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ABSTRACT
A wild bee community in southern St. Catharines, Ontario, Canada, was studied
from 2003 to 2012 to analyze the effects of primary succession on abundance and
diversity. At a former landfill site near Brock University, which previously contained no
bees, the number of bees and bee species was expected to increase rapidly following
measures to restore the site to grassy meadow habitat. The Intermediate Disturbance
Hypothesis (IDH) states that over time, succession occurs. Abundance and diversity
increase initially and peak when pioneers coexist with specialized species, then decline
because of competitive exclusion. Alternatively, abundance and diversity may continue to
increase and stabilize without declining. Bees were sampled repeatedly among years from
newer restoration sites (revegetated in 2003), older restoration sites on the periphery of
the former landfill (revegetated in 2000), and nearby low disturbance grassy field (i.e.
control) sites. In the newer sites, bee abundance and diversity increased then decreased
while in older restoration and control sites mainly decreased. This pattern of succession
matches the general predictions of the IDH, although declines were at least partially
related to drought. By 2006, total bee abundance levels converged among all sites,
indicating rapid colonization and succession, and by 2012 diversity levels were similar
among sites as well, suggesting that the bee community was fully restored or nearly so
within the ten-year study period.
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1. INTRODUCTION
1.1. WHAT IS SUCCESSION?
Communities, which are characteristic groupings of species interacting with one
another at a specified place and time (Magurran 2004), undergo a process of change
known as ecological succession. The term succession was first used by the French
naturalist Adolphe Dureau de la Malle (1825) and is defined as change in the overall
species structure in a community over time (Connell and Slatyer 1977). Specific stages
(or units) of succession are called seres (Cowles 1899). Succession can be initiated
following the formation of new, unoccupied habitat, as in primary succession, or some
form of disturbance in an existing community (secondary succession). The term
disturbance is loosely applied but generally refers to an effect that is detrimental to the
individuals of some species, while creating opportunities for individuals of other species.
Although communities often undergo a variety of perturbations, disturbance has been
described as an intense perturbation with noticeable consequences on the community
(Magurran and McGill 2011).
Habitat restoration allows for new or formerly displaced communities to become
established by means of ecological succession, and provides researchers an opportunity to
identify and study the various mechanisms of succession in different communities of
organisms. These mechanisms can be of further importance to predicting how
communities will claim or reclaim disturbed habitats and persist in them.
Bees, along with many other taxa, are threatened by habitat loss that accompanies
human disturbance (Wilcove et al. 1998; Venter et al. 2006; Brown and Paxton 2009;
Williams et al. 2010). Understanding how certain organisms, including ecologically and
1

economically important groups like bees, make use of human-disturbed habitats can be
important for conservation planning and the successful restoration of ecosystem services
(Williams et al. 2010; Winfree 2010). To detect changes in communities, two measures
generally used are abundance and diversity.
1.1.1. Variables used to measure succession
Different mechanisms of succession make specific predictions about the total or
absolute abundance (simply referred to as abundance) of all species in a community and
diversity. Since it is often impossible to census every individual in a community,
abundance (or density) is inferred from sample abundance, the number of individuals or
biomass in a sample (Magurran and McGill 2011). Diversity includes measures of species
richness, species composition, and species relative abundances. Species richness, a term
coined by McIntosh (1967), refers specifically to the number of species in an ecological
community. Species composition refers to the identity of species in a community. The
third measure of biological diversity, species relative abundance, refers to the proportion
of individuals of a species in relation to the abundances of individuals of other species in
a community or assembly (Magurran and McGill 2011). Communities in which species
are equally abundant (or more or less so) are said to be even (Magurran 2004). By
contrast, a community exhibits dominance when the relative abundances differ greatly
among its constituents.
1.1.2. Mechanisms of succession
In the aftermath of a disturbance, the process of succession is initiated or reset. In
newly available habitats, initial formation of a community occurs with the arrival of
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certain species (Connell and Slatyer 1977). New occupants may then modify the
environment in a way that facilitates the arrival of late successional species, inhibits their
invasion, or has no impact on invasion. When late successional species invade, they
eventually replace early successional species. In all three scenarios, the community
reaches a stage in which no further invasion is possible unless a disturbance releases
space by damaging or killing resident individuals.
Various hypotheses have been proposed to explain how diversity is produced and
maintained as a result of succession (Connell 1978). For communities undergoing any
type of succession, the null expectation is that all species have an equal chance of
colonizing newly available habitat, and species that establish themselves by chance form
the community and successfully prevent individuals of other species from invading. This
mechanism of succession has been termed the equal chance hypothesis (Connell 1978).
Such communities are not considered to be at equilibrium as perturbations will lead to
unpredictable changes in the relative abundances of different species, species richness,
and species composition. Equilibrium is the state at which the diversity of organisms in a
community is maintained over time (Connell 1978). It is also possible that after a major
disturbance, a community is not formed at all, which is the null hypothesis in assessments
of restoration success.
In non-random assembly, early successional pioneer species colonize newly
available habitats. As a result, abundance and diversity are low soon after a major
disturbance. Abundance and diversity are also expected to be low when disturbances are
frequent or of great magnitude. When disturbance intensity, frequency, or time since
disturbance is reduced, abundance and diversity are expected to change in one of two
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ways that are easily tested. Changes may be explained by the Intermediate Disturbance
Hypothesis (IDH), modelled first by Grime (1973) but more commonly attributed to
Connell (1979), or the Increased Disturbance Hypothesis (InDH) proposed by Gray
(1989).
The IDH predicts that species richness will increase with time, or with decreased
disturbance intensity and frequency, until peaking at an intermediate nonequilibrium
stage of succession (Figure 1). With the passing of more time, or as disturbance becomes
less frequent or less intense, competitive exclusion by late successional species leads to a
decline in species richness, and pioneer species are removed from the system. Diversity is
therefore greatest when species with good dispersal but poor competitive abilities coexist
with highly competitive species (Connell 1978).
The InDH states that with increased disturbance, species richness will decrease
(Gray 1989). Hence, a decrease in disturbance intensity or frequency, or with more
elapsed time since a disturbance, should result in increased species richness because more
species continue to be added rather than lost (Figure 2). This temporal pattern could occur
through different mechanisms. For instance, random assembly would result in increases
in diversity with succession or restoration time until limited by space and resource
availability, and pioneer or specialized species can become established at any time, as
proposed by the equal change hypothesis (Connell 1978). Alternatively, the niche
diversification hypothesis (Connell 1978) states that diversity increases with succession
or restoration time through an increase in the availability of new ecological niches,
thereby allowing for more species to be maintained (Connell 1978). According to this
hypothesis, the community changes from one that is dominated by pioneers to one that
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Figure 1: The pattern of change in species richness with decreasing disturbance level as
proposed by the Intermediate Disturbance Hypothesis (IDH) and illustrated by Connell
(1978). Disturbance level refers to the frequency of a disturbance, the scale or magnitude
of a disturbance, or the amount of time since the last major disturbance.

Figure 2: The pattern of change in species richness with decreasing disturbance level as
proposed by the Increased Disturbance Hypothesis (InDH), described by Gray (1989).
Disturbance level refers to the frequency of a disturbance, the scale or magnitude of a
disturbance, or the amount of time since the last major disturbance.
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includes late seral stages and specialists, and the community is at equilibrium when
abundance and diversity peak. This stage is called a climax. Both mechanisms can lead to
increases in abundance and species richness with decreased disturbance as proposed by
the InDH, which in reference to restored habitats would more appropriately be termed the
Decreased Disturbance Hypothesis (DDH).
1.2. TEMPORAL VARIABILITY AND THE STUDY OF SUCCESSION
There are two types of studies on succession; longitudinal studies, which directly
measure changes in a community over time, and cross-sectional studies, in which change
is inferred from a comparison of sites that differ in disturbance level. An example of a
longitudinal study is one in which community succession is measured following the
rehabilitation of an area that was previously uninhabitable. This could include a newly
emerged volcanic island composed of bare rock. Cross-sectional studies, on the other
hand, are made at a specific point in time by comparing habitats that are in different
stages of natural succession. For example, this could include a comparison of insect
communities between forests that consist entirely of pioneer trees, suggesting early
succession, and one that consists of mainly mature late successional trees, suggesting a
more advanced stage of ecological succession.
Temporally, communities are frequently perturbed and are rarely at constant
equilibrium (Connell and Sousa 1983). To correctly interpret long-term patterns and
trends in communities, especially those comprised of species that undergo regular
population fluctuations, there is a need to account for short-term temporal variability.
This is important in studies of succession as well as in studies of long-term declines in
biodiversity, such as recent assessments of pollinators (Cane and Tepedino 2001;
6

Williams et al. 2001; Winfree 2010). Cross-sectional studies control for the complication
of temporal variability by sampling different sites at the same point in time, usually
within a single sampling season. Longitudinal studies require frequently replicated
sampling using a standardized protocol. In the long-term study of bee and other insect
communities, this translates to year-to-year sampling (Cane and Tepedino 2001; Williams
et al. 2001; Winfree 2010).
There are different reasons why communities vary enormously in terms of
absolute and relative abundance over short periods of time. Changes in the populations of
different species through time, as controlled by birth, death, immigration, and emigration,
can lead to noticeable variability in not just relative abundance but in the absolute
abundance of the community as a whole. Such variation can be caused by perturbations
that temporally change the rules that govern the population dynamics of different species
in a community (Magurran and McGill 2011). Changing weather conditions commonly
result in short-term variation in insect communities (Speight et al. 2008). Even at
equilibrium, such variability is expected but unlike large-scale disturbances, minor
perturbations should not lead to the extirpation of species in the community nor change
the identity of its constituents, changes that are characteristic of succession.
1.3. SUCCESSION AND RESTORATION OF BEE COMMUNITIES
Bees are ideal organisms for studying the restoration of terrestrial habitats. In
addition to being the most important pollinators of angiosperm plants in many
ecosystems (Neff and Simpson 1993), their taxonomy and ecology are reasonably well
described (Williams 2011). Bee communities respond noticeably to changes attributed to
ailing ecosystemic integrity via human or natural disruption. For example, significant
7

negative responses have been documented in habitats exposed to pesticide use (Kevan et
al. 1997). As a result of their sensitivity to mild and severe perturbations, bee and
pollinator assemblages in general are potentially valuable bioindicators of the state of the
environment (Kevan 1999; Roubik 2001). Quintero et al. (2010) found that the species
composition of bees in particular was better correlated with habitat change produced by
anthropogenic disturbance between small and moderately undisturbed patches than was
non-bee pollinator species composition.
1.3.1. Evidence for rapid colonization and restoration
Bee communities have been found to undergo rapid colonization and succession
in areas from which they have been previously eradicated (Rutgers-Kelly and Richards
2013). This evidence largely comes from studies that documented increases in absolute
abundance and species richness. One study found that in ancient and 11- and 14-year-old
restored British heathlands, the key pollinators (bees mostly) were the same and were
also the most abundant species (Forup et al. 2008). In roadsides that were restored to
prairie vegetation in northeastern Kansas in 2000 and 2001, bee abundance and species
richness in 2005 were comparable to levels observed in prairie remnants (Hopwood
2008). Williams (2011) found that restored sites contained an abundance of bees and
almost as many species as nearby undisturbed remnant riparian sites just six years
following restoration measures. A different study reported that the abundance and
richness of wild bees in response to restoration measures of sand dunes and sand
grasslands in northwestern Germany also increased rapidly (Exeler et al. 2009). Although
overall abundance was lower and there were fewer specialized species compared to old
undisturbed sites, species richness did not differ between the two habitats in any
8

