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ABSTRACT

This study examined the bee fauna of the Carolinian Zone in Ontario, Canada. In 2003,

15687 individuals from 152 species of bees were collected. Tliere were many rare species but

few abundant species. There were three distinct bee seasons. The Niagara bee assemblage was

less diverse compared to other Carolinian Zone assemblages and types of landscapes.

This study also examined how anthropogenic disturbance affects the diversity of bee

assemblages. The intermediate disturbance hypothesis (IDH) was tested by selecting field sites

subject to low, intermediate, and high disturbance. Intermediate disturbance had the highest

species richness (SR=1 15) and most bees (N=556I), followed by low disturbance (SR= 100,

N=2975), then high disturbance (SR=72, N=1364), supporting the IDH. Increased species

richness in areas of intermediate disturbance was due to higher abundance, possibly because

more blooming flowers were found there. Bees were larger in high disturbance areas but smaller

in areas of high and intermediate disturbance.
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CHAPTER ONE:
A SURVEY OF APOIDEA FROM CAROLINIAN ZONE LANDSCAPE

The Carolinian Life Zone

The Carolinian Life Zone (or simply the 'Carolinian Zone') is located on the

northernmost edge of the deciduous forest region in eastern North America, and is named after

the Carolina states (van Hemessen 1993). Most of the Carolinian Zone lies in the United States

where it is commonly referred to as the Eastern Deciduous Forest. In Caimda, the Carolinian

Zone is restricted to the extreme southwest comer of Ontario (van Hemessen 1993) (Fig. 1 .0).

The northern boundary of this zone is defined by the distributions of several characteristic plants

ofthe Carolinian landscape, including tulip tree, sassafi-ass, Kentucky coffee tree, and cucumber

magnolia (van Hemessen 1993). Long summers, mild winters, low snowfall, and moderate

rainfall characterize the Carolinian Life Zone (van Hemessen 1993). The area is a mosaic of

glacial landforms such as plains, sand dunes and the Niagara escarpment (Reid and Symmes

1997). The Carolinian Life Zone has long been regarded as a unique ecological region in Canada

with many endemic species (van Hemessen 1993, Riverie and Lawrence 1999). Species that are

characteristic ofthe Carolinian Life Zone are interspersed with more northem species found in

other parts of Ontario, which creates a region of high diversity, especially when compared to the

rest of the province (van Hemessen 1993). In Ontario, the Carolinian Zone is a transitional zone

between northem and southern species.

The Carolinian Life Zone includes both woodland and tallgrass communities; tallgrass

communities (also known as tallgrass prairies or savannahs) are natural grasslands with a high

diversity of grasses, wildflowers, birds, reptiles, and insects. In southern Ontario, these tallgrass

communities once covered approximately 1000 km^, but now less than 3 percent of that area

remains (van Hemessen 1993). Most of the loss of this habitat occurred 150-200 years ago

during European settlement (Reid and Symmes 1997).The largest and most significant remnants
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Figure 1.0. Map ofthe Carolinian Life Zone. Site locations refer to areas that have been

identified as a priority for conservation by the Carolinian Canada Foundation. Map taken from

Riverie & Lawrence (1999).
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are in Windsor, WaJpole Island, north of Tixrkey Point, Pelee Island, and High Park in Toronto

(van Hemessen 1993). In Ontario, these tallgrass communities are teeming with wildlife and

support an exceptionally high diversity of beetles, butterflies, ants, and leaftioppers (van

Hemessen 1993). Many rare plants found in the Carolinian Zone depend on the essential services

of bee pollinators to reproduce yet very little is known about the insect fauna of the Niagara

peninsula, a large area of the Carolinian Zone. Although systematic insect collections have been

performed in much of the Carolinian area, collections are virtually missing for the entire Niagara

peninsula (S. Marshall, pers. comm.).

Conserving the Carolinian Life Zone

The Carolinian Life Zone comprises less than one percent of Canadian landmass, but 25

percent of Canada's population lives in this ecologically sensitive area, making it the most

concentrated area of urban development in the country (van Hemessen 1993, Reid and Symmes

1997). The Carolinian areas also have the most productive combination of soils and climate in

Canada (Reid and Symmes 1997), which is the reason why agriculture is so successful in this

region and why species diversity is high.

Nearly half of all rare, threatened, or endangered Canadian wildlife is restricted to the

Carolinian landscape (van Hemessen 1993, Reid and Symmes 1997). Research on the 63 species

of butterflies found in Carolinian Canada has found that 22 are extirpated, endangered or

threatened. Of these species, 13 are strictly limited to savannah habitat in Ontario (Campbell et

al. 1990, Packer 1990, Reid and Symmes 1997). The inherent wildlife diversity coupled with

extreme habitat loss reinforces the need for information about the flora and fauna found in the

Carolinian area.
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Bees ofthe Niagara Region

Bees are extremely important in community structure as many plants rely on pollination

offered by bees for reproduction. Seed production and fruit production is enhanced by high

diversity of pollinators (Klein et al. 2003a, b, Ricketts 2004). Despite the importance ofbees as

pollinators, their diversity in the Niagara peninsula is practically unknown. This study aims to

begin a description of the Niagara peninsula bee fauna in order to document the composition of

the bee assemblage in terms of the species composition and phenology and to facilitate diversity

comparisons within the Carolinian landscape and other landscapes. Also, bee diversity is a very

good correlate for community biodiversity (Duelli and Obrist 1998, Tschamtke et al. 1998),

which makes this group an extremely reliable indicator of biodiversity for the Niagara peninsula.

The slow process of identifying specimens to species level often impedes research. For

many taxonomic groups such as bees, identification skills take many months to develop. For

some groups (eg. Lasioglossum (Dialictus) spp.), members of the same subgenus are usually

lumped together since accurate identifications at the species level are nearly impossible to

achieve. The second goal of this study is to examine the relationship between species richness

and higher taxonomic richness (generic, tribal, subfamily, and family richness) to determine if

higher level taxonomy may substitute for species richness when time or expertise is unavailable.
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MATERIALS AND METHODS

Collection ofspecimens

Specimens were collected in accordance with the Bee Inventory (BI) Plot Protocol, a

program initiated in 2002 to establish a standardized collection program so that bee monitoring

studies could be compared worldwide with minimal sampling biases (Griswold et al. 2002).

Nine field sites (described in detail on pages 69-75) located in southern Ontario, with

meadow vegetation comprised of wildflowers and grasses were selected for study. Field sites

were sampled approximately biweekly from 21 April to 1 October 2003, using three types of

collection methods: pan traps, sweep netting, and collection of foraging bees from wildflowers

using aerial nets (hereafter referred to as 'flower collections'). Sampling was carried out on a

rotating four day cycle; cycles began on Mondays and finished when all field sites had been

sampled once using all collection methods. If it rained at any point during collection, sampling

was terminated and that day's field sites were sampled the following day. Samples from

interrupted rainy days were discarded. Sweep sampling was carried out at two field sites per day

(Table 1 .0). The order in which a pair of field sites was sampled was the same among biweekly

sampling cycles. At each site, sweep netting and flower collections were always made on the

same day; pan trap collections were often performed on the same day as sweep and flower

collections.

Details ofcollection methods

Pan traps. A pan trap is a plastic bowl (6 oz; SOLO PS6-0099) filled with soapy water.

Insects, particularly bees, land on the water surface and drown as the soap serves as a surfactant;

apparently pan traps attract bees because they resemble flowers in shape and colour. Different

colours of traps (fluorescent blue Krylon paint brand #3109, fluorescent yellow #3104 and white)
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were used because different types of bees are reported to be attracted to different colours of pan

traps (LeBuhn et al. in press).

Pan traps were laid out in predetermined patterns marked with flagging tape in each field

site. Wherever the dimensions of a field site allowed, transects were laid out in an "X"

configuration, otherwise the transects were placed in an "H" configuration. In each field site, ten

traps of each colour (30 in total) were filled with soapy water to the top of the bowl and placed

along the transects at 10 metre intervals, rotating colours. Traps were put out before 09:00h and

collected after 15:00h. To collect the insects, trap contents were poured through a small sieve,

and the specimens were placed in plastic yogurt containers labelled with the date and location.

The samples were brought back to the lab where they were sorted to collect all bees from the pan

sample and placed in vials of 70 percent ethanol, labelled with the field site, date and method of

collection.

Sweep Netting. Two people collected insects using sweep nets in each field site for 30

minutes, in the morning between 09:00h-12:00h and in the afternoon between 13:00h-15:00h.

Sweep nets equipped with sail cloth were 15 inches in diameter and had 2 foot long wooden

handles (Bioquip, 7625HS). The collectors, spaced approximately 3 meters apart, walked beside

each other following a predetermined route so that sweeping effort was spread over the entire

plot. The sweep nets were swung in a figure eight pattern fi-om side to side to prevent caught

insects from escaping. Insects were collected fi"om the vegetation, the ground or flying through

the air. At the end of 30 minutes, the contents of both sweep nets were emptied into a small, clear

plastic bag, labelled with date and location, and transported to the lab. These bags were frozen at

-20° C to kill the insects and were later sorted to collect all bees fi-om the sweep sample. Bees

were placed into vials of 70 percent ethanol labelled with the date, location and method of

collection. Bees collected in the morning and afternoon were kept separate.
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Flower collections. Two people collected bees from the most abundant flowers in each field

site the same day sweep collections were conducted, using collapsible hand nets, 1 2 inches in

diameter with short 5 inch aluminum handles (Bioquip, 71 12CP). On any particular day, flower

collections usually took place in the morning and occasionally in the afternoon. A species of

flower was selected for sampling if there were adequate patches of blossoms to walk among

them for 5 minutes without sampling the same ones repeatedly (Table 1.1). Bees were collected

from each type of wildflower for five minutes using hand nets and then were transferred into

vials containing 70 percent ethanol labelled with the date, location and the species of flower.

Representatives of each flower species were collected, pressed and identified using field guides

(Peterson and Mckenny 1968, Booth and Zimmerman 1972, Dickinson et al. 2004).

Identification and handling ofbee specimens

After being in ethanol, specimens were pinned and labelled with the location, date, and

method of collection, as well as the flower name when appropriate. Specimens were examined

using a dissecting microscope equipped with an eyepiece reticle at magnifications 8.0-66 X.

