.0 1.0 -1652.9 

Model 31 62 3436.6 43.0 0.0 1.0 -1652.7 

Model 6 58 3451.8 58.3 0.0 1.0 -1664.8 

Model 17 60 3454.6 61.0 0.0 1.0 -1664.0 

Model 16 60 3455.3 61.7 0.0 1.0 -1664.3 

Model 28 61 3456.8 63.2 0.0 1.0 -1663.9 

Model 9 50 3509.3 115.8 0.0 1.0 -1702.4 

Model 21 52 3512.5 118.9 0.0 1.0 -1701.7 

Model 20 52 3512.9 119.3 0.0 1.0 -1701.9 

Model 33 53 3514.5 120.9 0.0 1.0 -1701.6 

Model 4 49 3515.0 121.4 0.0 1.0 -1706.3 

Model 12 51 3517.6 124.0 0.0 1.0 -1705.4 

Model 11 51 3518.4 124.8 0.0 1.0 -1705.8 

Model 24 52 3519.7 126.1 0.0 1.0 -1705.3 

Model 5 49 3550.4 156.8 0.0 1.0 -1724.0 

Model 15 51 3553.5 159.9 0.0 1.0 -1723.3 

Model 14 51 3554.0 160.4 0.0 1.0 -1723.6 

Model 27 52 3555.7 162.1 0.0 1.0 -1723.3 

Model 2 52 3564.5 170.9 0.0 1.0 -1727.7 

Model 1 18 3585.5 191.9 0.0 1.0 -1774.4 

Model 8 49 3681.1 287.5 0.0 1.0 -1789.3 

Model 7 49 3681.7 288.1 0.0 1.0 -1789.6 

Model 18 50 3683.2 289.7 0.0 1.0 -1789.3 

 