particular year (Exeler et al. 2009). Among years, abundance increased initially but then
declined. The authors postulated that diversity did not decline because of ongoing
disturbance by cattle grazing or flooding that maintained areas of bare ground where
many species nested.
1.3.2. High abundance and diversity at intermediate levels of disturbance
Intermediate levels of disturbance promote habitat heterogeneity and openness,
thereby allowing bee communities to attain maximum diversity (Carvell 2002). Bees
generally prefer open fields and meadows, so effects that contribute to the maintenance of
these habitats, including small-scale disturbances, tend to promote bee abundance and
diversity (Rutgers-Kelly and Richards 2013). In bees, there is evidence that intermediate
levels of disturbance intensity and frequency and intermediate ‘time’ since disturbance
promote diversity. One study found that communities of bees and wasps were most
diverse and included more rare species in Swiss alpine forest sites subjected to
intermediate burning frequencies, compared to unburned or frequently burned sites
(Moretti et al. 2004). In another study, Liow et al. (2001) reported that primary tropical
forest sites in Southeast Asia exhibited greater bee abundances than other types of forests.
However, forests disturbed by intermediate levels of logging contained more species than
unlogged sites. Carvell (2002) also found that intermediate disturbance intensities
promoted bee abundance and species richness – small-scale disturbances caused by
military vehicles and cattle grazing promoted a greater abundance and diversity of
bumblebees, and these disruptions were preferable to the absence of any grassland
management, more intensive management, and sheep grazing.
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The effects of intermediate levels of disturbance on diversity can also be tested by
comparing sites that differ in the amount of time that has elapsed since the last major
disturbance, or since restoration efforts were initiated. A cross-sectional study by SteffanDewenter and Tscharntke (2001) in an agricultural landscape in southwest Germany
found that crop fields left to regenerate naturally (via secondary succession) for two years
contained more bees and more bee species than one-year-old sites and three- to five-yearold sites. Only old orchard sites (>30 years) contained a greater abundance and diversity
of bees. Changes among years closely followed changes in the vegetation, and the twoyear-old and old orchard sites had the most nectar- and pollen-producing plant species.
The first study of a bee community in southern St. Catharines (ON) compared bee
abundance and species richness among habitats that differed in the amount of time since
each was subjected to anthropogenic disturbance (Rutgers-Kelly and Richards 2013).
This study, like the above-mentioned studies on restoration, was cross-sectional. Bee
collections were made in different sites in 2003 that differed by age (restoration level).
Old grassy meadows that were subjected to only minor occasional human disturbances in
the past were compared to sites that were only recently made habitable for bees (in 2000
and 2003), before which they formed a large landfill. The results of the study showed
significant differences in species richness that were partially consistent with the
predictions of the Intermediate Disturbance Hypothesis (IDH). The sites restored in 2000
exhibited the greatest diversity, the newest field sites, which at the time were in their first
year of restoration, had moderate levels of diversity, and low disturbance fields had the
lowest diversity. Bee abundances were also highest at intermediate levels of restoration,
but lowest in the new restoration sites.
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Although there is evidence to suggest that the Intermediate Disturbance
Hypothesis (IDH) explains the pattern of bee community restoration in temperate
meadow habitats, all studies thus far have been cross-sectional. As a result, longitudinal
studies of bee community succession are desirable but require intensive replicated
sampling among years (to account for temporal variability) for a prolonged period of
time, even if restoration is rapid (Rutgers-Kelly and Richards 2013).
1.3.3. Stability of diversity in established bee communities
At equilibrium, ecological communities are relatively robust against perturbation
and show predictable recoveries in abundance and diversity (Connell 1978). There is
evidence to suggest that once established, bee communities in preserved habitats or
subhabitats are at equilibrium because they are remarkably persistent in terms of species
richness and composition over long periods of time (i.e. longer than 10 years) (Marlin
and LaBerge 2001; Roubik 2001; Norden 2008; Kearns and Oliveras 2009). Roubik
(2001) found that species richness and composition were unchanged in a euglossine bee
community studied for 22 years in a protected tropical moist forest in Panama, despite
significant annual fluctuations in abundance. Additionally, species relative abundances
were unchanged in 23 of the 36 species sampled at the end of the study period. A bee
community in Carlinville, Illinois (USA) that was resampled by Marlin and LaBerge
(2001) 75 years after it was first sampled exhaustively by Charles Robertson was found
to be largely persistent temporally in the composition and the relative abundances of its
constituent species. The authors suggested that the maintenance of large pockets of
diverse habitats in an otherwise largely human-transformed landscape allowed so many
species to persist over time. In the Boulder County grasslands in Colorado, Kearns and
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Oliveras (2009) compared species richness and identity between recent samples and those
made by zoologist Theodore Dru Alison Cockerell in 1907 (a century earlier). Between
the two collections, species richness was almost the same (110 species were collected
recently compared to 116 found by Cockerell) and species composition was largely
unchanged as well. The authors of this study postulated that preserved grassland habitats
within the now heavily urbanized county allowed the community to persist for so long
(Kearns and Oliveras 2009).
1.3.4. Increases in diversity in bee communities over long periods of time
While several studies have found bee communities to be remarkably stable over
extremely long periods of time, there is some evidence that long-term succession can lead
to increases in bee diversity (Dewenter and Tscharntke 2001; Grixti and Packer 2006). In
sites that were resampled in southern Ontario after 34 years, Grixti and Packer (2006)
reported significant increases in species richness, diversity, and evenness. The authors of
this study proposed that habitat changes resulting from succession and anthropogenic
influences were responsible for the observed changes in the bee community over time. A
total of 150 species was found in period 2, compared to 105 species found 34 years
earlier, of which 98 species were shared between the two sampling periods. This pattern
of succession is consistent with the predictions of the Decreased Disturbance Hypothesis
(DDH). It is possible that changes in the vegetative composition of bee habitats can lead
to a greater availability of additional food and nesting resources, thereby allowing more
species to occupy new ecological niches. In southern Ontario, succession from a grassy
field to a more florally diverse habitat with more woody plants has resulted in a dramatic
increase in certain log-burrowing bees, tree and shrub-visiting species, and specialized
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bee kleptoparasites (Grixti and Packer 2006). Dewenter and Tscharntke (2001) found that
orchard meadows older than 30 years had a greater diversity than fields that were set
aside for five years, suggesting that diversity increases with succession in the plant
community. Such changes, however, extend beyond the context of meadow regeneration
and the restoration of bee communities in open meadow habitats. Therefore, based on the
findings of the literature described, it is possible that bee community restoration in a
particular habitat initially follows the pattern proposed by the Intermediate Disturbance
Hypothesis (IDH), while long-term changes to the actual habitat that occur over many
decades can ultimately lead to increases in diversity, as proposed by the DDH.
1.4. SHORT-TERM VARIABILITY IN BEE COMMUNITIES AND CAUSES
1.4.1. High year-to-year variation in bee abundance and diversity
A common approach to studying succession in bee communities has been to
compare modern to historic datasets (e.g. Marlin and LaBerge 2001; Norden 2008; and
Kearns and Oliveras 2009). However, this approach is potentially problematic as there is
clear indication of high year-to-year variability in bee abundance and diversity that is
difficult to account for, even when communities are at equilibrium (Roubik 2001; Cane et
al. 2005). Bee communities are highly variable over short periods of time, exhibiting
unique trends among years (Wolda and Roubik 1986; Roubik and Ackerman 1987;
Frankie et al. 1993, 2002; Stubblefield et al. 1993). Several short-term studies have
documented year-to-year fluctuations in bee abundance and diversity, often accompanied
by changes in plant-pollinator network structure (e.g. Herrera 1988; Fishbein and
Venable 1996; Cane et al. 2005; Alarcón et al. 2008; Petanidou et al. 2008; Dupont et al.
2011; Minckley et al. 2013). Comparisons between past and current data for the purpose
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of identifying changes attributed to a specific impact such as habitat change are
complicated by a lack of information about natural variation in bee communities among
years (Williams et al. 2001). To make meaningful comparisons between modern and
historic sample sets, there should be multiyear samples to account for temporal
variability. If changes due to a specific impact are not particularly dramatic, then the
chance that it will be detected against the background of natural stochasticity is lessened
(Williams et al. 2001). To detect trends, Roubik (2001) recommends at least four years of
replicated sampling. Additionally, long-term sampling prevents systematically
underestimating or overestimating bee population sizes and allows for the identification
of factors that most influence community dynamics (Franzén and Nilsson 2013).
1.4.2. Weather and variability in bee abundance and diversity
Even at equilibrium, bee populations can react dramatically to changing weather
conditions, which affect survivorship by causing fluctuations in the occurrence of food,
nesting resources, and parasites (Pitts-Singer and James 2008). Optimal foraging in bees
is said to occur during moderately warm and dry weather conditions (Lyon 1992;
Richards and Packer 1995; Gordo and Sanz 2006; Pitts-Singer and James 2008; Tuell and
Isaacs 2010). Therefore, abnormal weather conditions characterized by unusual
temperature and moisture levels lead to perturbations in the life cycles of bees.
Continuously cool and wet conditions have been associated with increased larval
mortality due to increased fungal growth on larval provisions and in brood cells (Richards
and Packer 1995; Pitts-Singer and James 2008). High larval mortality has also been
associated with excessively hot and dry conditions (Pitts-Singer and James 2008). Both
extreme drought and excessively cool and damp conditions can inhibit flower bloom and
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nectar production, thus diminishing the availability of floral resources necessary for bee
survival (Pitts-Singer and James 2008; Minckley et al. 2013).
Weather fluctuations also influence the timing of phenological events, which are
often initiated by suitable ambient temperature and moisture levels. Gordo and Sanz
(2006) found that the emergences of both honeybees and a non-bee pollinator species
were earlier in years with warmer springs. Similarly, a study of the sweat bee species
Halictus ligatus found that exceptionally warm weather in the spring resulted in
asynchronous timing of nest initiation, continuous brood production, and accelerated
brood and colony development (Richards and Packer 1995). Not only do generally warm
years lead to early emergences; they may favour longer bee seasons altogether. In warmer
years, multiple life cycles can be completed, resulting in an overall increase in species
abundances in a bee community (MacKay and Knerer 1979; Richards and Packer 1995;
Gordo and Sanz 2006).
High year-to-year variability related to changing weather conditions has been
observed in both short and long-term studies. Roubik (2001) reported annual changes in
the abundance of a tropical euglossine bee community over 22 consecutive years while
diversity, in terms of the number and identity of species, was unchanged at the end of the
study period. Throughout the study period, the tropical forest habitat was generally
undisturbed, aside from El Niño Southern Oscillation (ENSO) events, which were highly
correlated with brief increases in absolute abundance. In a study of a pollination system
in the northeastern Chihuahuan Desert, Minckley et al. (2013) concluded that the loss of
bees was the primary reason for the observed annual changes in plant-pollinator
interactions. Year-to-year fluctuations related to drought were found to be responsible for
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these changes as flowering of most plants, and consequently the activity of most bees,
dropped substantially in response to drought (Minckley et al. 2013). In a different study,
Alarcón et al. (2008) found that climatic fluctuations, specifically extreme drought in the
second year, were a major cause of the observed annual variation in plant-pollinator
network structure.
1.5. STUDY BACKGROUND
The present study was carried out on the southern crest of the Niagara Escarpment
(a UNESCO-designated World Biosphere Reserve) in St. Catharines, Ontario. Southern
Ontario and in particular the Niagara peninsula, which prior to human settlement in the
18th century was predominantly Carolinian forest, has been extensively modified for
urban settlement or intensive agriculture practices (Reid and Symmes 1997). The
Carolinian Zone in Ontario includes both woodland and tallgrass prairie habitats.
However, due to human activity, the grassland that originally covered roughly 1000 km²
in southern Ontario has been reduced to less than 3% of its original cover, and on the
Niagara peninsula no intact grasslands remain (Reid and Symmes 1997).
At the turn of the century, a local landfill in St. Catharines that was active since
the late 1970s was closed and efforts to restore Carolinian vegetation in its place were
initiated (Richards et al. 2011). The area was named the Glenridge Quarry Naturalization
Site (GQNS) and presented a unique opportunity for researchers at Brock University to
study how wild bee communities repopulate habitats that were devoid of pollinators for
many decades from the point of initial colonization through ten years of natural
succession (Rutgers-Kelly and Richards 2013). Sampling commenced in 2003 and took
place in sites at the GQNS that were revegetated in 2000 (old restoration sites), sites that
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were revegetated just prior to sampling in 2003 (new restoration sites), and generally
undisturbed (control) sites near Brock University and the GQNS that were somewhat
maintained with occasional mowing and pesticide spraying in the 40 or so years prior to
2003. These collections comprised the first detailed survey of bee diversity in the Niagara
region, which was published by Richards et al. (2011). In general, the community showed
evidence of high dominance by the most abundant species (Richards et al. 2011; RutgersKelly and Richards 2013). The authors also discovered that within the active bee season
there were three major bouts of activity by different species (two in the spring and one in
the summer).
The restoration study by Rutgers-Kelly and Richards (2013) showed that in 2003,
newly revegetated sites in southern St. Catharines, ON were quickly populated by bees.
Bee abundance was lowest in the new restoration sites, highest in the old restoration sites,
and intermediate in the control sites, as predicted by the Intermediate Disturbance
Hypothesis (IDH). Species richness was lowest in the control sites, highest in the old
restoration sites, and intermediate in the newly restored sites. Hence, these findings
partially supported the IDH but the authors noted an unexpected change in the speciesabundance relationship between control and new restoration sites. Rutgers-Kelly and
Richards (2013) also predicted that from 3 to 40 years following restoration effort,
abundance and diversity in the restoration sites would decline until a steady state has
been reached. In terms of community composition, the authors found that ground-nesting
sweat bees (family Halictidae) were the most abundant guild in all sites and restoration
levels. There was some indication that many local sweat bee species were pioneers as
they commonly nest in areas of bare ground, which were abundant in the new sites
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(Richards et al. 2011; Rutgers-Kelly and Richards 2013). The study in 2003 comprised
the first extensive survey of a bee community anywhere on the Niagara peninsula and
was the start of an ongoing assessment of the ecological impact of restoration on the bee
community (Richards et al. 2011).
A follow-up study by a master’s student at Brock University showed there was
great temporal variability in abundance and diversity between 2003 and 2008 (Leόn
Cordero 2011). Additionally, from 2006 to 2008 there was a major decline in the number
of sweat bees in all sites, which resulted in generally low total bee abundance.
Presumably, this decline was related to severe drought in 2007.
1.6. THESIS OBJECTIVES
The major objective of the present study was to determine whether the pattern of
restoration and succession inferred from a comparison of sites in 2003 by Rutgers-Kelly
and Richards (2013) would be supported after nine years of repeated longitudinal
sampling. To meet this objective, it was necessary to distinguish between changes in bee
abundance and diversity among years that were the result of succession and those that
were caused by other factors. Therefore, a secondary objective was to identify potential
sources of variation other than restoration and succession, which is why sampling
continued not only within the restoration sites but within the control sites as well.
Hypothesis 1: Following complete eradication, the bee community at the
Glenridge Quarry Naturalization Site (GQNS) became restored through a mechanism of
succession that led to an initial increase in abundance and diversity followed by a
decrease in these measures over time, as proposed by the Intermediate Disturbance
Hypothesis (IDH). To test this hypothesis, changes in bee total abundance and species
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richness over time within and among restoration levels were assessed and compared to
the pattern observed among restoration levels in the cross-sectional study of RutgersKelly and Richards (2013).
Prediction 1: In the control sites, total bee abundance will have been stable in the
first three or four years of the study (Figure 3). Changes in species richness are expected
to largely reflect changes in abundance in all restoration levels, and thus richness in the
control sites is not expected to have varied from 2003 to 2006 either. The decline in total
bee abundance reported by Leόn Cordero (2011) in different sites in 2008 suggests that
other factors like variable weather conditions contributed to some otherwise unexpected
temporal variability in bee abundance and diversity in the control sites after 2006.
Prediction 2: In the old restoration sites, bee total abundance and species richness
is expected to have peaked around 2003, and declined thereafter. However, based on the
findings of Rutgers-Kelly and Richards (2013), the time frame for this decline is quite
large, spanning from 3 to 30 or 40 years (Figure 3).
Prediction 3: In the new restoration sites, abundance will have increased in the
first three or four years of the study, and begun to decrease sometime after 2006 (Figure
3). In 2005 or 2006, bee total abundance and species richness should have peaked in these
sites, surpassing control site levels.
Prediction 4: By the end of the study, bee total abundance and species richness