Most specimens were identified to genus using the keys of (Michener et al. 1994) and to species

using (Mitchell 1960, 1962, Laverty and Harder 1988). Anthidiini and Colletes were identified

using Romankova (Romankova 2004a, h).Osmia specimens were identified using an interactive

online identification key (Andrus et al. 2004, Griswold et al.).Whenever possible, specimens

were compared to type specimens obtained from the Royal Ontario Museum. Sam Droege

(USGS Patuxent Wildlife Research Center) kindly identified female Lasioglossum (Dialictus)

specimens. Representatives of each species will be deposited in the collection of the University

of Guelph.
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Three species remained unidentified and were labelled as Halictus sp. 1 , Andrena sp. 1

,

and Hylaeus sp. 1 (black); these were included in species richness counts. Lasioglossum

(Dialictus) males (n=89) and some females (n=59) could not be identified to species, and could

have included species not found in the final list. Therefore the final tally of species richness must

be regarded as a minimum. Lasioglossum {Dialictus) admirandum/paradmirandum specimens

could not be imequivocally assigned to either species and may have been intergrades (S. Droege,

pers comm.) or may represent an unidentified species; they were not counted as a separate

species in the species richness count.

The sex of specimens was determined according to the number of antennal segments,

tergal segments, and presence or absence of a sting (Michener et al. 1994). Species sex ratios

were calculated as the proportion of the total number ofbees that were female or male. Since

some species have female-biased sex ratios while others have male-biased sex ratios, expressing

the sex ratio as a proportion of the total number of bees is easier for comparisons among species.

Data analysis procedures

Biota, a relational database software package, was used to organize the enormous

numbers of specimens (Colwell and Coddington 1996). Specimen record sets were exported

from Biota AppPentl61 to Microsoft Excel 2000 and SAS ver8 for statistical analyses.

Species accumulation curves, also referred to as "collector's curves" were used to

determine whether sampling duration was sufficient to estimate total bee diversity, as indicated if

the species richness reaches an asymptote by the end ofthe season (Magurran 1988, Gotelli and

Cowell 2001). Species accumulation curves record the number of species collected during the

process of data collection, as additional bees are added to the number of previously collected

individuals (Gotelli and Cowell 2001). Rarefaction curves were used to determine the

relationship between sampling effort and observed species richness and whether sampling effort
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was sufficient to have collected all the bee species present in my field sites. Rarefaction curves

are produced by repeatedly resampling the pool of individuals at random without replacement,

plotting the average number of species represented by 1,2,4,...N individuals (Gotclli and Cowell

2001). Rarefaction curves generate the expected number of species in a smaller collection of

individuals drawn at random from the entire collection (Gotelli and Cowell 2001). Rarefaction

curves were constructed with Biodiversity Professional (McAleece 1997), randomly subsampling

the data 30 000 times (approximately twice the sample size) in order to examine how observed

species richness increases as sample size (i.e. number of bees collected) increases.

Rank abundance plots rank species according to their abundance. The shapes of these

curves are typically used to gain information about community structure, particularly evenness in

distribution of species; steep slopes indicate high dominance and low evenness while gentle

slopes indicate low dominance and hi^ evenness (Magurran 1988). The log2 of species'

abundance was used in most analyses as this generates a manageable number of abundance

categories and keeps singletons in one category, those species for which only one individual was

collected.

Paired t-tests were used to determine if there was a significant difference in abundance or

species richness in morning versus afternoon sweeps or pan versus sweep collections. Pairs were

collections made in the same field site on the same day.

The complete species list, species accumulation curve, rarefaction curve, and the

calculations of proportional representation of each bee family were based on the numbers of bees

collected in all collection methods (pan traps, sweep collections, and flower collections).

Calculations of relative abundance and phenological comparisons were based on only those bees

collected in pans and sweep collection. Bees collected from flowers were excluded from these

analyses since the abundance information was not comparable to other methods of collection.

This is because not all flower species were sampled with the same intensity due to differential
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availability in field sites and because some types of bees, such as Bombus andXylocopa, are

caught more often in the flower collection method due to their large size. For these reasons, pan

and sweep collection methods are a more standardized system for examining abundance of bees.

Taxonomic richness

In order to investigate the relationship between species richness and higher level

taxonomic richness, species lists for ten bee diversity studies were compared. Richness refers to

the number of different types of that classification. For example, species richness refers to the

nimiber of different species. If higher level taxonomic richness is highly correlated with species

richness, then perhaps higher level taxonomic identification may be adequate when time or

expertise is restricted. I examined the correlation (Pearson correlation) between species richness

and generic, tribal, subfamily, and family richness. For species for which there is no tribal

designation (e.g. Andrena sp.), subfamily was used as a substitute.





22

RESULTS

I identified 15 687 bees from 152 species collected using all three methods; the complete

list is presented in Table 1 .2.

In order to confirm that sampling was conducted at the correct time ofthe summer, a

species accumulation curve was constructed (Fig. 1.1). This figure confirms that sampling was

begim prior to the emergence of bees in the spring and that no new additional species were

collected after 26 September 2003. When the species list and abundance were randomly

subsampled 30 000 times, the curve did not reach an asymptote (Fig. 1.2), suggesting either that

N=15687 was an inadequate sample size or that this method of sample validation is not useftil.

When a curve was fit through the data using Microsoft Excel 2000, the equation of the line was

y= 24.94Ln(x) - 99.24 (R^= 0.972).

Methodological considerations

Morning versus afternoon sweep samples. Both bee abimdance and species richness

were similar in the morning and afternoon sweep samples (paired t-tests; abundance: X^r^ -1.36,

p= 0.177, species richness: 1^2= -1.56, p= 0.123). The proportion of species that were singletons

was also similar in the morning (0.085) and afternoon (0.081) sweep samples. Since Dialictus

identities remain questionable, Dialictus specimens were removed from the species richness

analysis, but this did not change the results (t62= -1.73, p= 0.0882). Other than singletons, no

species was found exclusively in either the morning or afternoon sweeps (Table 1 .3).

Pan Collections versus Sweeps. Since there were no significant differences between

morning and afternoon sweep collections, these were combined for comparison with the pan trap
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method. Similar numbers of bees were collected using sweeps and pans (paired t-test: t4.(=0.882,

p=0.382). Daily species richness was higher in sweeps than in pan traps (paired t-test: t44= -2.25,

p= 0.0295) and these results did not change when Dialictus specimens were removed from the

analysis (paired t-test: t44= -2.46, p= 0.0178). Although sweeps had higher daily species richness

than pan collections, the latter collected a higher total number of species over the course of the

summer (Table 1.3). The proportion of singletons was higher in the pan collections (0.23) than in

sweeps collections (0.13).

Hand netting/Flower Collections. Fewer species were collected from flowers compared to

pans or sweeps; however, some species were exclusively collected on flowers (Table 1 .3).

Description ofthe Niagara bee community

Five families of bees were collected: Andrenidae, Apidae, Colletidae, Halictidae, and

Megachilidae (Fig. 1.3). The Halictidae had the highest species richness of any bee family (38

species) and was the most abundant family, comprising 42.3% of bees collected. The Colletidae

had the lowest species richness (15 species), comprising 10.3% of bees collected. The least

common bees collected were Andrenidae (3.5%), composed of a relatively high number of

species (35 species).

A rank abundance plot of bees collected in sweeps and pans demonstrates that different

species have very different abundances (Fig. 1 .4). Species abundances were log2 transformed to

generate abundance categories in octaves (Fig. 1.5). Based on the numbers of species in each

octave, bees can be divided into three abundance categories (Fig. 1.5): rare species (singletons;

octave 0), common species (octaves 1-6) and abundant species (octaves 7-11). Quite clearly,

there is an inverse relationship between the abundance of bees and the number of bee species in

an abundance category. Most species are rare; there are few species that are abundant. The data

did not significantly differ from a lognormal distribution (Kolmogorov-Smimov test, Z=0.687,
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p=0.733). The abundant bee species were Apis mellifera Linnaeus, Augochlorella striata

(Provancher), Ceratina calcarata Robertson, Ceratina dupla Say, Ceratina metallica SmitK

Halictus confiisus Smith, Halictus ligatus Say, Hylaeus affinis Smith, Hylaeus cressoni

(Cockerell), Hylaeus illinoensis (Robertson), Lasioglossum (Dialictus) paradmirandum Kncrer

& Atwood, Lasioglossum (Dialictus) rohweri Ellis, and Osmia conjuncta Cresson.

Bee phenology

There were three peaks in abundance of bees collected during 2003 by sweep collections

and pans (Fig. 1.6). Bees were very abundant at the beginning of the collecting season (end of

April), between the middle ofMay and end of June, and between the middle and end of July.

There was a decline in the number of bees collected during the sampling periods of 05 May to 18

May and 30 June to 13 July. This figure suggests that there were three distinct bee seasons in

2003: early spring (end of April to mid May), late spring (end of May to the end of June), and

summer (mid July to October).

High abundance of bees in the early spring (21 April - 4 May) was attributed to high

abundance of O. conjuncta, C. metallica, and various species of Andrenidae, accounting for

73.2% of the bees collected in early spring. High abundance of bees in late spring (19 May - 1

June) was attributed to high abundance ofA. striata, C. calcarata, C. dupla and C. metallica,

which accounted for 73.6 % of the bees collected in late spring. High abundance in the summer

(14 July - 10 August) was caused by a variety of species including: A. mellifera, A. striata, C.

calcarata, H. confiisus, H. ligatus, H. affinis, H. illinoensis and L (D.) rohweri. This group of

species accounted for 73.7 % of bees collected in summer.

The abundant eusocial species H. confusus and L. (D.) rohweri and the solitary species L

(D.) paradmirandum exhibited a trimodal abundance pattern similar to that of the overall

collection (Fig. 1 .7, 1 .8). The abundant eusocial species A. mellifera, A. striata, and H. ligatus
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and the abundant solitary species C. calcarata, C. dupla, C. metallica, H. affmis, H. cressoni, H.

illinoensis and O. conjuncta did not exhibit the same pattern (Figs. 1.7-1.1 0).