will have converged among the three restoration levels. The control sites are expected to
have shown the least amount of change in these measures over time since 2003, whereas
the old and new restoration sites are expected to have become more similar to the control
sites sometime after 2006.
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Figure 3: The expected temporal patterns in bee total abundance and species richness in
control (i.e. low disturbance), old restoration (revegetated in 2000), and new restoration
(revegetated in 2003) sites in southern St. Catharines, ON. The x-axis shows the number
of years since the new restoration sites became available to colonizers, with year 1 (2003)
representing the first year of restoration in the new sites. The x-axis shows the first 13
years, which is how old the old restoration sites were when sampling was stopped, plus
30-40 years, which is approximately how long the control sites were free from human
disturbance at the start of the study. The y-axis for the panels on the left shows total bee
abundance; on the right the y-axis shows bee species richness, which changes directly as
a result of changes in abundance. This pattern in abundance and species richness is based
on the Intermediate Disturbance Hypothesis (IDH) proposed by Connell (1978).
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Alternative Hypothesis 1: Following complete eradication, the bee community
in the restoration sites in southern St. Catharines has undergone a different set of changes
over time that cannot be explained by the IDH. The most likely other scenario is that after
a major disturbance, abundance and diversity increased with time and then stabilized, as
proposed by Decreased Disturbance Hypothesis (DDH). The equal chance and niche
partitioning hypotheses are two mechanisms through which increases in abundance and
diversity can occur throughout the process of community restoration (Connell 1978).
Alternative Prediction 1: In 2003, bee total abundance and species richness,
which is influenced by abundance, is expected to have been greatest in the control sites
and lowest in the new restoration sites (Figure 4). The findings of Rutgers-Kelly and
Richards (2013) have already negated this prediction. Over time, abundance and richness
are expected to have been stable as stated in Prediction 1 (based on Hypothesis 1), with
the exception of changes caused by weather influences.
Alternative Prediction 2: In the old restoration sites, bee total abundance and
species richness should either have remained stable after 2003, since the findings of
Rutgers-Kelly and Richards (2013) suggest that both abundance and richness peaked in
that year, or continued to increase with time without showing any continued trend in
decline (Figure 4).
Alternative Prediction 3: In the new restoration sites, bee total abundance and
species richness should have been lowest in 2003, which was partially supported by
Rutgers-Kelly and Richards (2013), and to have increased in every other year without
showing any continued trend in decline (Figure 4).
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Figure 4: Alternative proposed temporal patterns in bee total abundance and species
richness in control (i.e. low disturbance), old restoration (revegetated in 2000), and new
restoration (revegetated in 2003) sites in southern St. Catharines, ON. The x-axis shows
the number of years since the new restoration sites became available to colonizers, with
year 1 (2003) representing the first year of restoration in the new sites. The x-axis shows
the first 13 years, which is how old the old restoration sites were when sampling was
stopped, plus 30-40 years, which is approximately how long the control sites were free
from human disturbance at the start of the study. The y-axis for the panels on the left
shows total bee abundance; on the right the y-axis shows bee species richness, which
changes directly as a result of changes in abundance. This pattern in abundance and
species richness is based on the Decreased Disturbance Hypothesis (DDH), and the
mechanisms through which both measures increase with time since a disturbance can be
explained by the equal chance hypothesis or the niche diversification hypothesis. In the
old restoration sites, bee abundance and richness should have begun to plateau or have
already stabilized.
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Alternative Prediction 4: By the end of the study, bee total abundance and
species richness will have converged among the three restoration levels, as stated by
Prediction 4 (based on Hypothesis 1). The control sites are expected to have shown the
least amount of change in these measures over time since 2003, whereas the old and new
restoration sites are expected to have become more similar to the control sites sometime
after 2006, but as a result of year-to-year increases rather than decreases in bee total
abundance and species richness.
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2. MATERIALS AND METHODS
2.1. STUDY PERIOD
In 2003, a case study of a bee community in southern St. Catharines was initiated
to provide a preliminary assessment of the bee diversity in the Niagara Peninsula in
Ontario, Canada (Richards et al. 2011). Collections were made every year from 20032012 with the exception of 2007.
2.2. STUDY SITES
Bees were sampled from a total of nine collection sites in southern St. Catharines,
ON (Figure 5). Sites that were sampled in specific years are shown in Table 1 with the
number of samples taken in each site over a particular collection season. Four of these
sites are located at the Brock University campus (43.119°N, 79.249°W) and were given
the names Brock East (BrE), Brock South (BrS), PhysEd (PhE), and Brock Northwest
(BrNW). BrNW encompassed two adjacent sites (Brock North and Brock West), of
which Brock North was destroyed due to construction in the summer of 2003. As a result,
sampling continued at the closest field site (Brock West) and the combined samples were
re-described as coming from a single Brock Northwest site (Richards et al. 2011;
Rutgers-Kelly and Richards 2013). The four sites at Brock University and an additional
site between Highway 406 and the Glenridge Quarry Naturalization Site (GQNS), named
site 406, were low disturbance grassy fields that were mowed and sprayed with pesticides
occasionally in the 40-50 years prior to 2003. These practices, however, had already
stopped well before 2003, the first sampling year. These low disturbance sites, because
they represent natural bee habitats, as opposed to field sites created by humans, are
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Figure 5: An aerial view of all study sites in southern St. Catharines, ON, modified from
Google Maps (©2013 Google). There are five control sites at Brock University, including
BrE, BrN, BrS, BrW, and PhE, and one control site (406) by Highway 406. Note:
collections from BrN and BrW were combined to represent collections coming from a
single BrNW site. Two of the sites at the Glenridge Quarry Naturalization Site (GQNS)
represent old restoration sites (restored in 2000) and include the Esc and Res sites. The
other two sites at GQNS (Pon and StD) are the new restoration sites (restored in 2003).
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Table 1: All control, old restoration, and new restoration sites sampled in different years
with the number of weeks sampled. Sites that were not sampled in a particular year are
simply identified with blank spaces.
Collection Restoration
Year
site
level
2003 2004 2005 2006 2008 2009 2010 2011 2012
406
Control
9
9
20
18
8
11
BrE
Control
11
BrNW
Control
16
9
10
19
21
17
BrS
Control
15
10
10
18
22
18
10
12
PhE
Control
19
Esc
Old
15
9
10
21
18
8
10
10
Res
Old
13
Pon
New
13
10
10
20
18
16
10
11
StD
New
12
10
9
20
19
15
7
12
Total number of samples
95
57
58
118
99
102
23
30
56
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referred to as control sites in this study.
For a comparison to samples made in the control sites, there were four field sites
located at GQNS (43.122°N, 79.237°W), which was a landfill prior to being newly
seeded in 2000 and 2003 and converted into a grassy meadow. The sites restored in 2000
had already gone through 3 years of natural succession by the start of the study in 2003
and hence are termed old restoration sites. There were two old restoration sites: one by
the Niagara Escarpment (Esc) and the other was located near Brock student residences
(Res). The Residences site was subject to some anthropogenic disturbance after 2003 so
sampling was stopped there. The sites that were newly restored in 2003 include a grassy
hill near a large pond (Pon) and a field adjacent to St. David’s Road (StD). Both of these
are referred to as newly restored sites. The control sites most likely served as refugia
from which bees had populated the rehabilitated sites (Richards et al. 2011).
2.3. PAN-TRAPPING PROCEDURES
Bees were collected using white, yellow, and blue pan traps. The pan traps were
170 gm Solo brand PS6-0099 plastic bowls, prepared in one of three ways: painted blue
(Krylon paint brand #3109), painted fluorescent yellow (#3104), and white (unpainted).
Placed along a transect, each pan was filled with soapy water to ‘set’ the trap. The soap is
a surfactant that breaks the surface tension of the water, drowning insects that fall in. Pan
traps were set before 09:00 and recovered at 16:00. A total of 30 traps was set out along
each transect in alternating colours. In the early years of the study, transects were placed
in an X or H pattern. For the X-like pattern (used in 2003, 2004, 2005, and 2006), 15
traps were placed along each 140 m line with 10 m in between pans. The H-like pattern
(used in 2003, 2004, and 2005) was formed with two parallel lines of unequal length (70
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m and 80 m) separated by 140 m along which pans were also set out. In 2006, in sites
previously sampled in an H-like pattern, pan traps were instead set out in two 140 m
parallel transects, separated by 20 m along which no pans were set out. In 2008, all sites
were sampled in an X-like pattern that consisted of two 50 m transect lines with 3.3 m in
between pans. From 2009 onward, all traps were set out along a straight line with 3.3 m
between pans to match the then established Canadian Pollinator Initiative (CANPOLIN)
sampling protocol. The shape of the transect did not lead to significant differences in bee
abundance (R. Kutby, R. Leόn Cordero, and M. Richards, unpublished data), which
justifies the use of all data collected since 2003 for a fair comparison of samples among
years.
Pan-trapping generally commenced as early as weather conditions permitted,
which was usually on the 17th calendar week of each year, termed Week 1 for the
purposes of this study, and continued until Week 23 or until bees were no longer flying
into the traps. In 2012, however, sampling commenced earlier as bees began flying in late
March. In the years 2004, 2005, and 2010, sampling commenced later because rainy
weather made it difficult to sample due to flooding. Table 2 shows the sampling schedule
from the period 2003-2012 and indicates which weeks were sampled in each year along
with the number of sites sampled in a particular week. Although the number of sites
sampled differed among years, within a year all sites were sampled roughly the same
number of times. No sites were sampled twice in the same week and each site was usually
sampled biweekly. In the years 2003 and 2004, many sites were sampled and not all
could be sampled in the same week so collections were sometimes made weekly but at
different sites and still constituted a biweekly series. In the years 2006, 2008, and 2009,
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Table 2: Sampling schedule for the period 2003-2012 showing the number of sites
sampled in a particular week and year. Weeks that were not sampled in a particular year
are simply identified with blank spaces.
Year
Week Month
2003 2004 2005 2006 2008 2009 2010 2011 2012
-4
March
1
0
April
4
1
April
6
3
3
2
April or May
4
6
1
3
May
6
4
5
5
5
4
May
1
2
6
5
5
5
3
5
May
7
4
6
5
4
5
6
May or June
2
2
6
6
4
6
3
7
June
7
4
6
5
4
3
5
8
June
3
2
6
6
5
4
3
9
June
7
4
6
3
4
3
5
10
June or July
2
2
5
6
5
4
11
June or July
8
4
6
5
6
3
5
12
July
2
6
6
5
2
2
13
July
7
2
6
5
4
3
5
14
July
1
4
6
6
3
6
3
1
15
July or August
6
6
4
5
6
3
5
16
August
6
6
4
6
3
17
August
7
6
6
5
6
3
5
18
August
6
6
5
4
3
19
August or September
7
6
6
5
6
5
20
August or September
6
6
5
6
3
3
21
September
7
4
4
6
5
22
September
3
3
5
4
3
23
September
7
5
6
2
4
25
October
3
Total number of samples
95
57
58
118
99
102
23
30
56
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collections at each site were made on a weekly rather than biweekly basis but in
subsequent years, sampling reverted to a biweekly schedule. Since CANPOLIN
recommends sampling every 7-10 days to sufficiently detect temporal trends, weekly and
biweekly sampling presumably should detect the same patterns. Therefore, the use of
weekly collection series should pose no complications as long as comparisons of
abundance and species richness among years are made after controlling for differences in
the number of samples. On the other hand, haphazardous sampling in 2010 resulted in a
triweekly collection series and any results associated with this year, although still
presented, should be interpreted with caution.
Spring samples are defined as all those made before Week 12 in the collection
season (Week 28 in the calendar year). This is usually around the first week of July and
marks the point by which approximately half of all samples in a year have been taken.
Summer includes all samples made from Week 13 until the last collection in a particular
year.
2.4. CURATION AND IDENTIFICATION OF BEE SPECIMENS
At the end of each collection, the traps were recovered and emptied into plastic
conical tubes, pouring out the soapy water through a small sieve. Collected insects were
rinsed thoroughly in water and then stored in 70% ethanol. Specimens were sorted as
bees or other insects. Prior to pinning, specimens were removed from the ethanol and
allowed to dry for several minutes. Pinned specimens were all labelled with collection
site, date of collection, and from 2009 onwards, pan-trap colour, although the number of
bees collected from blue, white, and yellow pans was always summed for each unique
observation prior to data analysis.
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Species identifications relied primarily on the keys of Michener et al. (1994) and
Mitchell (1960, 1962) for most taxa, Rehan and Richards (2008) for the genus Ceratina,
Rightmyer (2008) for Triepeolus, Gibbs (2010, 2011) for Lasioglossum (Dialictus), Colla
et al. (2011) for Bombus, Sheffield et al. (2011) for Megachile, and Discover Life
(www.discoverlife.org) for many other genera. Nomada specimens were identified by
USGS biologist Sam Droege. Specimens of many of the more taxonomically problematic
groups were identified or verified by bee systematists Dr. Jason Gibbs and Dr. Cory
Sheffield. Bombus specimens collected in 2003 were identified by Dr. Sheila Colla (York
University). Bees sampled and identified in 2003 (Richards et al. 2011) served as a
reference collection to which species collected in other years were compared. All
specimens are currently housed in sealed cabinets in the collection of Miriam Richards at
Brock University.
Bees in the locally uncommon family Andrenidae were not identified to species
and were consequently excluded from all analyses. Most local andrenid species that were
sampled belong to the genus Andrena, which is very speciose, and there were difficulties
and time constraints associated with identification. In terms of the four remaining bee
families, there were some instances in which species level identification was not possible
due to unresolved and problematic taxonomy. Some bees in the genera Ceratina,
Hylaeus, and Nomada were sorted to morphospecies since the characters that published
keys use to distinguish them are dubious. The characters used to distinguish female
Ceratina dupla from Ceratina mikmaqi are especially problematic and in comparisons of
species rank and relative abundances, male frequencies within a particular year were used
to estimate the female abundances for each species. This method was only used in
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analyses of community composition. Similarly, there were many specimens that were
unquestionably H. affinis and H. modestus, but others (approximately 8%) exhibited
morphological features unique to both species. To determine the relative abundances of
the two species in each year, the frequencies of the specimens accurately identified as H.
affinis and H. modestus were used to partition the unidentified 8%. However, in analyses
of abundance and species richness, separating the two Ceratina and two Hylaeus species
at the individual sample level was complicated. As a result, Ceratina dupla and Ceratina
mikmaqi were grouped into a single morphospecies identified as Ceratina dupla/mikmaqi,
and Hylaeus affinis and Hylaeus modestus were grouped into a single morphospecies
termed Hylaeus affinis/modestus. With the exception of the bees mentioned here that
were sorted to morphospecies and those in the family Andrenidae, 98% of all collected
specimens were identified to species level.
2.5. DATA ANALYSIS
2.5.1. Major influences on variation in bee abundance
Bee abundance (or density) was measured as the number of bees per sample (a
pan-trap collection at a particular site and week in a year). Collections were sometimes
combined for different analyses. Relative abundance is a different measure and is
described in section 2.6.3.
General linear models (GLM) were used to investigate how time since restoration,
year, week number in collection season, site, and taxonomic group influenced variation in
bee abundance, measured as the number of bees of a particular morphospecies collected
per site per week (i.e. per pan-trap collection). These analyses were performed in RStudio
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(version 0.97.248) and were considered significant if p < 0.05. The partial and two-way
interaction effects of all explanatory variables contained in Table 3 were tested.
Although this was a longitudinal study, repeated measures analyses of variance
(RM ANOVA) were not used. Normally, RM ANOVA increase statistical power and
would be favoured, but they also require a completely balanced array of data as they are
vulnerable to effects from missing values (Gueorguieva and Krystal 2004; Krueger and
Tian 2004). In the present study, no samples (i.e. measures of the number of bees per site
per week per morphospecies) were replicated in all years. The correct application of an
RM ANOVA would have required for the omission of certain years, sites, weeks, and
morphospecies from the dataset, and analyses performed on only a fraction of the
collected data can show significant loss of power, especially if missing observations (e.g.
morphospecies in certain weeks, sites, or years) are not random (Gueorguieva and Krystal
2004). An important limitation of the present study is that Escarpment (Esc) was the only
resampled old restoration site, so it was effectively impossible to distinguish the effects
of restoration and succession from other characteristics unique to the site itself.
Several criteria were used to determine the order of explanatory variables in each
model. The variables Morphospecies, Year, and Week accounted for much of the known
variation in bee abundance and were listed first in all abundance models to determine if
there were significant restoration effects, which are of primary interest, after variation
attributed to these three variables had already been accounted for. The variable Year was
treated as a factor rather than a continuous numeric variable in all general linear models.
Previous long-term studies have shown that bee abundances can fluctuate enormously
from year-to-year (Herrera 1988; Fishbein and Venable 1996; Roubik 2001; Cane et al.
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Table 3: A complete list of variables used in General Linear Model (GLM) analyses of variation in abundance and species richness
and their descriptions. The model statements are provided in Table 4 for all general linear models tested, which are numbered from
one to five.
Variable
Type of variable Description
Model
Morphospecies Numeric
Number of bees collected per site per week per morphospecies
Model 1, 2, and 3
abundance
Total abundance Numeric

Total number of bees (of all species) collected per site per week

Model 3 for SNK tests
and models 4 and 5

Morphospecies

Categorical

Species-level identification or identification to morphospecies in
cases of unresolved species

Models 1, 2, and 3

Richness

Numeric

Number of species collected per site per week

Models 4 and 5

Week

Categorical

Week number in the calendar year minus 16; collections generally
started on the 17th week of each calendar year (week 1)

Models 1-5

Year

Categorical

Collection year

Models 1-5

Rest.Level

Categorical

Level of habitat restoration (i.e. stage of natural succession)

Models 1-5

Site

Categorical

Specific collection site where sampling took place

Models 1, 2, 3, and 4
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Table 4: The model statements for all general linear models tested, which are numbered from one to five. Note: in R,
“Rest.Level/Site” is the same as “Rest.Level + Site %in% Rest.Level”.
Model
1
log2(Morphospecies abundance) ~ Morphospecies + Year + Week + Rest.Level/Site
2

log2(Morphospecies abundance) ~ Morphospecies + Year + Week + Rest.Level/Site +
Morphospecies : Year + Morphospecies : Week + Morphospecies : Rest.Level + Year : Week +
Year : Rest.Level + Week : Rest.Level

3

log2(Morphospecies abundance) ~ Morphospecies + Week + Year + Rest.Level/Site +
Morphospecies : Week + Morphospecies : Year + Morphospecies : Rest.Level + Week : Year +
Week : Rest.Level + Year : Rest.Level. Bold indicates a change in variable order from the
preceding model

4

Richness ~ Total abundance + Week + Year + Rest.Level/Site + Total abundance : Week + Total
abundance : Year + Total abundance : Rest.Level + Week : Year + Week : Rest.Level + Year :
Rest.Level

5

Richness ~ Total abundance + Week + Year + Rest.Level + Total abundance : Week + Total
abundance : Year + Total abundance : Rest.Level + Week : Year + Week : Rest.Level + Year :
Rest.Level
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2005; Alarcón et al. 2008; Petanidou et al. 2008; Dupont et al. 2011; Franzén and
Nilsson 2013; Minckley et al. 2013), so there was no reason to assume that the
relationship between year and abundance was linear. For the same reason, the variable
Week was also treated as a factor, and was included in all models to test for within-year
temporal variation. To ensure that variable order did not affect overall significance, two
models were tested in which Year and Week were switched in the list of partial and
interaction effects. Having accounted for variation among morphospecies, collection
weeks, and years, the effects of restoration level were tested. The variable Restoration
Level denotes the age of a habitat since colonization or re-colonization occurred by which
all sampling sites were grouped. To see if there were significant site effects, the variable
Site was included as a nested variable within the variable Restoration Level. Overall,
three abundance models were tested. The first model (Model 1; Table 4) tested just the
partial effects and the interaction between Site and Restoration Level. The second model
(Model 2; Table 4) tested all partial and two-way interaction effects. The third model
(Model 3; Table 4) tested the same effects as Model 2 but with the variables Year and
Week in reversed order.
To detect deviations from normality due to skewness and kurtosis, the D'Agostino
normality test was applied to the residuals of models 2 and 3 (the two linear models that
included all two-way interaction effects; Table 4). The errors were not normally
distributed in either model (skewness: p < 0.000; kurtosis: p < 0.000; and omnibus test: p
< 0.000), so a log2 transformation was applied to the variable Morphospecies abundance.
Since sampling always occurred on warm sunny days, the number of bees collected was
rarely zero. In most cases when sampling yielded no bees, the cause was due to
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unexpected precipitation, and the same sites were resampled on another day when
weather conditions improved. Even so, there were eight collections spread over five
different years that yielded no bees at all and that were never redone (see Table 5 in
Results). Presumably, there were no bees to collect at those particular sites and times,
likely because sampling conditions were less than optimal. As a result, the particular sites
and times in which these collections, which actually collected nothing, were made were
treated as unsampled. Consequently, applying a log2 transformation to all abundance data
was possible without having to add 0.5 or 1 to each observation, thus eliminating the
complication of not being able to apply a logarithm to the number zero. As a result of the
transformation, skewness was improved (Figure 6) but still highly significant (p = 1.32E05 compared to p = 2.20E-16), and there were no changes to the significance level of
kurtosis (p = 2.2E-16), which resulted in overall non-normality (omnibus test: p = 2.20E16). The p-values were the same for the normality tests performed on the residuals of
both models (2 and 3; Table 4).
In the present study, there were many observations recorded for a large number of
samples (637 samples taken altogether with 5383 individual measures of abundance per
site per week per morphospecies). According to the Central Limit Theorem (CLT), if n is
large enough then it is possible to use the normal distribution to make statistical
inferences about the means of samples drawn from a population of a non-normal
distribution (Sokal and Rohlf 1981). Many textbooks suggest 30, 50, or 100 samples
above which the approximation of a normal distribution is adequate, but there is no
universally accepted number (Marasinghe et al. 1996). Since skewness was improved,
log2 transformed abundance data were used but violations of normality were ignored.
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Figure 6: Quantile–quantile plots of residuals for two general linear models fitted to the bee morphospecies abundance data against
the normal distribution. The panel on the left shows the residuals from the following model: Morphospecies abundance ~
Morphospecies + Week + Year + Rest.Level/Site + Morphospecies : Week + Morphospecies : Year + Morphospecies : Rest.Level +
Week : Year + Week : Rest.Level + Year : Rest.Level. The panel on the right shows the residuals from the same model tested after
log2 transformation was applied to the variable Abundance.