With the exception oi Hylaeus, females of abundant bee species began to emerge at the

end of April (21 April - 4 May) (Table 1 .4). The males of the abundant solitary species emerged

in the spring while males of eusocial species emerged in the summer. In general, abundant

eusocial species were bivoltine (having two broods), whereas abundant solitary species were

univoltine (having one brood). H. cressoni and L. (D.) paradmirandum are solitary species that

appear to be bivoltine. Most abundant bee species had female-biased sex ratios; however, C

metallica and H. cressoni had strongly male-biased sex ratios (Table 1 .4).

Richness patterns at higher taxonomic levels

Species lists from this study and'nine other bee diversity studies (MacKay 1 970, Evans

1972, 1973, Frankie et al. 1997, Minckley et al. 1999, Mclntyre and Hostetler 2001) were

compared in order to explore the relationship between species richness and higher taxonomic

levels of richness (Sepkoski et al. 1981). A list of the studies is presented in Table 1 .5. There was

a significant correlation between species richness and generic richness (Pearson r=0.786,

p=0.007) and between species richness and subfamily richness (r=0.704, p=0.023) (Fig. 1.11).

Species richness was marginally correlated with tribal richness (r=0.605, p=0.064). However,

species richness was not significantly correlated with subfamily richness (r=0.444, p=0.199).
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Figure 1.9. The phenology of the abundant highly eusocial bee. Apis mellifera in

2003. Only females were collected.
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DISCUSSION

A large number of bees was identified in this study, 15 687 individuals from 152 species

in 5 families. This study was the first to assess the bee fauna of Niagara (S. Marshall, pers.

comm.) and to my knowledge, is the largest bee survey ever conducted anywhere.

Methodological considerations

Morning and afternoon sweep collections were similar with respect to species richness

and abundance and no species (other than singletons) were found only in the morning or

afternoon sweep collections. This suggests that there is no particular reason to keep the morning

and afternoon samples separate. Also, this suggests that if time is limited or the distance between

field sites is very large, either morning or afternoon sweeps may suffice.

Despite lower daily species richness, pan collections had a higher overall species richness

compared to sweep collections. These data show that there was more species turnover in pan

collections than in sweeps, and that there were more species unique to the pan trap method.

Some researchers substitute flower collections for sweep collections. Although often

contemplated, the difference among bee collection techniques has never been overtly tested. The

results of this study indicate that far fewer species would have been collected if sweep

collections had not been performed. Each collection technique collected unique species,

suggesting that all methods of collection must be used in order to maximize the number of

species collected. Using more collection techniques results in a higher number of species

collected, which is a more complete description of the bee fauna.

Richness Patterns at Higher Taxonomic Levels

Problems of identification combined with inadequate sampling have made understanding

the patterns and processes that shape the diversity of communities difficult (Sepkoski et al.
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1981). However, when estimates of various taxonomic richnesses were considered, a remarkably

consistent pattern emerged: higher level taxonomic groupings (at least at the level of genus, tribe

and subfamily) were highly correlated with species richness. This should come as a great relief

for scientists as it provides some assurance that patterns of richness are consistent at higher

levels of taxonomy. If identifications are incorrect at the species level but are correctly identified

to genus, then there is a great deal of valuable information in these data sets identified to the

generic level. Moreover, this means that researchers can move forward in their research

programs with identifications at a higher taxonomic level even if highly skilled taxonomists are

required but unavailable. It also suggests that taxonomic categories reflect real ecological

relationships in bee communities. This analysis should be repeated in other taxonomic groups

since the relationship between species richness and other higher taxonomic groupings may be

influenced by the state of the group's taxonomy.

Phenology

Three distinct bee seasons were found in Niagara in 2003, early spring, late spring, and

sunruner. Some species are better suited to earlier or later parts of the season, perhaps due to their

pollen and nectar requirements. For example, andrenids are considered to be important

pollinators of fixiit trees which blossom early in the collecting season in Niagara, possibly

explaining why most andrenids were found in the early spring bee season. Multiple distinct

seasons have been noted in western bee assemblages (Griswold et al. 1997).

Rare and Common Species

In Niagara, many species are rare and few species are abundant. This has also been found

in bee assemblages in Brazil (Sakagami et al. 1967), Chicago (Pearson 1933), Costa Rica

(Heithaus 1979), Japan (Sakagami and Fukuda 1973), the southwest deserts of the US (Minckley
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et al. 1999), Maryland (Kalhom et al. 2003), New York (Mackenzie and Eickwort 1996) and

Toronto (MacKay 1970) (Fig. 1.12) (Williams et al. 2001). The tradeoff between the number of

species and the number of individuals appears to be a general feature of bee assemblages in

many different types of landscapes.

Composition ofthe Niagara Escarpment Bee Assemblage

The most common species found in this study were Ap. mellifera, Aug. striata, C.

calcarata, C. dupla, C. metallica, Hal. confusus, Hal. ligatus, Hyl. affinis, Hyl cressoni, Hyl.

illinoensis, L (D.) paradmirandum, L. (D.) rohweri, and O. conjuncta. When these species were

compared to the most abundant species of other Carolinian Zone bee studies, 1 found only a few

similarities between lists of abundant species (Table 1 .6). Aug. striata, Ap. mellifera, C.

calcarata, C. dupla, Hal. confusus and Hal ligatus were abundant in other collections from the

Carolinian zone, although the most abundant species in this study, Aug. striata, was not the most

abundant species in any other study. C dupla, Hal. confusus, and Hal. ligatus were the only

abundant species that were represented in all of the studies. All of the other Carolinian bee

surveys had at least one abundant andrenid species, unlike the Niagara bee fauna. My study was

the only study in the Carolinian area to find an abundant megachilid (Table 1 .6); there were no

abundant megachilids in the other Carolinian studies. All of the abundant species found in the

Niagara region were found in the other studies, albeit at lower abundances. There were 7

abundant species found in other Carolinian studies that were absent in Niagara {Agapostcmon

radiatus (Say), Andrena macoupinensis Robertson, Colletes inequalis Say, Lasioglossum (D.)

heterognathum (Mitchell), Lasioglossum (D.) lineatulum (Crawford), Lasioglossum (D.) pilosum

(Smith), Perdita octomaculata (Say)). Somers and Thompson's (2001) study had the most

similarities to the Niagara bee assemblage in 2003, sharing about half of the abundant species.
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The discrepancies among abundant species in these studies suggest that abundant species are

highly variable with respect to time and place.

There were a few abundant species in Niagara that were conspicuously rare or missing

altogether from the other Carolinian studies. These species include: C. metallica, H. illinoensis,

L. (D.) imitatum, L (D.) paradmirandum, L (D.) rohweri and O. conjuncta. This suggests that

although these species were particularly abundant in Niagara, they aren't necessarily abundant

throughout the Carolinian landscape.

A number of rare species found in Niagara were also found to be rare in the other

Carolinian bee surveys. These species include: Andrena asteris Robsertson, Andrena robertsonii

Dalla Torre, Andrena rugosa Robsertson, Andrena solidaginis Robsertson, CoUetes simulans

Cresson, Heriades dypcata Sladen, Hylaeus stevensi, Lasioglossum athabascense Sandhouse,

Lasioglossum (Dialictus) albipenne (Robsertson), Lasioglossum divergens Lovell, Megachile

frigida Smith, Megachile mendica Cresson, Nomada imbricata Smith, Nomada maculata

Cresson and Sphecodes ranunculi Robsertson. Since these species were found to be rare in

multiple places, this suggests that these species are generally rare in the Carolinian Zone.

After examining Eastern North American bee lists, a number of species that were not

previously recorded from the Carolinian Zone and bordering states in the US were collected in

Niagara (Michigan, Ohio, and New York). The following represent species that are new records

for the Carolinian Zone: CoUetes howardi Swenk, Hylaeus schwartzi Cockerell, Lasioglossum

lustrans Cockerell, Megachile inimica Cresson, Megachile xylocopoides Smith, and Osmia

cordata Robertson. These species represent regionally rare species that should be further

investigated in order to establish their conservation status in the Carolinian Zone.
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Family Comparisons

Of the six families found in North America, five were collected in this study. No

Mellitidae were collected. The majority of the bees found in Niagara were halictids and ^ids. In

general, Eastern North American bee surveys have found a high proportion of halictids while

only some studies have a high proportion of ^ids (Fig 1.13). A common feature of all the bee

surveys examined was the lack of Mellitidae; the southwest US desert study (Minckley et al.

1999) was the only study that collected a substantial number of mellitids. There appears to be

little consistency among studies with respect to the proportions of individuals fi-om each family,

within and among landscapes.

Diversity ofthe Niagara bee assemblage

It is difficult to compare the composition of the Niagara bee assemblage to other studies

since researchers collect data to address very different questions and employ different collecting

methods and sampling efforts. Species richness and proportion of singletons are two

characteristics that are conducive to cross-study comparisons. A survey of symphytan and

aculeate hymenopterans in the Carolinian zone found only 40 bee species, although this study

collected bees using only malaise traps (Sugar et al. 1998). The Niagara bee faima had higher

species richness than other bee diversity surveys performed in the Forks of the Credit, Toronto

area where species richness was 122 in 1968/1969 (MacKay 1970), and 129 in 2001 at Jokers'

Hill, Newmarket (Somers & Thompson unpub.). MacKay (1970) decided not to include A.

mellifera or Bombini in her diversity survey. In Niagara, the proportion of species that were

singletons was 0.28 compared to other studies performed in Carolinian areas (0.05-MacKay;

0.32-Somers & Thompson). Somers and Thompson foimd a much higher proportion of

singletons compared to MacKay's surveys which collected bees from the same location.
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Compared to other areas in the Carolinian Zone, the Niagara bee assemblage was more diverse,

had higher species richness and a relatively high proportion of singletons.

Rarefaction curves can be used to compare diversity among studies that collected

dissimilar numbers of specimens. Steeper rarefaction curves indicate higher diversity habitats

while gentler curves indicate less diversity (Magurran 1988). Species richnesses and abundances

found in other bee surveys were superimposed onto the rarefaction curve obtained in this study

(Fig. 1.14). Points found above the rarefaction curve are considered more diverse than the study

presented in the rarefaction curve. Those studies found beneath the curve have less diverse bee

assemblages than Niagara in 2003. The bee assemblage in the Niagara peninsula was somewhat

less diverse than in many other areas, as most ofthe other bee surveys had higher species

richness while collecting fewer individuals. Robertson's (Robertson 1928) study, conducted in

Illinois, was the only other bee survey to have collected a comparable number of bees, a multi

year study in which more species were collected compared to Niagara.