38

Seasonal patterns in total bee abundance were analyzed for a comparison to the
pattern observed in 2003 by Richards et al. (2011) and to see if differences in abundance
among years, which are of primary interest, were attributed to specific seasonal events or
were an artefact of insufficient sampling. To see if the number of bees collected in the
summer (Weeks 13-25) was a reflection of how many bees were caught in the spring
(Weeks -4 to 12), a simple linear regression analysis was performed. The model
statement was Total number of bees ~ Season. For seasonal and annual comparisons,
abundance data were summed across taxa and combined among sites to control for spatial
and successional causes of variation. For comparisons among restoration levels, the
number of bees was combined among weeks and years. Statistically significant
differences among weeks, years, and restoration levels were then determined through
post-hoc Student-Newman–Keuls (SNK) tests, based on the definitive model selected in
the “Results” section. In all analyses using the SNK method, total bee abundance (the
log2 number of bees of all species per sample; Table 4) was the dependent variable rather
than Morphospecies abundance (the number of bees per morphospecies per sample; Table
4). This is because specific predictions regarding temporal variability were made with
respect to total bee abundance, and not the abundances of individual species in the
community.
In total, 43 SNK tests were performed to clarify the results of the GLM analyses.
These include analyses of both abundance and species richness (described in the
following section). Given the large number of multiple comparisons, a Bonferroni
correction to alpha means an adjusted value of 0.05/43 (< 0.001). Although the Type I
error would be sufficiently reduced for null associations, the Type II error would be
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increased for associations between variables that are not null (Rothman 1990). Rothman
(1990) argued that most if not all observations routinely described as occurring by chance
have causal explanations, and dismissing them as chance observations rather than
explaining them is erroneous. In the present study, there already is existing evidence that
restoration and succession have occurred as well as a decline in abundance from 2003 to
2008 (Leόn Cordero 2011; Rutgers-Kelly and Richards 2013), so there was no reason to
assume that all associations between the variables tested were unpredictable
manifestations of random processes. Since no adjustments to alpha were made for
multiple comparisons on the same data, it should be noted that statistically there is an
89% chance (1 – 0.9543) that at least one of the significant results is a false positive
assuming that all 43 null hypotheses are true.
2.5.2. Major influences on variation in bee species richness
Two simple linear regression analyses were performed to fit models that predict
the number of species found in a year and site based on the number of bees collected. The
models tested were a) Total number of species ~ Total number of bees per year and b)
Total number of species ~ Total number of bees per site.
General linear models (GLM) were used to test the effects of total bee abundance,
collection week, year, restoration level, and site on the variable Richness (the number of
morphospecies collected per site per week). In Model 4 (Table 4), Total abundance was
listed first to determine if variation in species richness was explained by other effects
once variation caused by abundance had already been accounted for. The variables Week,
Year, and Restoration Level/Site were ordered in the same way as in Model 3 (Table 4).
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Site effects (nested within the variable Restoration Level) were non-significant so they
were removed in the definitive model.
The D'Agostino normality test was applied to the residuals of Model 5 (Table 4)
to ensure that the errors were normally distributed. The omnibus test showed that the
errors were normal so species richness data did not require transformation (omnibus test:
p = 0.773) as there was no skewness (p = 0.934) or kurtosis (p = 0.476).
Average species richness per sample (the number of bee morphospecies per site
per week) was compared among years, restoration levels, among years separately for
each restoration level, and among restoration levels separately for each year. One
definitive general linear model was developed, and then SNK post-hoc tests were applied
to variables affecting species richness. As in the abundance model used in similar SNK
tests, week effects were removed from all two-way interactions because they used too
many degrees of freedom, which made it impossible to perform an SNK test on the
variable Year for the only resampled old restoration site (Esc) and on the variable
Restoration Level for the years 2010 and 2011.
Changes in species richness are known to be influenced by changes in abundance,
so a randomisation program developed by Richardson and Richards (2008) was used to
test for differences in the abundance-species richness relationship in each year among
groups of sites that differed by restoration level. In 10,000 iterations, individuals were
randomly assigned into the number of collection sites specified for each group,
constraining sample abundance to the observed values, and then species richness was
calculated for the combined control sites, combined old restoration sites, and combined
new restoration sites. This created a distribution of expected species richness based only
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on the observed total abundance of all species in each restoration level and based on the
assumption that all species came from the same regional pool. This is a reasonable
assumption given how close all of the collection sites are to one another (most are well
within 2 km of each other) and that many bee species can forage effectively over large
distances. For example, honeybees and bumblebees have been found foraging over
distances of one to six kilometers (Goulson 2003), and even solitary bees have been
observed foraging effectively over distances of up to 600 m (Gathmann and Tscharntke
2002).
2.5.3. Patterns in bee community composition
To determine if the proportions of bees in the families Apidae, Colletidae,
Halictidae, and Megachilidae differed among control, older restoration, and newer
restoration sites within each year, χ² -tests of independence were used. Additionally, χ² tests of independence were used to determine if the proportions of individuals in the same
four bee families differed among the nine years of the study within each of the three
restoration levels.
Similar to the method described by Preston (1948), all collected species, with the
exception of species belonging to the locally uncommon bee family Andrenidae, were
grouped into abundance classes called octaves to determine how abundance or
commonness was distributed among species in the community. Octaves are numbered
according to the exponent by which the number two is raised to create an abundance class
that contains up to double the number of individuals in the preceding class. For example,
class 0 contains all of the singletons (species represented by a single individual) because
2 raised to the power of 0 is 1. Class 3 contains all species represented by 5, 6, 7, or 8
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individuals. In addition to grouping species into octave classes for the entire study period,
species were grouped into octaves by restoration level in different years for a comparison
of species relative abundance patterns among restoration levels over time.
To see how abundances differed among species and morphospecies within
particular years and restoration levels, SNK post-hoc tests were performed. Several
modifications to Model 3 were required, which included the removal of Morphospecies,
Year, and Restoration Level. Additionally, the variable Week was removed from all twoway interactions because there were not enough degrees of freedom to perform analyses
on the old restoration (Esc) site.
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3. RESULTS
3.1. THE BEE COMMUNITY OF SOUTHERN ST. CATHARINES
In nine years, a total of 31,744 bee specimens collected in pan-traps from nine
collection sites in southern St. Catharines, ON, was identified (Table 5). A complete list
of species/morphospecies (excluding bees in the family Andrenidae) and corresponding
numbers of specimens collected in each year is contained in Appendix I (Supplementary
Table 1). A total of 121 species from 26 genera was recorded. Identified specimens
belonged to four bee families (Apidae, Colletidae, Halictidae, and Megachilidae) of six
occurring in the Nearctic region. The two dominant species in the community,
Augochlorella aurata (family Halictidae) and Osmia conjuncta (family Megachilidae),
maintained their respective positions as the most abundant and second most abundant
species in each year except in 2008 when their positions switched. Together, both species
accounted for 51.4% of all bees collected in the nine years. By contrast, 22 species were
represented by only one individual. These were Anthophora bomboides, Bombus
borealis, Bombus sandersoni, Bombus terricola, Bombus vagans, Melissodes apicata,
Nomada sp. (bidentate form E), Nomada luteoloides, Nomada maculata, Nomada sp.
(distinct but unknown species), Triepeolus concavus, Colletes simulans, Hylaeus sparsus,
Agapostemon texanus, Lasioglossum albipenne, Lasioglossum coeruleum, Lasioglossum
lionotum, Lasioglossum michiganense, Lasioglossum subviridatum, Lasioglossum
smilacinae, Heriades carinatus, and Heriades variolosa. By the end of 2003, most
species in the community had already been sampled (see Supplementary Figure 1), and
the accumulation of new species over time was relatively minimal. In every year,
however, the number of singletons was effectively the same.
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Table 5: Comparison of collection effort and summarized abundance and species richness data among years. Numbers in parentheses
are additional samples (collections made in a particular week and site) that were taken but yielded no bees (i.e. real zeros). Note: the
term singleton refers to species that only appeared once in the nine year data series.
Year
Number of
Number of
Number of
Sampling dates
Number of
Number of
Number of
samples
sites
sampling weeks (first and last)
bees
morphospecies
singletons
2003
95
7
18
23 Apr – 26 Sep
6736
78
3
2004
57
6
16
6 May – 16 Sep
3092
64
1
2005
58 (2)
6
10
9 May – 22 Sep
3453
63
3
2006
118 (2)
6
21
1 May – 29 Sep
7475
72
2
2008
99 (1)
5
23
22 Apr – 24 Sep
3013
64
3
2009
102 (2)
6
21
5 May – 30 Sep
4039
74
3
2010
23 (1)
3
8
21 Apr – 30 Aug
1174
37
1
2011
30
3
10
25 May – 7 Oct
1088
49
3
2012
56
5
13
22 Mar – 13 Sep
1674
59
3
All years
637
9
26
22 Mar – 7 Oct
31744
121
22
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3.2. MAJOR INFLUENCES ON VARIATION IN BEE ABUNDANCE
3.2.1. Choosing among general linear models
Bee abundance was highly variable temporally and differed significantly between
restoration levels. The GLM procedure showed that abundance, described as the log2transformed number of bees per morphospecies per site per week (i.e. per sample),
differed significantly among years, taxa, weeks in a collection season, restoration levels,
and sites nested within restoration level (Tables 6-8). Table 6 shows the results of Model
1, which included all variables but no interactions except the nesting of Site within
Restoration Level. There were highly significant differences in bee abundance among
morphospecies, years, and weeks in a collection season (Table 6). Restoration effects
were significant and the Site : Restoration Level interaction was marginally significant.
As a result, this interaction was retained in subsequent models, even though its effects
were not as important in explaining variation in bee abundance as those of other
variables. Even without all other two-way interactions, 37% of the variation in bee
abundance was explained by these five explanatory variables. The next model tested
(Model 2; Table 4) included all partial and possible two-way interaction effects of the
following four predictor variables: Morphospecies, Year, Week, and Restoration Level.
With the exception of nested site effects, all partial and interaction effects were highly
significant (p < 0.005), and these effects did not change when Week was listed before
Year (Model 3; Table 4) as a partial effect and in all interaction effects (Tables 7 and 8).
When interaction effects were included, as in these two models, 51% of the variation in
abundance was explained. Model 3 was chosen as the definitive form of the GLM. In
terms of significance, there were virtually no differences between models 2 and 3 (Tables
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Table 6: The main and partial effects on bee abundance (log2-transformed number of
bees per site per week per morphospecies) tested with Model 1. A complete description
of all variables is contained in Table 3. Colons between variables indicate interactions.
Effects
d.f.
F
p
Adjusted R²
Model
159, 5223
20.9
0.000
0.37
Morphospecies
118
24.2
0.000
Year
8
13.6
0.000
Week
25
13.2
0.000
Rest.Level
2
5.2
0.005
Rest.Level : Site
6
2.0
0.058
Residuals
5223
Model statement: log2(Morphospecies abundance) ~ Morphospecies + Year + Week +
Rest.Level/Site.
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Table 7: The main, partial, and two-way interaction effects on bee abundance (log2transformed number of bees per site per week per morphospecies) tested with Model 2. A
complete description of all variables is contained in Table 3. Colons between variables
indicate interactions.
Effects
d.f.
F
p
Adjusted R²
Model
1640, 3742
4.5
0.000
0.51
Morphospecies
118
31.4
0.000
Year
8
17.5
0.000
Week
25
17.1
0.000
Rest.Level
2
6.7
0.001
Rest.Level : Site
6
2.6
0.015
Morphospecies : Year
416
1.4
0.000
Morphospecies : Week
796
1.7
0.000
Morphospecies : Rest.Level
101
1.5
0.000
Year : Week
106
5.6
0.000
Year : Rest.Level
15
10.9
0.000
Week : Rest.Level
47
3.6
0.000
Residuals
3742
Model statement: log2(Morphospecies abundance) ~ Morphospecies + Year + Week +
Rest.Level/Site + Morphospecies : Year + Morphospecies : Week + Morphospecies :
Rest.Level + Year : Week + Year : Rest.Level + Week : Rest.Level.