When the diversity of various bee surveys was examined in terms of the type of

landscape and time period from which the bees were collected, some possible trends emerged. It

appears that tropical bee assemblages tend to be more diverse than most other landscapes,

including meadows and deserts (Fig 1.15). Desert bee assemblages appear to have the lowest

diversity. Earlier studies tended to have higher diversity than more recent studies (Fig 1.16).

Oddly enough, studies conducted before the 1970s did not follow this trend. These studies did

not have particularly high diversity.

Conclusion

This discussion of the Niagara bee assemblage structure has emphasized unique

properties ofNiagara as well as general features of bee assemblages. In general, bee assemblages

tend to have many rare species but few abundant species. There is little consistency among
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landscapes with respect to the proportional representation of bee families. The Niagara bee fauna

had some unique features such as abundant megachilids compared to other Carolinian

assemblages. The diversity of the Niagara bee fauna was relatively high compared to other areas

in the Carolinian zone emphasizing the need for detailed accounts of the pollinator guild as this

area is important agriculturally as well as ecologically sensitive. Compared to many of the bee

surveys conducted in tropical regions and mountain meadows, the Niagara bee assemblage had

lower bee diversity. The Carolinian Zone is a rather diverse area with respect to its bee fauna

compared to other landscapes.
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CHAPTER TWO:
TESTING THE INTERMEDIATE DISTURBANCE HYPOTHESIS ON THE

DIVERSITY OF BEE ASSEMBLAGES IN SOUTHERN ONTARIO

Ecological disturbances are present in every natural system and can be defined as any

discrete event in time that disrupts ecosystem, community or population structure and changes

resources, substrate availability or the physical environment (Pickett and White 1985).

Disturbance can be of natural cause (e.g. earthquake, wildfire) or anthropogenic in nature (e.g.

pesticides, logging). Disturbances are heterogeneous in time and space and create gaps in the

matrix of conununities (Sousa 1985, Reice 2001). Disturbances remove organisms and open up

spaces that can be colonized by individuals of the same or perhaps different species. EHsturbance

is notoriously difficult to define and measure in any particular conrmiunity or system. There is

mounting evidence that alteration of habitat by humans can strongly affect the diversity and

composition of vertebrate assemblages, however, little is known about how disturbances change

the community structure of invertebrates (Aizen and Feinsinger 2003). Changes in communities

due to human disturbance can be studied by comparing abundance and species richness from

areas that vary in the magnitude and time since disturbance. Throughout this chapter I will use

the term diversity in reference to the combination of species richness (number of species) and

abundance of individuals within an assemblage.

The retationshqf between disturbance and diversity: the Intermediate Disturbance Hypothesis

The concept of the intermediate disturbance hypothesis (IDH) was first introduced as a

mechanism of coexistence in which catastrophic events created empty patches, termed biotopes

(Hutchinson 1953). Cormell (1978) formally introduced the intermediate disturbance hypothesis

to predict diversity of coral reefs and tropical forests in response to disturbance. Connell

formulated this hypothesis based on the assumption that species composition ofcommunities is

rarely in a state of equilibrium; high diversity is maintained only when the species composition is
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continually changing (Connell 1978). This hypothesis states that species diversity will be highest

at intermediate levels of disturbance and lowest at high levels of disturbance (Connell 1978). The

level of the disturbance can be measured in three ways: the frequency of disturbance, the

magnitude of the disturbance, and the time since disturbance (Fig. 2.0). The essential elements of

the IDH are that there must be repeated local disturbance creating bare patches; disturbance must

be suificiently frequent to prevent competitive exclusion; disturbance must be seen in context of

generation time; and there is a trade-off between species' ability to colonize and to compete

(Hutchinson 1953, Connell 1978). This hypothesis varies from a more traditional view held by

many conservation biologists that disturbance generally decreases diversity.

The intermediate disturbance hypothesis is based on the idea that only a few species can

persist when faced with frequent or severe disturbance. These species are typically characterized

by poor competitive abilities but good dispersal qualities; these disperser species are the first to

colonize newly opened niches. Species that can persist in the long term in the absence of

disturbance are the longest-living, best competitors and those able to regenerate in the absence of

disturbance. Disturbances create variations in environmental conditions that provide different

niches for species with different life history strategies. At intermediate levels of disturbance,

many species (including representatives of both low and high disturbance, plus others) can

survive in patches of various stages of recovery. The intermediate disturbance hypothesis

provides a theoretical framework for studies focusing on the effects of disturbance on diversity.

Disturbances can cause restructuring of entire ecosystems (Reice 2001). Conununities go

through a series of developmental stages, referred to as succession (Reice 2001). For example, in

temperate areas such as Niagara, an abandoned field is first colonized by annual plant species,

then by pereimials, next by shrubs, and finally by trees (Reice 2001). Disturbance resets the

community to an earlier successional stage (Connell 1978, Schowalter 1985). Disturbances

create a mosaic of open spaces and niches that are then available for colonization (Reice 2001).
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Figure 2.0. An illustration of the intennediate disturbance hypothesis and the hypothesis that

increased disturbance decreases diversity. The top figure illustrates the intermediate disturbance

hypothesis (Connell 1978) that predicts intermediate levels of disturbance will support the

highest diversity. The bottom figure illustrates the hypothesis that increased disturbance

decreases diversity.
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New individuals or new species are given the opportunity to colonize vacated space. Processes

driving the intermediate disturbance hypothesis are thus mediated by succession.

In many aspects, anthropogenic disturbances may be similar to natural disturbance with

respect to frequency and severity. Therefore, many of the concepts that were originally

formulated to explain the effects of natural disturbances on communities can also be used in the

context of human induced disturbances. Similar to natural disturbances, anthropogenic

disturbances change local envirorunental conditions. TTie associated environmental changes

caused by human disturbance may be expected to follow the predictions made by the

intermediate disturbance hypothesis.

Perhaps the most cited test of the intermediate disturbance hypothesis was conducted by

Sousa on the effect ofwaves on algal diversity on boulders in the intertidal zone off the coast of

California (Sousa 1985). Smaller sized boulders are more likely than large boulders to be

overturned by wave action (Sousa 1985). Sousa had three size classes of boulders: small,

intermediate and large. He found that the small boulders had the lowest algal diversity (mean of

1 .7 species); the frequency at which the boulders overturned simply crushed most species. The

largest boulders had higher diversity compared to small boulders with a mean species richness of

2.5. Algae species that were known to be competitively dominant characterized these large

boulders. The highest diversity was found on intermediate sized boulders, with an average of 3.7

species. These intermediate sized boulders had a mosaic of both dominant and pioneer algal

species. Arguably these results demonstrate the effect of boulder size on diversity rather than the

effect of frequency of disturbance on diversity. In order to remove this complication, Sousa

cemented boulders to the ocean floor in order to manipulate the frequency with which boulders

turned over, independent of boulder size. After doing so, he found that the species richness of

small boulders increased when stabilized on the ocean floor, fhese results indicate that the





64

frequency of physical disturbance strongly impacts algal diversity by dictating the time interval

at which successional species replacements can occur (Sousa 1 985).

Although there are relatively few studies that specifically aim to address the intermediate

disturbance hypothesis for arthropods, there are a number that examine the effects of disturbance

on diversity and lend some credence to the idea that diversity is maximized under moderate

levels of disturbance. Research conducted on the effects of fire on arthropod diversity suggests

that fire has a positive effect on diversity for forest interior and forest edge arthropod species

(Moretti et al. 2004). However, fire has relatively little effect on the diversity of open landscape

arthropods (Moretti et al. 2004). Fire increased species richness of ground beetles, hoverflies,

bees, wasps, and spiders but decreased species richness for weevils and isopods (Moretti et al.

2004). Overall, species richness was higher in sites that were repeatedly burned compared to

those sites that were not burned (Moretti et al. 2004). Although this study did not specifically test

the intermediate disturbance hypothesis, Moretti and colleagues' findings do not necessarily

contradict the model since unbumed sites did not have the highest diversity of arthropods.

When the effect of pesticide spraying on the diversity of insects in apple stands was

investigated, species richness of insects (both beneficial insects and apple pests) was found to be

highest in habitats characterized by intermediate levels of disturbance while the lowest species

richness was found in areas of high disturbance intensity (Szentkiralyi and Kozar 1991). Areas

under heavy pesticide pressure had half the pest species richness when compared to apple stands

left imtreated or slightly unmanaged (Szentkiralyi and Kozar 1991).

The intermediate disturbance hypothesis has been supported by some studies; however,

several studies have found that disturbance decreases diversity, and species richness is not

maximized at moderate levels of disturbance. Plant diversity has been found to decrease with

increasing disturbance pressures (Schwilk et al. 1997, Death 2002, Ikeda 2003). Insect

abundance and species richness has been found to be highest where grazing intensity was lowest
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(Kruess and Tschamtke 2002). A study conducted by Siemann and colleagues revealed that

arthropod species richness increased with field age. In this case, field age referred to the time

since disturbance; agricultural fields were abandoned and left to regenerate (Siemann et al.

1999). Contrary to the hypothesis that disturbance decreases abundance of arthropods, this study

found that arthropod abundance was not influenced by field age (Siemann et al. 1999). These

results may be somewhat influenced by the researchers' choice of disturbance levels. The high

extreme of disturbance was not examined; the youngest field examined was 15 years since

disturbance, which is quite long compared to the generation time ofmost insects. Also contrary

to the IDH, butterfly diversity, usually correlated to bee diversity (Kerr et al. 2000), increased

with successional stage of fields in Germany (Gathmann et al. 1994, Steffan-Dewenter and

Tschamtke 1997). In this study, the species richness of butterflies was highest in late

successional stages seemingly due toihe high abundance of flowering plants (Steffan-Dewenter

and Tschamtke 1997).

Given that there is still intense debate in the literature as to whether the intermediate

dist\irbance hypothesis is useful for describing the relationship between disturbance and diversity

and there is little empirical data for the IDH, my study aims to add some empirical information

regarding the nature ofthe relationship between anthropogenic disturbance and diversity

(Padisak 1994, Wilson 1994, Roxburgh et al. 2004).

Testing the Intermediate Disturbance Hypothesis

The Glenridge Quarry was recently a landfill site that served the residents of St.

Catharines. On 01 January 2002, this area was closed to the public in order to be converted into a

naturalization park. The area has been restored to resemble the original landscape as it was

before it was converted into a quarry. The Glenridge Quarry is an interesting area biologically,

since the whole area has been capped with clay and filled with soil. The area experienced a
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dramatic decrease in insect populations after the area was turned into a quarry. A succession

process began whereby insects and other flora and fauna will colonize this area.

I used the unique biological opportunity presented by the Glenridge Quarry to examine

how various disturbance regimes affect bee diversity. Bee diversity is important since it is a good

correlate of overall animal diversity (Duelli and Obrist 1998) and is responsible for the

pollination ofmany plants. The Glenridge Quarry includes areas of extreme disturbance, as well

as some bordering patches of land that have been subject to intermediate levels of disturbances.

Control areas located on the Brock University campus provide areas that have been left to

regenerate for decades. These three levels of disturbance allowed me to test the intermediate

disturbance hypothesis. I predicted that areas ofintermediate disturbance would have highest

species richness and abundance, followed by areas of low disturbance, followed by areas of high

disturbance.

Body size and disturbance

Different taxonomic groups respond differently to disturbance and are inherently more

diverse as a result of their life history strategies (Marzluff and Dial 1991, Moretti et al. 2004).

The most diverse taxonomic groups are characterized by short generation times (early age of first

reproduction and a relatively short life span) and the ability to contact more resources (high

mobility and high resource availability) and a smaller body size (Marzluff and Dial 1991, Dial

and Marzluff 1998). For insects in particular, mobility is highly correlated with diversity; those

insect groups which are better able to travel among resource patches are more diverse (Marzluff

and Dial 1991).

The body size of an insect species is important in determining its ecological role. For

insects, as the body size of a particular species increases, the abundance of that species tends to

decrease since larger species tend to have a lower intrinsic rate of increase (Lawton and Brown
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1986, Gaston and Lawton 1988). Extinction is higher in smaller populations so smaller species

with faster population growth rates are thought to colonize new sites and achieve higher

population levels more quickly than large bodied species (Lawton and Brown 1986, Gaston and

Lawton 1988).

Conversely, researchers have foxind that large-bodied insects tend to have colonizing

advantages (Steffan-Dewenter and Tschamtke 1997, 1999, Gathmann and Tschamtke 2002).

Recently it has been found that dispersal distances of bees are correlated with body length,

suggesting that larger bees have better flying capabilities than small bees (Steffan-Dewenter and

Tschamtke 1999, Gathmann and Tschamtke 2002). Larger sized bees and butterflies have been

found in more isolated patches suggesting that larger sized insects are better able to make long

conunutes between their nesting and foraging habitats (Stefifan-Dewenter and Tschamtke 1999,

2001).

Larger bees should be better equipped to make long distance foraging trips, allowing an

opportunity for exploration ofnew foraging patches. I predicted that areas of high disturbance

would have more large bees followed by areas of intermediate, followed by low disturbance.

Objectives ofthis study

(1) To provide some empirical data to describe relationship between anthropogenic

duturbance and bee diversity.

If the Intermediate Disturbance Hypothesis is useful for describing the relationship

between disturbance and diversity, I predict that areas of intermediate disturbance will

have the highest species richness and abundance, followed by areas of low disturbance,

followed by areas of high disturbance.
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If anthropogenic disturbance decreases diversity, I predict that areas of low disturbance

will have highest species richness and abundance of bees, followed by areas of

intermediate disturbance, followed by areas of high disturbance.

If anthropogenic disturbance has no effect on diversity, I predict that all disturbance

levels will have similar species richness and abundance of bees.

(2) To determine the effect (if any) of antiiropogenic disturbance on the average bee

size.

If large body size better equips bees to make long distance flights thereby conferring a

colonizing advantage, I predict that areas of high disturbance will have more large bees,

followed by areas of intermediate disturbance, followed by low disturbance.
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MATERIALS AND METHODS

Test ofthe Intermediate Disturbance Hypothesis

The relationship between intensity of ecological disturbance and bee diversity and

abundance was examined in a set ofmeadows and fields located on the Brock University campus

and the adjacent Glenridge Quarry Naturalization area in southern St. Catharines during the

summer of 2003 (Fig. 2.1). None of the landscape in this area is undisturbed, so disturbance

level was assessed in terms of relative recovery. Three disturbance levels, low, intermediate, and

high were chosen. Areas of low disturbance were mostly cornfields until the 1 960s but are now

established old-field communities; these areas were all located on Brock University property.

Intermediate and high disturbance areas were located at the Glenridge Quarry Naturalization

Park. This park, 45 hectares in area, was once a limestone quarry on the edge of the Niagara

Escarpment, and after being mined out, served as a landfill for 25 years, receiving more than 1 .5

million tonnes of municipal waste. The landfill site was closed on 1 January 2002, and was

capped with 75 centimetres of clay and 10 metres of clean fill. Between 2000 and 2004, various

initiatives by the Region of Niagara have taken place to encourage naturalization of the property,

including plantings of native vegetation, rehabilitation of a large pond, and final capping of the

waste disposal fill area. Field sites are described in detail below. All field sites were at least one

hectare in area and were located within 5 km of one another which ensured that all field sites

experienced the same weather conditions so most differences in the bee fauna could be ascribed

to intrinsic site differences.

Low disturbancefield sites: 406 and Brock

The Brock East, South, North, and West field sites were located on the southern edge of

Brock University property, and the 406 field site was located west of the Glenridge Quarry





70

3 ON

Oi r^ |T^









72

Naturalization Site, approximately 100 metres from the pond (Fig. 2.1; Fig. 2.2). These pastures

were used for farming prior to the 1960s and were periodically mowed until about twenty years

ago. These meadows were on the edge of the property and were protected from most

anthropogenic disturbances. All of these sites were categorized as low levels of disturbance

because they have been undisturbed for over twenty years. In the spring (April and May), these

field sites had many patches of small wildflowers. Between June and October, these sites had

dense patches of wildflowers, approximately one metre high. Table 2.0 lists wildflowers in each

field site from which bees were collected.

The Brock North field site was effectively destroyed on 9 July 2003 by the construction

of a drainage area for a new parking lot. This field site was replaced with the Brock West field

site, directly adjacent to Brock North and was separated by a protective row of trees.

Intermediate disturbancefield sites: Escarpment and Residences

The Escarpment and Residences field sites were located in the Glenridge Quarry

Naturalization Park (Fig. 2.1; Fig. 2.3). These sites are on the periphery of the former landfill site

and so were not subject to the most extreme levels of disturbance experience. These

intermediate areas of disturbance were planted with native vsaldflowers and left to regenerate

since 2000. The Escarpment site consisted of large areas of grass with patches of wildflowers,

while Residences consisted of large areas of bare earth with patches of wildflowers.

High disturbancefield sites: Pond and St David's

The Pond and St. David's field sites were located in the Glenridge Quarry Naturalization

Site (Fig. 2.3). The Pond field site was located on the northern aspect of the covered waste pile

located 200 metres fi-om the pond. The St. David's field site was located on the eastern aspect of
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the covered waste pile. These field sites represent areas that were a quarry and then a landfill

site. These field sites have been subject to severe disturbance for more than a century. In April

and May, the ground was covered in dense mats of clover (5 centimetres high); between July and

October, vegetation was over two metres high.

Bee collections

The collection, identification and handling of bee specimens are described in detail on

pages 14-19.

Measures ofbee biodiversity

The term biodiversity (or simply diversity) takes into account two factors: species

richness and abundance of individuals (Magurran 1988). Diversity indices used for comparisons

among disturbance levels were species richness, abimdance, and Shannon-Weiner index,

evenness, Simpson index and the Berger-Parker index. These are some of the most popular

indices tised in bee diversity, and place differential importance on rare and common species in

the index calculations. Species richness is the number of different species. Abundance refers to

the nimiber of bees collected. The Shaimon-Weiner index, an information statistic, was

calculated as:

where p=-^
' N

Tii is the number of individuals of species i

A^is the total number of individuals of all species
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Communities can be highly influenced by a few very abundant species. High relative

abundance is assumed to reflect dominance. Communities with highly dominant species exhibit a

low degree of evenness. Evenness (E) is a measure ofhow similar the abimdances of different

species are. When there are similar proportions of all species, then evenness is one. When the

abundances are very dissimilar (some rare and some abundant species) then the value decreases.

As communities become more diverse, evenness should increase. Evenness was calculated as:

where H' is the Shaimon-Weiner index

H'nax is the H' if all species had equal abundances

S is the total number of species

Both the Simpson index and the Berger-Parker index are dominance indices. For

dominance indices, the most abundant species makes the greatest contribution. Adding many rare

species does not appreciably increase the index's calculated value. Simpson's index (D) measures

the probability that two bees selected at random will be from the same species. The Simpson's

Index was calculated as:

where n is the number of individuals of species i

A^ is the total number of individuals of all species

For the Simpson's index, represents infinite diversity and 1 represents no diversity. That is, the

larger Simpson's index, the lower the diversity. Since this is somewhat counter intuitive, I have

subtracted the index from 1 to give Simpson's Index of Diversity:
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Simpson's Index of Diversity = \-D

The Berger-Parker index is simply the number of individuals ofthe most abundant

species relative to the total number of individuals of all species. In this index, the addition of

more rare species does not change the denominator but will increase the numerator. The formula

shown below is the reciprocal of the typically presented formula so that the index will increase as

the diversity ofthe assemblage increases (Magurran 1988).

rf=^

where N is the total number of individuals of all species

N„uu is the number of individuals of the most abundant species

In order to determine what the distributions of rare, common, and abundant species were

in different disturbance levels, the species total abundances were log2 transformed to generate

abundance categories in octaves.

Computer simulations (described in detail later), designed by Dr. J. Richardson, were

conducted to determine ifabundance and species richness were significantly different than

expected based on the number of field sites in each disturbance level. Only bees collected in

pans and sweeps were included in these analyses because sampling effort was standardized

among sites.