Table 8: The main, partial, and two-way interaction effects on bee abundance (log2transformed number of bees per site per week per morphospecies) tested with Model 3. A
complete description of all variables is contained in Table 3. Colons between variables
indicate interactions.
Effects
d.f.
F
p
Adjusted R²
Model
1640, 3742
4.5
0.000
0.51
Morphospecies
118
31.4
0.000
Week
25
16.3
0.000
Year
8
19.9
0.000
Rest.Level
2
6.7
0.001
Rest.Level : Site
6
2.6
0.015
Morphospecies : Week
878
1.6
0.000
Morphospecies : Year
334
1.6
0.000
Morphospecies : Rest.Level
101
1.5
0.000
Week : Year
106
5.6
0.000
Week : Rest.Level
47
4.5
0.000
Year : Rest.Level
15
8.3
0.000
Residuals
3742
Model statement: log2(Morphospecies abundance) ~ Morphospecies + Week + Year +
Rest.Level/Site + Morphospecies : Week + Morphospecies : Year + Morphospecies :
Rest.Level + Week : Year + Week : Rest.Level + Year : Rest.Level.
*Bold indicates a change in variable order from the model in Table 7.
48

7 and 8).
The partial effects of the variable Year and Year : Restoration Level interaction
effects were explained, as these effects are central to testing the hypotheses of restoration
and succession, by measuring differences among abundance means using the StudentNewman–Keuls (SNK) method. Interactions were analyzed by subsetting the data to
include a particular year or restoration level. If variation in abundance was analyzed by
year, then year effects were removed from Model 3; if by restoration level, then the
variable Rest.Level was removed from the model.
3.2.2. Weekly and seasonal patterns in bee abundance
Since there was a very strong ‘Week’ effect, listing Week before Year allowed for
an assessment of variation among years that was not already explained by differences
among collection weeks. Weekly patterns, which might help explain important annual
patterns, were also explained using an SNK test. Figure 7 shows the overall weekly
pattern in total abundance for all bees combined over the ten-year collection period,
excluding species in the family Andrenidae. The overall pattern shows three main peaks
in bee activity: an early spring peak around week 1, a mid-late spring peak around week
5, and a summer peak around week 13. These peaks of activity occurred in different
weeks in different years and sometimes were not observed at all. There was a gradual
decline in bee abundance over the spring and summer seasons. An SNK test showed these
differences to be significant (p < 0.05), with six levels of similarity among weeks (Figure
7). Not including week -4, in which bees were only sampled once (in 2012), Total bee
abundance was highest in week 1, followed by week 2 and weeks 5 and 6, in which it was
equally high, and was lowest in weeks 22 and 25.
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Figure 7: The weekly pattern in total bee abundance averaged over nine years. Panel A
shows weekly variation in the abundance of all species combined (number of
bees/site/year). Each sample constitutes a unique collection, described by the year and
site in which it was made. Panel B shows the same abundance data but log2 transformed.
Weeks with the same letters are not significantly different from one another (based on
Model 3 and determined through the Student-Newman–Keuls method). There was only
one sample ever made in week -4, which is why it was excluded from the analysis. The
non-transformed data are shown first to better illustrate the three peaks in seasonal
activity.
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Figure 8 shows the weekly pattern of abundance in each year. Seasonally, the
number of bees varied greatly from year to year, partly due to differences in the number
of samples among years. Even so, a mid-late spring peak in activity occurred in most
years (week 5 in 2003, 2004, and 2006; week 6 in 2005, 2008, and 2011; and week 7 in
2012). In 2009, the mid-late spring peak spanned weeks 5 and 7. In 2004, bee abundance
was highest in week 5 but peaked again in week 7. All years with an early spring
collection also showed an early peak in bee activity. In all years except 2005, 2010, and
2012, there were also distinct peaks in mid-summer activity, which occurred in different
weeks in different years.
In every year, bees were more abundant in the spring than in the summer, but the
relationship between spring and summer abundances among years was approximately
linear, with 78.7% of the variation in summer abundance explained by variation in spring
abundance (Figure 9).
3.2.3. Patterns in bee abundance among years and restoration levels
The main effect of Year was highly significant (Table 8), and total bee abundance
was generally higher in the years before 2007 and lower afterward (Figure 10). The year
2006 had the highest total bee abundance (measured as the number of bees per site per
week) while in 2008 and 2012, bee abundance was significantly lower than in any years
before 2007. From 2009 to 2011, total bee abundance was higher than in 2008, but in no
years was abundance as high as it was before 2007 (Figure 10).
The main effect of Restoration Level showed that bees on average were more
abundant in the old restoration sites than in either the new restoration sites or the control
sites over the ten-year sampling period (Figure 11). Bees were least abundant in the new
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Figure 8: A comparison of seasonal patterns in total bee abundance, defined as the number of bees per site of all species in the
community combined, among all nine collection years. The number of samples differed from year-to-year depending on the number of
sites and weeks sampled and ranged from 23 samples in 2010 (the lowest number) to 118 samples in 2006 (the highest number). The
sites and weeks in which samples were made also varied from year to year.

Figure 8 (continued)
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Figure 8 (continued)
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Figure 9: The relationship between the total numbers of bees (excluding andrenids) collected in the spring and summer of each year
(F1,7 = 30.5; n = 9; p < 0.001; R² = 78.7%).
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Figure 10: The main effect of the variable Year on total bee abundance, expressed as the number of bees collected per site per week.
Years with the same letters are not significantly different from one another (based on Model 3 and determined through the StudentNewman–Keuls method). Bees from all families except Andrenidae are represented.
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Figure 11: The main effect of Restoration Level on total bee abundance, expressed as the number of bees collected per site per week
per year. Restoration levels (control, old restoration, and new restoration sites) with the same letters are not significantly different
from one another (based on Model 3 and determined through the Student-Newman–Keuls method). Bees from all families except
Andrenidae are represented.
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restoration sites, although the Student-Newman–Keuls (SNK) test did not detect a
significant difference in average total bee abundance between the control and new
restoration sites.
3.2.4. Patterns in bee abundance among years by restoration level and among
restoration levels by year
Annual comparisons were made separately for each restoration level (three SNK
tests were performed). In the control sites, total bee abundance (the number of bees of all
species sampled per site per week) was highest in 2003, 2004, and 2006 and lowest in
2010 (Figure 12). Generally, average total abundance was lower in the years after 2007
than in the years before. In the old restoration sites, abundance was highest in 2003 and
lowest in 2011, which were the only two years that were significantly different from one
another. In the new restoration sites, abundance was lowest in 2008, followed by 2003
and 2012. Between 2003 and 2006, abundance levels increased until peaking in 2006, and
then again in 2010 (Figure 12).
Among restoration levels, total bee abundance (measured as the number of bees
per site per week) was significantly lower in the new restoration sites in 2003 compared
to the old restoration and control sites (Figure 13). In 2004, there were no significant
differences among restoration levels because bee abundance in the new restoration sites
increased and in the other sites somewhat decreased. In 2005, abundance in the control
sites was significantly lower than in the restoration sites. In 2006, 2009, 2011, and 2012,
there were no differences in abundance among restoration levels, but in 2008 abundance
in the new restoration sites declined more than in the control sites sampled in that year.
By 2010, total bee abundance in the control sites decline further but increased
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Figure 12: Annual patterns in total abundance, measured as the number of bees per site
per week of all species in the community combined, by restoration level. Two control
sites were sampled in only one year (BrE in 2003 and PhE in 2008) and were not used in
this analysis. Annual comparisons were made at the old restoration site Esc (restored in
2000) but not Res, which was only sampled in 2003. The new restoration sites Pon and
StD (restored in 2003) were both included in the annual comparisons. Years with the
same letters are not significantly different from one another (based on Model 3 without
Rest.Level in the model and determined through the Student-Newman–Keuls method).
Bees from all families except Andrenidae are represented.
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Figure 13: Within-year differences in total bee abundance (the number of bees per site per week of all species in the community
combined) among restoration levels for all nine sampling years. Within a year, restoration levels with the same letters are not
significantly different from one another (based on Model 3 without Year in the model and determined through the Student-Newman–
Keuls method). Bees from all families except Andrenidae are represented.
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significantly in the new restoration sites.
3.3. PATTERNS IN DIVERSITY – SPECIES RICHNESS
3.3.1. Major influences on variation in bee species richness
In general, when more bees were sampled, more species were found. Among
years, variation in the number of bees sampled explained 61% of the variation in the
number of species collected, and, among sites, differences in numbers of bees sampled
explained 88% of the variation in species richness (Figure 14). In this analysis, temporal
effects were ignored as the number of bees collected was summed over the whole tenyear study period.
A test of general linear models 4 and 5 showed that variation in species richness
was largely explained by variation in total bee abundance (Tables 9 and 10). In addition,
these GLM results showed that species richness differed significantly among years,
weeks in a collection season, and restoration levels, but not among sites nested within
Restoration Level, so two models are presented and in the definitive model ‘Site’ effects
were removed (Model 5; Table 10). All interactions between the variables Total
abundance, Year, Week, and Restoration Level were also significant. The differences
among weeks are difficult to interpret and have already been described for 2003 by
Richards et al. (2011), so they were not investigated further. Only the effects of Year and
the interaction between Year and Restoration Level are relevant in terms of restoration
and succession, and both were highly significant. The following sections compare species
richness among years and restoration levels to determine when and where there were
differences after accounting for variation in bee abundance.
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Figure 14: The relationship between the number of bees collected and the number of
species found. Panel A compares the total number of bees collected per year to species
richness (F1,7 = 13.4; n = 9; p = 0.00803; R² = 60.8%). Panel B compares the total number
of bees collected per site over nine years to species richness (F1,7 = 58.5; n = 9; p =
0.0001216; R² = 87.8%). Bees from all families except Andrenidae are included.
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Table 9: The main, partial, and two-way interaction effects on species richness (number
of species per site per week) tested with Model 4. A complete description of all variables
is contained in Table 3. Colons between variables indicate interactions.
Effects
d.f.
F
p
Adjusted R²
Model
243, 394
7.3
0.000
0.71
Total abundance
1
914.2
0.000
Week
25
7.1
0.000
Year
8
5.9
0.000
Rest.Level
2
17.7
0.000
Rest.Level : Site
6
1.2
0.313
Total abundance : Week
24
11.5
0.000
Total abundance : Year
8
2.5
0.012
Total abundance : Rest.Level
2
4.3
0.014
Week : Year
106
1.6
0.001
Week : Rest.Level
46
1.6
0.015
Year : Rest.Level
15
3.8
0.000
Residuals
394
Model statement: Richness ~ Total abundance + Week + Year + Rest.Level/Site + Total
abundance : Week + Total abundance : Year + Total abundance : Rest.Level + Week :
Year + Week : Rest.Level + Year : Rest.Level.