78

Body size

In order to investigate the effect ofbody size on disturbance responses for bees, I

examined the size distributions of bees in each level of distwbance, using each species' average

head width as a measure of body size (Richards et al. 2003). Head width was measured as the

widest distance across the head, including the compound eyes. Measurements were made on a

Zeiss dissecting microscope equipped with an eyepiece reticle at magnifications 8.0-66 X. The

average size of each species was estimated firom a sample of 10 bees, chosen to represent the

entire flying season of that species. The average size of each species was determined for both

males and females, in eusocial species, foundresses and gynes are larger than workers, so head

widths for 10 foundresses or gynes and 10 workers were obtained whenever possible. For 8

eusocial species (Augochlorella striata, Halictus confusus, H. ligatus, H. rubicundus, L (D)

Uneatulum, L. (D.) rohweri, L. (D.) tegulare), both foundresses and workers were collected as

determined from their phenological patterns. For species for which fewer than 10 individuals

were collected, all individuals were measured. The weighted mean head width of bees collected

in each disturbance level was assessed as:

N

where Nt is the number of individuals of species i

Mi is the mean head width of species i

N is the total number of individuals of all species

Average head width was calculated for males from 68 species and for females from 1 1

6

species. For 510 females of eusocial species {Augochlorella striata (21 1/3166), Halictus
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confidsus (72/540), H. ligatus (97/457), H. rubicundus (6/47), L. (D) limatulum (1/1 1), I. (D.)

rohweri (107/677), L. (D.) tegulare (1/77)), it was unclear from their phenologies which caste

those females belonged to. Usually, exisocial species have three major peaks in the number of

individuals over the course of a year. The first peak represents the emergence of large

foundresses or queens from their over-wintering sites. The second peak represents daughter

females that are workers; these females are smaller than their queen counterparts. The third peak

represents the emergence of gynes (next year's foundresses); these females are larger than

workers. After the third peak both workers and gynes are flying; caste-ambiguous females were

collected at the end of the collecting season when both sizes of females were present. Two sets of

analyses were performed for female body sizes. One analysis assumed all ambiguous females

were gynes, the other analysis assumed ambiguous females were workers. Assuming all

ambiguous females were workers was a more conservative analysis since workers are smaller

making it more difficult to detect more large females in high disturbance. L. (D.)

admirandum/paradmirandum (N=16) and L (D.) spp. (N=54) specimens were not measiired and

were excluded from these analyses since their specific identity was unknown. Data were missing

for Andrena helianthi (N=58) as these specimens were misplaced.

Flower records

The availability of each flower species was assessed as the total number of field sites in

which the flowers were sampled for bees. The range of availability was between one (found in

only one field site) and eight (found in all field sites). Since some flower species have longer

blooming periods than others, some flower species were sampled for multiple collection periods

in a given field site. The total number of flower collections in a disturbance area could be

considered as a measure of the overall flower quantity since it includes the number of flower
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species and the length ofthe blooming period. Wildflower attractiveness to bees over the

duration of the entire collecting season was assessed as follows:

where Nj is the number of bees on flower i

Bi is the number of samples taken from flower i

For those bee species in which at least twenty individuals were collected from flowers over the

course of the collection season, the absolute preference of that bee species for each flower type

was assessed as:

where Ni is the number of individuals collected on plant i

rii is the number of samples collected from plant i

Relative preference was calculated as:

^' N

where P, is the absolute preference for plant i

N is the number of individuals

Statistical analyses: simulations

The intermediate disturbance hypothesis suggests that bee biodiversity should be highest

in areas of intermediate disturbance, and lowest in areas of high disturbance, with areas of low
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disturbance falling in between. Since species richness is at least partly dependent on abundance,

both species richness and abundance were examined based on the null hypothesis that bees

distributed themselves randomly across field sites, regardless of disturbance level.

Abundance and family level patterns of bees. If bee distribution is random, then the total

abundance in the four low disturbance sites should be twice that found in the two intermediate or

two high disturbance sites. To determine ifbee distribution was even among disturbance levels, a

Chi square test was conducted.

If individuals of different bee families are randomly distributed, then abundance of each

family in the four low disturbance sites should be twice that found in the two intermediate or two

high disturbance sites. In order to test if bee families were randomly distributed among

disturbance regimes, a Chi square test was not particularly appropriate in this circxmistance. The

power of a test is the probability of rejecting a null hypothesis when it is actually false (Howell

2002). The power of a test is increased by the sample size (Howell 2002) and in this study, the

sample size was very large (N=15687). When power was calculated using G*Power software

(Paul and Erdfelder 1 992), and a post-hoc analysis was conducted using a very small effect size

(0.1), the power was 1.0. With this degree of statistical power, nearly any difference, no matter

how small or meaningless from a biological standpoint, will be "statistically significant." Also,

the Chi square test uses an inappropriate null model in this case, specifically that the number of

families and number of bees per family are both independent of site type. The number of bees

per family is not independent of the family; some types of bees are more abundant than others.

Instead of a Chi square test, computer simulations were conducted to determine whether the

various families of bees might have responded differently to disturbance. Individual bees were

entered into the simulation with their family identity and were randomly assigned to one of eight

field sites without replacement. After each of the bees was randomly assigned to a field site, the
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number of bees in each bee family for each field site was tabulated. The number of individuals in

each family was then tabulated for any two and four field sites. ITie program was repeated for

5000 iterations. Observed abundance of bee families in each disturbance area was compared to

the 95% confidence intervals constructed by the computer simulations.

Species richness. It is unknown how the niunber of field sites in each disturbance level

should influence species richness counts. For example, low disturbance had twice as many field

sites as intermediate and high disturbance but species richness should not necessarily double. In

order to determine if species richness was different among disturbance levels, computer

simulations were conducted as described above except species richness instead ofabundance was

tabulated for any two and four field sites for 10 000 iterations. Observed species richness in each

of the disturbance levels was compared to the 95% confidence intervals generated fi-om

computer simulations.

For diverse taxa such as bees, as more individuals are collected, more species are

recorded (Gotelli and Cowell 2001). Assemblages may differ in measured species richness either

because of differences in underlying species richness or because of differences in the numbers of

individuals collected (Gotelli and Cowell 2001). Since species richness is partially dependent on

abundance, computer simulations were conducted to determine if species richness was higher or

lower in a particular disturbance regime simply as a result of differential abundance or due to

additional effects beyond simple abundance. Computer simulations were conducted as described

above for 10 000 iterations, except in these simulations, the abundance of each field site was

entered to constrain the number of bees in each field to reflect how many bees were actiially

collected. When the number of bees assigned to a field site exceeded the observed number of

bees in that field site, that individual was randomly assigned again until it was allocated to a field

site that had not reached its maximum abundance.
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In order to investigate the possibility that pan and sweep collections displayed different

diversity responses to disturbance, the simulation that tested whether species richness was

significantly different from expected based on the number of individuals foimd in each

disturbance area was repeated for specimens collected only using pans and again for specimens

only collected in sweep collections.

Body size' Simulations were conducted in order to determine if there was a difference among

disturbance areas with respect to the average body size ofbees found there. Males and females

were examined separately because they have differently shaped heads and it is possible that

males and fenudes respond differently to disturbances. Specifically, using simulations I tested

whether bees distribute themselves randomly among disturbance areas with respect to body size.

Instead of species richness as described above, the mean head widths of bees in low,

intermediate, and high disturbance were calculated.
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Based on the intermediate disturbance hypothesis, I predicted areas of intermediate levels

of disturbance to have highest species richness and abundance of bees followed by areas of low

disturbance and high disturbance having the lowest species richness and fewest bees. Indeed,

intermediate levels of disturbance had the highest species richness (SR=1 16) and the most bees

(N=5562), followed by low disturbance field sites (SR= 98, N=2974), followed by areas of high

disturbance (SR=75, N=1367) (Table 2. 1).

Abundance andfamily levelpatterns in different levels ofdisturbance

Abundance ofbees was not evenly distributed among disturbance levels (X^=2810, df=2,

p<0.001). More bees were found in intermediate disturbance levels; fewer bees were found in

low and high disturbance levels. Bee abundance in each disturbance area followed the

predictions made by the intermediate distiu^bance hypothesis. These results contradict the null

hypothesis that disturbance does not affect diversity and the hypothesis that disturbance

decreases diversity.

More bees of all families were collected in intermediate disturbance than expected if

individuals were evenly distributed among disturbance levels with respect to bee family (Table

2.2). Fewer bees of all families were collected in high disturbance. In areas of low disturbance,

fewer Apidae and Halictidae, but more Megachilidae were found than expected.

Species richness patterns in different levels ofdisturbance

Species richness influenced by the number of field sites. For disturbance levels with

two field sites, namely intermediate and high disturbance regimes, the 95% confidence interval
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Table 2.1. Species list and abundance of bees collected from sweeps and pans from low,

intermediate, and high levels of disturbance. For the purpose of this table only, abundance in

areas of low disturbance was standardized by dividing the abundance in half (there were twice as

many field sites in areas of low disturbance compared to areas of intermediate and high

disturbance) to account for sampling effort.
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Disturbance

Species Low Intermediate High Total

Megachilidae cont...

Osmia lignaria

Osmia pumila

Stelis lateralis
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for species richness was 88.2 - 104.4. Species richness was significantly higher in areas of 91

intermediate disturbance (SR=1 16) while species richness was significantly lower in areas of

high disturbance (SR=75). Species richness in low disturbance (SR=98) was significantly lower

than expected based on four field sites (95% confidence interval^ 1 10.5 - 125.1). These results

provide support for the intermediate disturbance hypothesis; species richness was higher than

expected in areas of intermediate disturbance and lower than expected in areas of high

disturbance.

Species richness constrained by abundance. Given that different levels of disturbance

have dissimilar bee abundance, species richness will vary partly as a function of the bee

abundance in that area. For example, it is possible that species richness in areas of intermediate

disturbance was simply higher as a result of higher abundance, more bees creating a higher

probability of finding higher species richness. In order to test whether species richness was

different in disturbance levels above and beyond the effect of abundance, simulations were

conducted to constrain the abundance of each field site to reflect observed abundance. Species

richness was significantly lower in areas of low disturbance than expected based on the number

of bees collected (Table 2.3). Observed species richness in areas of intermediate and high

disturbance did not differ significantly from expected based on the number ofbees found in

those areas.