Table 10: The main, partial, and two-way interaction effects on species richness (number
of species per site per week) tested with Model 5, which does not include nested site
effects. A complete description of all variables is contained in Table 3. Colons between
variables indicate interactions.
Effects
d.f.
F
p
Adjusted R²
Model
237, 400
7.5
0.000
0.71
Total abundance
1
913.2
0.000
Week
25
7.1
0.000
Year
8
5.9
0.000
Rest.Level
2
17.7
0.000
Total abundance : Week
24
11.6
0.000
Total abundance : Year
8
2.4
0.014
Total abundance : Rest.Level
2
4.3
0.014
Week : Year
106
1.6
0.001
Week : Rest.Level
46
1.6
0.015
Year : Rest.Level
15
3.6
0.000
Residuals
400
Model statement: Richness ~ Total abundance + Week + Year + Rest.Level + Total
abundance : Week + Total abundance : Year + Total abundance : Rest.Level + Week :
Year + Week : Rest.Level + Year : Rest.Level.
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3.3.2. Patterns in species richness among years and restoration levels
A significant annual effect on bee species richness was detected in addition to the
effect of annual variation in total bee abundance (Table 10). This ‘Year’ effect was
investigated further using a Student-Newman–Keuls (SNK) post-hoc test. Based on all
sampling, species richness was highest in 2003 and 2004 and lowest in 2008, followed by
2010 (Figure 15). Species richness was significantly lower in 2008, 2010, and 2012 than
in any years before 2007. Generally, average bee species richness declined over the nine
years of the study.
The main effect of Restoration Level showed that like average total bee
abundance, average bee species richness was highest in the old restoration sites and
lowest in the control and new restoration sites (Figure 16).
3.3.3. Patterns in species richness among years by restoration level and among
restoration levels by year
SNK tests showed that separately for each restoration level, bee species richness
significantly varied among years (Figure 17). In the control sites, species richness was
highest in 2003 and in 2011 and lowest in 2010. In the old restoration sites, species
richness was highest in 2004 and lowest in 2011 and showed a general decline over time.
In the new restoration sites, species richness was highest in 2005 and 2006, declined in
2008, and was variable after.
Average species richness in 2003 was significantly different among all restoration
levels, and was highest in the old disturbance sites, followed by the control and then the
new restoration sites (Figure 18). In 2004, richness was still highest in the only resampled
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Figure 15: The main effect of the variable Year on bee species richness, expressed as the number of species collected per site per
week. Years with the same letters are not significantly different from one another (based on Model 5 and determined through the
Student-Newman–Keuls method). Bees from all families except Andrenidae are represented.
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Figure 16: The main effect of restoration level on bee species richness, expressed as the number of bee species collected per site per
week per year. Restoration levels (control, old restoration, and new restoration sites) with the same letters are not significantly
different from one another (based on Model 5 and determined through the Student-Newman–Keuls method). Bees from all families
except Andrenidae are represented.
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Figure 17: Annual patterns in bee species richness, measured as the number of bee
species per site per week, by restoration level. Two control sites were sampled in only
one year (BrE in 2003 and PhE in 2008) and were not used in this analysis. Annual
comparisons were made at the old restoration site Esc (restored in 2000) but not Res,
which was only sampled in 2003. The new restoration sites Pon and StD (restored in
2003) were both included in the annual comparisons. Years with the same letters are not
significantly different from one another (based on Model 5 without Rest.Level in the
model and determined through the Student-Newman–Keuls method). Bees from all
families except Andrenidae are represented.
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Figure 18: Within-year differences in bee species richness (the number of bee species per site per week) among restoration levels for
all nine sampling years. Within a year, restoration levels with the same letters are not significantly different from one another (based
on Model 5 without Year in the model and determined through the Student-Newman–Keuls method). Bees from all families except
Andrenidae are represented.
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old restoration site (Esc), but was not significantly different between the control and new
restoration sites due to a slight decrease in species richness in the former and an increase
in the latter. By 2005, bee species richness was still highest in the Escarpment site but
higher in the new restoration sites than in the control sites, although richness converged
in the two restoration levels again in 2006. In 2008, species richness declined in both the
control and new restoration sites but was significantly lower in the new restoration sites.
In 2009, both the control and new restoration sites contained the same average number of
species but richness was still highest in the old restoration site. In 2010, average species
richness converged among all restoration levels, which was due to a decline in the
number of species in the old restoration site (Esc), where richness continued to decline
until 2011, when it was significantly lower than in the control and new restoration sites.
However, in 2012 all restoration levels were again equally species rich.
The randomisation program revealed that the abundance-richness relationship was
different in the control sites compared to the restored sites in several years (Figure 19). In
2003, the first year of the study, observed species richness levels were lower than
expected given observed abundance in control and newly restored sites, falling outside
the 95% confidence intervals. In 2004, the relationship between abundance and richness
in the new restoration sites changed from the previous year, with observed species
richness falling within the range predicted by the number of bees sampled. In 2005,
observed species richness in the restoration sites still showed a difference in the
abundance-richness relationship compared to the control sites. Richness was lower than
expected based on abundance in the control sites because the observed total number of
species was fairly similar among restoration levels (Figure 19) even though the ratio of
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Figure 19: Expected bee species richness values (black-filled diamonds) and observed bee species-richness values (open boxes) in
three levels of restoration (control, old, and new) for each year in the ten-year sampling period. The randomisation program by
Richardson and Richards (2008) was used to create the expected values. In 10,000 iterations, individuals were randomly assorted into
the number of collection sites specified for each group, constraining sample abundance to the observed values, and then species
richness was calculated for the combined control sites, combined intermediate sites, and combined restored sites. The number of
species shown and used in the analysis does not include andrenid bees. Note that in 2008 no old restoration sites were sampled.
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Figure 19 (continued)
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Figure 19 (continued)
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the number of control sites to old restoration sites was higher (3:2 in 2003 and 3:1 in
2004, 2005, and 2006; Table 1) as was the ratio of control to new restoration sites (3:2 in
the first four years; Table 1). In 2006, 2008, 2010, and 2011, however, variation in
species richness among sites grouped by restoration level was due entirely to variation in
abundance (i.e. all restoration levels showed the same abundance-richness relationship).
Species richness was lower than expected in the old restoration sites in 2012, falling just
below the predicted range. In 2009, species richness was higher than expected in the old
restoration sites and lower than expected in the new restoration sites. The old restoration
sites had 7 more Lasioglossum species (Halictidae), 4 more Megachile species
(Megachilidae), and 4 more Nomada species (Apidae) than the new restoration sites.
Most of the differences in species richness between the two sets of sites were due to these
three genera.
3.4. PATTERNS IN DIVERSITY – COMMUNITY COMPOSITION
3.4.1. Changes in bee family composition among years and restoration levels
In each year, there were significant differences in the proportional representation
of the bee families Apidae, Colletidae, Halictidae, and Megachilidae among restoration
levels (see caption of Figure 20 for statistics). Additionally, the proportional
representation of the same four bee families in each of the three restoration levels differed
significantly among years (see caption of Figure 21 for statistics). In most years and
restoration levels, sweat bees (family Halictidae) were most abundant. Bees in the family
Megachilidae were usually second most abundant, and bees in the family Apidae were
usually third most abundant. Plasterer bees (family Colletidae) were usually least
abundant relative to the other families to which they were compared.
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Figure 20: The average total abundances (the numbers of bees sampled per site per week) of four bee families (Apidae, Colletidae,
Halictidae, and Megachilidae) compared among three restoration levels (control, old restoration, and new restoration sites) in the nine
years of the study. Missing observations were included in the averaging. The proportions of individuals in each family differed
significantly among restoration levels each year (2003 χ²6 = 250.1, n = 6638; 2004 χ²6 = 185.2, n = 3089; 2005 χ²6 = 35.9, n = 3454;
2006 χ²6 = 257.5, n = 7456; 2008 χ²3 = 39.0, n = 3015; 2009 χ²6 = 258.6, n = 3988; 2010 χ²6 = 155.6, n = 1174; 2011 χ²6 = 150.7, n =
1088; 2012 χ²6 = 113.7, n = 1674; for all comparisons p = 0.000). Note that in 2008 no old restoration sites were sampled.