Pan and sweep collections did not display different diversity responses to disturbance.

Areas of low disturbance had significantly lower species richness in both pan and sweep

collections based on the number of bees collected by each of these methods (Table 2.3). Areas of

intermediate and high disturbance did not have significantly different species richness based on

the number of bees collected by pan or sweep collections.
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Measures ofbee biodiversity

Various measures of biodiversity were calculated for each of the disturbance areas.

Areas of high disturbance had the highest diversity indices compared to the other disturbance

regimes (Fig. 2.4). There was little variation among disturbance levels with respect to the

diversity indices values.

Rare, common, and abundant species

For abundant bee species (octaves 7-11), the numbers of species in areas of low,

intermediate and high disturbance were equal (Fig. 2.5; seepages 34-38for details ofabundant

and rare species). This suggests that important comparisons for species richness among

disturbance areas are for rare and common species (abundance categories 0-6).

Time effects - was the IDH supported over the whole summer?

In order to determine if areas of intermediate disturbance always had the highest species

richness, species richness was examined in two-week sampling intervals for each of the

disturbance levels (Fig. 2.6). This figure demonstrates that in 5 of the 12 two-week sampling

periods, areas oflow disturbance had the highest species richness. Areas of high disturbance

always had fewer species compared to low and intermediate disturbance except at the end of

August when species richness was higher than areas of low disturbance.

For the purpose of comparing abundance of disturbance levels in two-week intervals,

abundance in low disturbance was standardized by dividing the abundance in half since there

were twice as many field sites compared to intermediate and high disturbance. When abundance

of bees was examined m two-week intervals, disturbance levels were significantly different (Fig.

2.7; Kruskal-Wallis Test, H=12.64, df=2, p<0.005). Except for 2 two-week sampling periods.
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areas of intermediate disturbance had the highest abundance of bees, followed by areas of low

disturbance. Areas of high disturbance always had the fewest bees.

Given that A. striata was the most common bee collected in all disturbance areas, patterns

in abundance were made clearer when A. striata was excluded from abxmdance analyses.

Excluding A. striata did not change the results: disttirbance areas still varied in terms of

abundance (Kruskal-Wallis Test, H=13.10, df=2, p<0.005). Figure 2.8 shows abundance of bees

during each of the four-week intervals, excluding A. striata. This figure shows that except for 2

two-week sampling periods, areas of intermediate disturbance had the highest number of bees

throughout the year, followed by areas oflow disturbance. Areas of high disturbance had the

fewest bees except during 28 July to 10 August.

Body size

Small bees were more common than large bees in this study (Fig. 2.9). For males, head

width significantly predicted log abundance (log abimdance= headwidth + x; R^ = 0.095, F (1,

25) = 2.61, p = 0.059). If all caste-ambiguous females were considered to be queens, head width

significantly predicted log abundance (log abundance= headwidth + x; R^ = 0.092, F (1, 38) =

3.84, p = 0.029). The same was true if ambiguous females were considered to be workers (log

abundance= headwidth + x; R^ = 0.095, F (1 , 25) = 2.61 , p = 0.059).

In order to determine ifthe average size of bees was different in different disturbance

areas, simulations were conducted to determine if observed weighted mean head width differed

from the expected weighted mean head width if bees were distributed randomly among

disturbance areas. Simulations were necessary for these analyses because abundance and body

size were negatively correlated and disturbance levels varied with respect to the nimiber of bees

collected. For males and females, the weighted mean head width was larger than expected in
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areas of high distxarbance (Table 2.4). Intennediate disturbance had smaller males and females

than expected; low disturbance had smaller females than expected. The results did not change if

caste-ambiguous females were classified as foundresses/gynes or as workers. The ranges of head

widths were the same for all disturbance areas, for both males and females.

Flower collections

Bees were collected fi-om 27 different types ofwildflowers (not including sweep

collections). The availability of each flower species was assessed as the total number of field

sites in which the flowers were sampled for bees. Areas of low disturbance had the most flower

species (N=17), followed by areas of intermediate disturbance (N=15), followed by areas ofhigh

disturbance (N=10) (Table 2.0). Flower species found in only one disturbance level could be

considered exclxisive to that disturbance level. There were 9 types of abundant wildflowers

exclusive to low disturbance, 5 types exclusive to intermediate disturbance, 2 types exclusive to

high disturbance. Barbarea vulgaris, Daucus carota, and Leucanthemum vulgare were the only

flower species that were foxmd in all disturbance areas.

Since flowers were selected for sampling based on the number of blossoms available, the

total nimiber of flower collections in a disturbance area was considered as a surrogate for the

overall flower quantity. I performed 94 flower collections in areas of low disturbance, 66 flower

collections in areas of intermediate disturbance, and 35 flower collections in areas of high

disturbance. Although the number of collections was highest in areas oflow disturbance, there

were twice as many field sites available. If the nimiber of collections is halved (N=47) to

standardize for the number of field sites, it becomes clear that areas of intermediate disturbance

had the highest nimiber of flower collections suggesting there were more blooming flowers

available for bees to forage on.
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Attractiveness to bees of each flower species was calculated as the mean number of bees

collected from that wildflower species per sample. Wildflowers that had the highest

attractiveness were Solidago sp. (flat and plume), Lepidium campeslre, and Barbarea vulgaris

(Fig. 2.10). Wildflowers from which the most bee species were collected were Daucus carota

and Melilotus officinalis (13 bee species).

Bee preferences for wildflowers were calculated for 1 1 abundant species {Apis mellifera,

Augochlorella striata, Ceratina calcarata, Ceratina dupla, Ceratina metallica, Halictus

confusus, Halictus ligatus, Hylaeus affinis, Hylaeus cressoni, Lasioglossum (Dialictus) rohweri,

and Osmia conjuncta). All of these species were polyleges (collects pollen from a wide range of

plant families) as the minimum number of flower species that each was collected from was ten

(Fig. 2.1 1; Table 2.5). For abundant species found on Lepidium campestre, relative preference

was quite high. There was little consistency among bee species for most preferred flower. It does

not appear that relative preference for wildflowers accounted for much variation in abundance

since there was a wide variety of preference among species.
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DISCUSSION

The intermediate disturbance hypothesis was strongly supported in this study. As

predicted by the intermediate disturbance hypothesis, areas of intermediate disturbance had the

highest abundance and species richness of bees, followed by areas of low disturbance; areas of

high disturbance displayed the lowest species richness and abundance.

Usefulness ofbiodiversity indices in testing the IDH

Many researchers report diversity in terms of biodiversity indices. Common indices used

include the Simpson's index, Shannon-Weiner index, evenness and the Berger-Parker index

(Hsiang Liow et al. 2001, Death 2002, Ikeda 2003). The biodiversity indices computed in this

study reported high disturbance sites to have the highest diversit>', despite decreased abundance

and species richness. Areas of high disturbance had the highest biodiversity indices compared to

other disturbance levels because of the mathematical emphasis these indices place on evenness

(Magurran 1988). High evenness, which occurs when species are more or less equal in

abundance, is generally equated with high diversity (Magurran 1988). Areas of high disturbance

were less dominated by the most abundant species, A. striata, demonstrated by the high Berger-

Parker index. Although areas of high disturbance had the highest biodiversity indices, these

indices merely reported the relative contribution of the most dominant species. Fewer bees and

fewer species were collected in areas of high disturbance compared to other disturbance areas,

demonstrating that these biodiversity indices were not particularly useful for describing diversity

in this study. Other researchers have also found that many of these biodiversity indices are not

useful for describing bee assemblages (Kevan et al. 1 997, Nummelin and Kaitala 2004).
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Bee/amUies and disturbance

Although abundance was not fonnally part of Connell's original concept of the

intermediate disturbance hypothesis, species richness is very much influenced by abundance.

Bees did not distribute themselves evenly across disturbance areas. Other studies have also found

that abundance of bees is influenced by disturbance regimes (Steffan-Dewenter and Tschamtke

1999, 2001, Carvell 2002, Potts et al. 2003a).

More bees of all families were foimd in areas of intermediate disturbance, while high

disturbance locations had fewer bees of all families. This suggests that bees generally avoid

intense disturbance pressures. Interestingly, in areas of low disturbance, the abundance of some

bee families was lower than expected while some were found in higher numbers than expected

based on four field sites. An excess of Megachilidae was collected in low disturbance sites

suggesting that perhaps Megachilidae are more sensitive than other bees even to intermediate

levels of disturbance. Contrary to this finding. Potts and colleagues (Potts et al. 2003a) found that

the abundance of Megachilidae increased as disturbance increased. In my study, high numbers of

halictids and apids were found in areas of intermediate disturbance while fewer were found in

low and high disturbance. This suggests that these families prefer intermediate levels of

disturbance. Others have suggested that pioneer conmiunities should have many halictids while

later successional stages should have more apids and megachilids based on the types of plants

that are usually found in these stages (Corbet 1995).

Patterns ofdiversity over time

Throughout the entire collecting season, bee abundance in the different disturbance levels

supported the intermediate disturbance hypothesis. However, there were periods in the collecting

season when the species richness oflow disturbance was higher than the species richness found

in intermediate disturbance. High disturbance always had the lowest species richness. The
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change in the relationship between low and intermediate disturbance species richness emphasizes

the need for collections to be made periodically throughout the entire active season ofthe focus

taxa.

Species richness in different disturbance levels

Species richness was highest in areas of intermediate disturbance, followed by areas of

low disturbance, followed by areas of high disturbance. Using computer simulations and the

assumption that all bees are equally likely to be collected in any field site, I found that species

richness was significantly higher in areas of low and intermediate disturbance while lower in

areas of high distxirbance. Similarly, other studies have found species richness was highest at

intermediate successional stages for bees (Steffan-Dewenter and Tschamtke 2001) and

butterflies (Steffan-Dewenter and Tschamtke 1997). While examining bee assemblages at

different times periods since abandonment, the number of individuals and the number of bee

species was highest at mid-successional stages compared to early and late successional stages

(Steffan-Dewenter and Tschamtke 2001). Steffan-Dewenter and Tschamtke (2001) found bee

species richness was highly correlated with plant species richness, and intermediate stages of

succession had higher plant species richness. The same patterns emerged in the butterfly fauna.

The similarity of successional trends observed within bees and butterflies is seemingly due to

similar responses to changing distribution and abundance of plants (Steffan-Dewenter and

Tschamtke 1997).

Although not overtly tested, other studies have foimd evidence to support the

intermediate disturbance hypothesis in bee assemblages. When fire was the disturbance pressure

in the Mediterranean, bee and floral species richness and abundance was extremely low the year

following a fire but quickly recovered (Potts et al. 2003a). Bee abimdance and richness was

highest two years following a major fire event compared to those sites that had recovered for
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more than two years (Potts et al. 2003a). Moretti and colleagues (2004) also found that bee and

wasp species richness was highest in field sites that were subject to intermediate frequencies of

burning compared to those field sites that were unbumed or burned fi-equently. Sites of

intermediate burning fi^equencies also hosted more rare species than unbumed or fi-equently

burned sites (Moretti et al. 2004). Small scale disturbances created by military vehicles or by

grazing have been found to increase the numbers of individuals and species ofbumblebees

(Carvell 2002). Bee species richness and abundance was found to be highest at intermediate

disturbance caused by logging (Hsiang Liow et al. 2001). These disturbances are thought to be

important in maintaining habitat heterogeneity and openness of the fields (Carvell 2002).

It appears that the conversion firom low to high diversity (both species richness and

abundance) is relatively fast. Intermediate and high disturbance regimes in this study differed by

only a few years with respect to the time since disturbance. Despite this relatively small

difference in time, the difference with respect to species richness and abundance was

considerable. Other studies have found this same trend in bee assemblages, that communities

subject to intense disturbance have very low diversity but recover quite quickly (Carvell 2002,

Potts et al. 2003a).

Mechanismfor the Intermediate Disturbance Hypothesis

Other studies have shown that bee abundance and species richness are correlated,

although no attempts to examine the numeric effects of abundance per se on species richness

were made (Steffan-Dewenter and Tschamtke 1999, 2001). In my study, when the simulation for

species richness was constrained by the abundance, it was foimd that species richness was not

significantly higher in intermediate areas of disturbance than expected based on the numbers of

bees found in those locations. Likewise in areas of high disturbance, when species richness was

constrained by abundance, species richness was also not significantly lower than expected. It
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appears that increased species richness in areas of intermediate disturbance was due to greater

abundance of bees there while low abundance in areas of high disturbance led to low species

richness. However, in areas of low disturbance, species richness was significantly lower than

exf)ected based on the number of bees found there. This suggests that there are ecological effects

beyond those of abundance operating in low disturbance environments.

It has been suggested that at very low distiirbance pressures, competitive exclusion

reduces species richness (Connell 1978, Fahrig and Jonsen 1998, Reice 2001), leading to the

relationship between species richness and disturbance described by the intermediate disturbance

hypothesis. Disturbances can prevent competitive exclusion of poor competitors (Connell 1978,

Reice 2001, Roxburgh et al. 2004), so at very high levels of disturbance, diversity is low because

few species can cope with environmental changes, or are capable of rapid colonization, and there

is a lack of appropriate food resources (Connell 1978, Connell and Keough 1985, Roxburgh et al.

2004). As the interval between disturbances increases, bee species richness increases because

more time is available for the invasion ofnew species, including those with inferior dispersal

abilities (Connell 1978). At low levels of disturbance, competitive species drive pioneer species

out; only at intermediate disturbance pressures will both suites of species exist (Connell 1978,

Connell and Keough 1985, Roxburgh et al. 2004). At intermediate levels of disturbance, species

accumulate within a patch but disturbance prevents domination by competitively dominant

species; both sets of species coexist indefinitely (Connell and Keough 1985, Sousa 1985,

Roxburgh et al. 2004). There is a trade-offbetween competitive ability and dispersal; under high

disturbance regimes the strong disperser persists while under low disturbance under low

disturbance pressures, the better competitor excludes the better disperser (Roxburgh et al. 2004).

There are some general hypotheses in the literature predicting that succession of insects is

closely linked to the structure and diversity of vegetation (Schowalter 1985, Steffan-Dewenter

and Tschamtke 1997, Tschamtke et al. 1998, Siemann et al. 1999, Potts et al. 2003a). fhe link
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between plants and pollinating insects is of special interest since low diversity pollinator suites

can lead to reduced plant reproduction (Klein et al. 2003a, b). In fact, changes in bee diversity

closely mirror those of the flora. Other studies have found that bee species richness increases

with flower species richness while bee abundance is correlated with flower cover (Steffan-

Dewenter and Tschamtke 2001, Potts et al. 2003a). Overall, more diverse vegetation supports

more diverse bee guilds (Gathmann et al. 1994, Tschamtke et al. 1998, Mclntyre and Hosteller

2001, Steffan-Dewenter and Tschamtke 2001, Carvell 2002, Potts et al. 2003a, Potts et al.

2003b). Similarly, butterfly diversity has also been linked to floral diversity (Gathmann et al.

1994, Steffan-Dewenter and Tschamtke 1997).

The quantity of wildflowers, as measured by the number of flower collections performed,

seemed to be important for my study in explaining why higher numbers of bees were collected in

intermediate disturbance field sites. Moreover, in Germany the percent cover of wildflowers, a

measure of flower abundance, was important for explaining variation in abundance of bees while

studying the succession of bees in abandoned fields, but the number ofbee species greatly

depended on the number of flower species (Steffan-Dewenter and Tschamtke 2001). Although

the species richness ofcommon wildflowers was not helpful in explaining patterns of richness in

my study, detailed accounts of the flower conmiimity were not taken. It would be helpful to

quantify both the abundance and richness of all wildflowers in field sites in order to help explain

diversity patterns of pollinators.

Body size and disturbance

Bee habitat is often firagmented with both foraging and nesting sites spatially separated.

The ability ofbees to cross these distances is imperative for their success. Bee body length is

correlated with foraging duration, presumably because larger bees are able to fly for longer

periods of time (Gathmarm and Tschamtke 2002). With increasing distance firom the nearest
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grassland, mean body size has been found to increase (Steffan-Dewenter and Tschamtke 1 999).

In my study, highly disturbed field sites were proportionately more dominated by large sized

species than intermediate or low disturbance regimes. Presumably this is due to the greater

foraging ranges associated with larger body size (Steffan-Dewenter and Tschamtke 1999). This

result fits well with the expectation that there should be a positive relationship between body size

and foraging distance. Gathman and colleagues (1994) found large trap-nesting species in fields

with low flower species richness. Body size of bees and butterflies has been found to decrease

with successional stage, large species being found in early successional stages and small species

in late successional stages (Gathmann et al. 1994, Corbet 1995, Steffan-Dewenter and

Tschamtke 1997). More generally, mean arthropod size has been found to decrease with

successional stage (Siemann et al. 1999). This suggests that there are changes in the environment

that favour different life history strategies at different stages of succession (Siemann et al. 1999).

While studying the succession ofbee assemblages in abandoned fields, Steffan-Dewenter

and Tschamtke (2001) did not find that body size differed among field sites of different

successional stages, although other life history traits such as preferred nesting substrate were

different in various successional stages. The proportion of soil nesting bees decreased with

successional stage while the proportion of above ground nesters increased with successional

stage (Steffan-Dewenter and Tschamtke 2001), presumably because in early stages the only

nesting substrate available is soil.

The relationship between disturbance and diversity predicted by the IDH is thought to

result firom differences in life history strategies among species. The intermediate disturbance

hypothesis suggests that in areas ofhigh disturbance, early colonizing species predominate, those

that have poor competitive abilities but good dispersal characteristics (Connell 1978).

Conversely, the IDH predicts low disturbance regimes should have strongly competitive species

but few dispersers. Foraging distance and trip duration, which are necessary components of
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dispersal, are positively correlated to bee body size (Gathmann et al. 1994, Gathmann and

Tschamtke 2002). Larger bees in areas of high disturbance supports the mechanism offered by

the intermediate disturbance hypothesis; larger bees are better able to exploit new niches opened

up by severe disturbance.

Conclusion

The intermediate disturbance hypothesis was strongly supported in this study.

Intermediate disturbance regimes had the highest species richness as a result ofmore bees going

to those areas. More bees were found in intermediate disturbance likely as a result of high

abundance of flowers. Low disturbance pressure created an environment where species richness

was suppressed, likely as a result of competition. High disturbance field sites were species

deprived both in floral and fauna diversity. The average body size changed in response to these

disturbance pressures; smaller bees were found in less intense disturbance regimes. Finding large

bees in high disturbance regimes supports a trade-offbetween colonizing ability and competitive

ability. In areas of high disturbance, there were more disperser species as demonstrated by the

large body size. In areas of low disturbance, species richness was suppressed, presumably to

competition; smaller bees were found there. In areas of intermediate disturbance, both pioneer

and late successional species can persist.

Given that there is a growing body of empirical evidence that intermediate levels of

disturbance foster the highest amount of diversity compared to both high and low disturbance

regimes, preservation of bee diversity requires explicit consideration of disturbance processes. In

plant communities, disturbance can promote invasions by non-native weedy species (Hobbs and

Huenneke 1992). Invasive species have become a major focus for conservation biologists in

North America since invasive species can reduce or even displace native species, drastically

altering ecosystem functioning (Hobbs 1989). Disturbance therefore represents a conundrum to
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conservation biology. To achieve the highest level of diversity often requires some disturbance,

(

however; disturbance may simultaneously lead to invasions by non-native species thereby

reducing diversity. There is an unavoidable conflict when disturbance is considered; any

disturbance regime will be good for some species while difficult for others (Hobbs and

Huenneke 1992). Perhaps the best choice in a conservation framework is to employ a variety of

management strategies, encouraging different species in different parts of nature reserves that

vary with respect to the disturbance regimes (Hobbs and Huenneke 1992).

Most systems encounter variation at some time; these environmental changes constitute a

major driving force for diversity. Invasive species, global climate change and direct alteration of

habitat by humans are modifying current disturbance regimes worldwide. Understanding how

diversity changes in response to such disturbance will allow better management of our limited

remaining natural resources.
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