Figure 20 (continued)
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Figure 20 (continued)
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Figure 21: The average total abundances (the numbers of bees sampled per site per
week) of four bee families (Apidae, Colletidae, Halictidae, and Megachilidae) compared
among the nine years of the study within three restoration levels (control, old restoration,
and new restoration sites). Missing observations were included in the averaging. The
proportions of individuals in each family differed significantly among years within each
restoration level (control χ²24 = 1394.3, n = 13916; old χ²21 = 695, n = 8113; new χ²24 =
1844.5, n = 9547; for all comparisons p = 0.000). Note that in 2008 no old restoration
sites were sampled.
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In the control sites, halictids were the most abundant bees in all years except
2008, when megachilids were more abundant (Figure 21). In the old restoration sites,
halictids were the most abundant bees in all years except 2012, when megachilids were
more abundant. In 2009, apids were close to being most abundant with 17 individuals per
sample compared to 21 halictids per sample. In the new restoration sites, halictid bees
were most abundant in all years except 2008, when (as in the control sites) they were
surpassed by megachilids, and 2012, when apids were most abundant.
Similar to the temporal pattern in total bee abundance observed in the new
restoration sites (Figure 12), halictid abundance peaked again in 2010, following a major
decline in 2008 (Figure 21). This second peak was not observed in any of the other three
bee families.
3.4.2. Changes in species abundance categories among years and restoration levels
Figure 22 shows the composition of the bee community, sampled from all sites
over the ten-year period, organized into species abundance categories (octaves), which
represent doublings in species abundances. In general, higher octave numbers contained
comparatively fewer species but greater average numbers of bees per species. To simplify
the number of abundance categories, the 14 abundance octaves were combined into five
larger classes. Species were categorized as singletons (represented by a single individual),
doubletons (represented by two individuals), common (species represented by 3 to 256
individuals), abundant (represented by 257 to 4096 individuals), or dominant (between
4097 and 16384 individuals – the observed maximum). The demarcation of these classes
was determined visually by examining the distribution of the numbers of species among
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Figure 22: The number of species and the average number of bees collected per species for each abundance class (octave) is shown
for the combined pan-trap samples of all 9 collection seasons. Octaves represent doublings in species abundances.
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octaves (i.e. the shape of the species number curve) and marked differences in the height
of the bars representing the average number of bees per species (Figure 22).
Supplementary Table 1 shows which species collected in the nine study years were
singletons, doubletons, common, abundant, and dominant.
Among restoration levels within and among certain years, the number of species
in each abundance category (octave) as well as the number of bees per species in each
octave varied (Figure 23). The years selected for comparison were 2003 (the first year of
the study), 2006 (the year when bee total abundance and species richness were expected
to peak in the new restoration sites), 2008 (the year of the decline in total bee abundance),
2009 (the year after the decline in total bee abundance), and 2012 (the last year of the
study). In all years and restoration levels, the highest octave number contained the
greatest average number of bees per species. In 2003, there were noticeable differences
among all three restoration levels in how the numbers of species were proportionally
distributed among abundance categories. In the control sites, the largest abundance class
was octave 3, whereas in the old and new restoration sites singletons comprised the
largest group in terms of species numbers. In the new sites, there were comparatively
more species in class 0, although it should be noted that the control sites had many more
samples than either restoration sites, so increased sampling in the control sites likely
contributed to the capture of more individuals of certain species. In 2006, singletons
comprised the most speciose class in all restoration levels. In the control and old
restoration sites, the second largest number of species was in octave 2 and in the new
sites octave 3. In 2008, there were more singletons in the control sites than in the new
sites (though many more samples were taken in the new sites), but this pattern was
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Figure 23: The number of species and the average number of bees collected per species
for each abundance class (octave) for the combined pan-trap samples in each restoration
level (control, old restoration, and new restoration sites) for the years 2003, 2006, 2008,
and 2012. Octaves represent doublings in species abundances. Note: the number of
samples differed among restoration levels and from year-to-year.
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Figure 23 (continued)
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reversed in 2009. There were more singletons in the old restoration site in 2009 than in
any other year, and a large number of species (58) were collected there despite fewer
samples. In 2012, all restoration levels showed a similar trend in decline in the number of
species with each successive abundance class.
3.4.3. Changes in the top 11 morphospecies among years and restoration levels
To see if there were changes in bee community composition with time and due to
succession, abundances were compared among the top 11 species and morphospecies
designated as dominant and abundant (using species abundance distributions (octaves;
Figure 22)) by year and restoration level. Of these, six were ground-nesting halictids
(Augochlorella aurata, Halictus confusus, H. ligatus, Lasioglossum admirandum, L.
hitchensi, and L. versatum) and five were cavity-nesting bees in other families (Ceratina
calcarata, C. dupla/mikmaqi, Hylaeus affinis/modestus, Osmia conjuncta, and O.
pumila). Together, these bees comprised 85.9% of the sampled bee fauna, and the
remaining 109 species comprised just 14.1% of all collected specimens. The years
compared were the same as in Figure 23. A. aurata and O. conjuncta were usually the
two most abundant species, and the SNK tests did not detect a significant difference
between them in any of the years and restoration levels compared (Figure 24). By
contrast, the least abundant of the top 11 species and morphospecies was usually L.
versatum.
In the control sites, A. aurata had the highest mean abundance in 2003 and 2006,
followed by O. conjuncta (Figure 24). In 2008, however, O. conjuncta was on average
most abundant, followed by A. aurata, which declined. A similar sweat bee, Halictus
ligatus, was also among the top four most abundant bees in 2003, but noticeably declined
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Figure 24: Variation in the relative abundance (the number of bee species per site per week) of just the dominant and abundant
species (i.e. those within octaves 9-14; Figure 22) in the southern St. Catharines bee community within control, old restoration, and
new restoration sites in 2003, 2006, 2008, 2009, and 2012. Note that in 2008 no old restoration sites were sampled. Species and
morphospecies with the same letters are not significantly different from one another (based on Model 3 without Morphospecies, Year,
and Rest.Level in the model and determined through the Student-Newman–Keuls method). Bees from all families except Andrenidae
are represented. Partitioning Ceratina dupla and C. mikmaqi as well as Hylaeus affinis and H. modestus at the individual sample level
was not practical, so species in both genera were combined. Means without error bars indicate that either less than three samples were
taken or all samples contained the same number of bees.
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by 2008. Although most species did not differ significantly from each other in the control
sites in 2008, five of the six species with the lowest mean abundances were groundnesting sweat bees in the genera Halictus and Lasioglossum. In 2009, A. aurata was on
average most abundant again, followed by O. conjuncta and C. dupla/mikmaqi. In
contrast to 2008, three of the four least abundant species (among those analyzed) in 2009
were cavity-nesters. In 2012, L. admirandum was the most abundant bee on average,
although no significant differences were detected among any of the top species and
morphospecies with the SNK test. In all years except 2012, O. pumila was significantly
less abundant, than O. conjuncta. Similar to 2008, the two Halictus and other
Lasioglossum species in 2012 were among the five least abundant species of the bees
compared.
In the old restoration sites, A. aurata had the highest mean abundance only in
2003, as in the control sites, whereas in 2006, 2009, and 2012 O. conjuncta was most
abundant, followed by A. aurata (Figure 24). In 2003 and 2006, both species were
significantly more abundant than all other bees except Hylaeus affinis/modestus (2003
only) and Halictus ligatus. In 2009, no significant differences were detected among any
of the top 11 species and morphospecies, although mean abundances were greatest for O.
conjuncta and A. aurata. In 2012, the least abundant bees on average were all halictids,
and this pattern is similar to the one observed in the control sites.
In the new restoration sites, A. aurata had the highest mean abundance in 2003
and 2006, which was similarly observed in the other restoration levels, whereas in 2008,
2009, and 2012 O. conjuncta was most abundant, followed by A. aurata (Figure 24). In
2003, no significant differences were detected among any of the compared species and
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morphospecies, although three of the four species with the highest mean abundances were
ground-nesting halictids. In 2006, the most abundant species (or morphospecies) after A.
aurata was Hylaeus affinis/modestus. In 2008, as in the control sites, O. conjuncta was
most abundant on average, although not significantly different from A. aurata, Osmia
pumila, Ceratina dupla/mikmaqi, and Ceratina calcarata, and all but A. aurata are cavity
nesters. Five of the six least abundant species in the new sites in 2008 were groundnesting halictids. In contrast to the control sites, in 2009 O. conjuncta was most abundant.
The least abundant species were C. calcarata and the three Lasioglossum spp. In 2012, as
in the old restoration site (Esc), O. conjuncta in the new restoration sites was significantly
more abundant than Halictus ligatus, Halictus confusus, L. hitchensi, and L. admirandum.
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4. DISCUSSION
4.1. BEE COMMUNITY RESTORATION AND SUCCESSION
This study shows evidence of bee community restoration over time in revegetated
meadow habitats. The pattern of habitat repopulation following complete eradication
generally matched the predictions of the Intermediate Disturbance Hypothesis (IDH).
Incremental increases in total bee abundance were observed from 2003 to 2006 in sites
that were newly populated by bees in 2003. This temporal pattern in abundance
corroborates the findings of the cross-sectional study by Rutgers-Kelly and Richards
(2013), which compared control, old restoration, and new restoration sites in 2003.
Species richness in the new sites peaked earlier than abundance (in 2005) and was
equally high in 2006. In most years after 2007, there were no significant differences in
total bee abundance among restoration levels, although species richness levels converged
only in 2010 and in 2012, suggesting that new sites were undergoing community
restoration at least from 2003 to 2009. Significant year-to-year variation in bee total
abundance and species richness in the control sites, which were not undergoing
restoration, indicate that demographic effects of local factors such as weather were also
affecting the bee community.
4.1.1. Evidence of restoration and succession in abundance patterns
In 2003, bee abundance was lowest in the newly restored sites compared to the
old restoration and control sites, which was previously documented by Rutgers-Kelly and
Richards (2013), but increased in every subsequent year until peaking in 2006, as
predicted in the present study. Both the cross-sectional and longitudinal studies
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conducted in southern St. Catharines suggest rapid colonization of newly available
habitat by bees. In the first year of restoration, the landscape at the Glenridge Quarry
Naturalization Site (GQNS) consisted of newly seeded ground with large areas of bare
soil (Richards et al. 2011). The most abundant species in the sampled community in
southern St. Catharines were ground-nesting bees that require bare soil to construct their
burrows (Richards et al. 2011), and therefore comprised most of the pioneers that
colonized the restoration sites. A recent study showed that both bees and wasps were
exceptionally successful at colonizing actively quarried sandpits (Heneberg et al. 2012).
Their abundance was highest in areas with nearly the highest share of bare sand patches
and lowest in areas where such patches were absent or almost absent. At the start of the
present study, most bees found in the newly restored sites were probably commuters
foraging on the large numbers of wildflowers that only became available after or by 2003
(Rutgers-Kelly and Richards 2013), so most residents, which were primarily groundnesters, would have become established in subsequent years.
Average total bee abundance was highest in 2003 in the control and old
restoration sites, which did not differ from each other significantly (Figure 13), and
generally stayed the same in the three years that followed (Figure 12), as was expected
for the control sites. In the old restoration sites, abundance was expected to decrease
sometime after 2003, but the decline was expected to occur anytime in the 30 or 40 years
after (Rutgers-Kelly and Richards 2013). The year in which bees were least abundant in
the old restoration sites was 2011 (Figure 12), so after peaking in 2003 there was a fairly
slow decline in abundance.
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Among the three restoration levels, total bee abundance converged initially in
2004, and again in 2006, 2009, 2011, and 2012 (Figure 13). A convergence should
indicate that the process of bee community restoration was completed because over time,
all sites would effectively have become ‘control’ sites. However, until 2006, new
restoration sites were still actively changing, showing noticeable increases in total bee
abundance with every successive year (Figure 12). After peaking, abundance in the new
restoration sites was expected to decrease according to the Intermediate Disturbance
Hypothesis (IDH), which it did. Therefore, it seems that if the process of bee community
restoration had finished, it was sometime between 2009 and 2012, when abundances
among restoration levels converged. A study by Williams (2011) similarly found that
bees were as abundant in sites restored six years prior to sampling as in adjacent old
undisturbed riparian habitats.
Between 2006 and 2008, total bee abundance decreased in the control and new
restoration sites (no old restoration sites were sampled in 2008), indicating that
competitive exclusion (proposed by the IDH) did not explain this decline, or at least not
entirely. Interestingly, however, bees in the new restoration sites were almost as abundant
in 2010 as they were in 2006. The increase in abundance from 2008 to 2010 in the new
restoration sites resembled the pattern of colonization from 2003 to 2006, and was not
observed in the control sites and the only resampled old restoration site (Esc). A drastic
reduction in total bee abundance in the new restoration sites in 2008 might, to an extent,
have reset the process of succession. Figures 12 and 13 show that recovery in abundance
after 2008 was more rapid than the increases observed in the first four years of the study.
In the case of secondary succession, bee community restoration has been found to be a
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fairly rapid process. Steffan-Dewenter and Tscharntke (2001) found that crop sites left to
regenerate naturally peaked in terms of bee abundance and species richness after just two
years. Aside from the peak in 2010, bee abundances in the new restoration sites were
never as high after 2007 as they were in 2006.
4.1.2. Evidence of restoration and succession in species richness patterns
Changes in bee species richness within and among years and restoration levels
generally matched the patterns proposed by the Intermediate Disturbance Hypothesis
(IDH). According to the IDH, species richness is expected to be highest at intermediate
stages of succession, followed by late stages and then early stages (Connell 1978). In
2003, Rutgers-Kelly and Richards (2013) found that species richness was highest in the
old restoration sites and almost equally lower in the control and new restoration sites,
which had just one additional species. Pan trap and sweep net samples were combined in
their analysis but not in the present study because only pan trap samples were taken in all
years. The pan trap data show that in 2003, species richness was highest in the old
restoration sites followed by the control and new restoration sites, and average richness
was significantly different among all three restoration levels (Figure 19), which exactly
matches the pattern proposed by the IDH. The randomisation analysis showed that
species richness in the control and new restoration sites in 2003 was lower than expected
based on abundance but was as expected in the old restoration sites (Figure 19).
Compared to the new restoration sites, observed species richness in the control sites was
lower than expected by a noticeably wider margin. Hence, the abundance-richness
relationship was different in all three restoration levels at the start of the study. In a crosssectional study, Sheffield et al. (2013) similarly found that species richness was lowest in
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intensely managed orchards compared to old fields away from agricultural lands. The
sites classified as intermediate in terms of disturbance included managed orchards
isolated from other agricultural areas and abandoned or unmanaged orchard sites
(Sheffield et al. 2013). Observed species richness in these intermediate sites was similar
to species richness in the old field sites. However, different methods were employed to
estimate the true underlying species richness and depending on the metrics used, the
intermediate sites resembled either old fields or intensely managed orchards (i.e.
disturbed sites) (Sheffield et al. 2013).
Convergences in both average species richness and the abundance-richness
relationship among restoration levels indicate that the new and old restoration sites were
gradually transitioning into old successional field sites. Species richness in the new
restoration sites was expected to increase until 2005 or 2006. The randomisation analysis
showed that by 2004, differences in species richness between old and new restoration
sites were caused solely by differences in abundance (Figure 19). In the new restoration
sites, average species richness was equally high in 2005 and 2006 and lower in all
subsequent years (Figure 17), but was not significantly greater than in the old restoration
site (Esc) in both years (Figure 18). The randomisation analysis showed that any
differences in species richness among restoration levels in 2006 were due entirely to
differences in abundance, as was true in most years afterwards (2008, 2010, and 2011)
(Figure 19). This convergence in the abundance-richness relationship among restoration
levels seemed to be due to decreases in average species richness in the old restoration
sites (Figure 18). Average species richness initially converged among restoration levels
only in 2010 and again in 2012, which is around the same time total bee abundance
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converged as well. This suggests that the process of bee community restoration in the
new sites was ongoing even toward the end of the nine study years (Figure 18).
Similar to the findings of the present study, a study by Forup et al. (2008)
reported that the restoration of both plant and pollinator communities was a fairly rapid
process. Highly functional communities that were seemingly as robust as ancient
heathland (>250 years old) communities developed within 11 years after restoration,
when resampling first occurred. Williams (2011) found that after just six years, restored
sites were about as species rich as nearby undisturbed remnant riparian sites.
In six of the nine collection years in the present study, there were no differences
in species richness between the control and new restoration sites. The old restoration site
(Esc) was usually more species rich than either the control or new restoration sites from
2003 until 2009 (Figure 19). In only three of the nine years was the old restoration site
not more species rich than either the control or new restoration sites (Figure 18).
According to the randomisation analysis, species richness in 2009 was higher than
expected in the old restoration site and lower than expected in the new restoration sites.
There is some indication that in restored habitats, bees and other insect pollinators form
less robust interaction networks with the plants they pollinate, and consequently are more
susceptible to perturbation (Forup et al. 2008). The same study also found that in restored
sites, plant-pollinator interaction networks were significantly less complex than in ancient
undisturbed heathlands despite similar levels of species richness. Similarly, Williams
(2011) found that pollination function was restored in new habitats but at a reduced level
compared to older reference sites. In the present study, new restoration sites were cheaply
replanted by hydro-seeding (spraying plants seeds suspended in liquid) mostly grasses
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whereas old restoration sites were deliberately planted with North American wildflowers
(Rutgers-Kelly and Richards 2013). As a result, in 2003 there was indication that the new
restoration sites had lower floral abundances than other sites. One could speculate that the
pollinator community in the new restoration sites was not particularly robust against
perturbations and the significant decline in abundance observed in 2008 by Leόn Cordero
(2011) was drastic enough to eliminate some species there, thus explaining why the
abundance-species richness relationship changed in 2009. A greater abundance of
wildflowers in the old restoration sites in general might also explain why even though
species richness generally declined since 2003, old restoration sites were still usually
more species from 2003 to 2009, as was demonstrated by the SNK tests (Figure 18).
4.2. TEMPORAL PATTERNS IN BEE ABUNDANCE AND DIVERSITY
4.2.1. Within-year temporal variation in bee abundance
In every year, bees were more abundant in the spring than in the summer,
although spring abundances predicted summer abundances fairly accurately. This
suggests that spring weather may be particularly important in determining whether bee
abundance and diversity are high or low in a particular year.
In most years, there were three distinct bouts of activity attributed to different
species, consistent with the pattern of 2003 reported by Richards et al. (2011). This may
indicate that significant week effects were to some extent taxonomic effects (i.e. different
bees emerged at different times with different abundances). The local early spring bees
overwinter as adults and are largely solitary; the most abundant of these is Osmia
conjuncta. In late spring, overwintered foundresses of Augochlorella aurata (a
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primitively eusocial ground-nesting bee) dominate. The final and smallest peak of
activity is the emergence of new adults that overwintered as larvae in the genera Hylaeus
and Megachile, as well as the worker generation of many primitively eusocial groundnesting sweat bees (Richards et al. 2011). These peaks interrupted an otherwise generally
smooth trend in decreasing total bee abundance over the spring and summer seasons
averaged over 9 years. Among years, the patterns of activity were much more variable
and shifted among weeks. This might be due to variable weather conditions that
determine how early or late bees emerge. A study by Gordo and Sanz (2006), for
example, showed that honeybees emerged earlier in years with a warm spring. Between
the late spring and mid-summer peaks, there was a low period of bee activity in week 12,
which is around the first week of July. This was already determined to be a quiescent
period in species that are bivoltine and eusocial following a period of provisioning and
preceding the emergence of new worker brood (Leόn Cordero 2011). In 2003, only oddnumbered weeks were sampled biweekly, so this low period of activity was detected in
week 11 (Richards et al. 2011).
4.2.2. Variability in bee abundance among years
Total bee abundance was generally higher in the years preceding 2007, except in
the new restoration sites, and declined in 2008 in all restoration levels (Figure 12). When
abundances were pooled over restoration levels, the general annual pattern showed that
bees were least abundant in 2008 and 2012 (Figure 10). Abundances were already known
to have declined in 2008 (Leόn Cordero 2011). My study showed that in the control sites,
abundances were never as high afterwards as they were in 2003, 2004, and 2006, so
restoration did not explain generally low abundance between 2008 and 2012. In the
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control sites, bee abundance was lowest in 2010, followed by 2012 and 2008. There were
many fewer samples (only 23) taken in 2010 compared to other years, resulting in a
triweekly rather than weekly or biweekly collection series. Although comparisons among
years controlled for differences in the number of samples using averages, within-year
temporal patterns also indicate that there was no late spring peak in total bee abundance
in 2010 (Figure 8). In most years, this peak in activity occurred in week 5. In 2010,
however, no samples were taken in week 5, so a failure to sample at a time when
abundance should have been very high may have contributed to lower abundance on
average. In any case, from 2008 to 2012, bee abundance in the control sites was still
generally lower than before 2007.
Similar declines were observed in the new restoration sites in 2008 and 2012;
after 2006, bee abundances were lowest in these two years. The decline in 2008 in the
control and new restoration sites was likely the result of an overall decline in the number
of sweat bees (family Halictidae) in 2007 that failed to recover by the next year. The
rationale for this theory is explained in the following subsection describing weather
effects on bee abundance and in the section describing trends in community composition.
The old restoration site (Esc) was not sampled in 2008 but bee abundance was
lowest there in the years 2010, 2011, and 2012. Like the control sites, abundances were
generally lower in the old restoration site after 2007 but declined more noticeably, which
might be due to a combination of poor weather that affected all sites and declines that
resulted from competitive exclusion as predicted by the IDH. Distinguishing between
these two hypothesized effects was not possible in the present study.
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4.2.3. Weather effects on bee abundance
Even in the absence of restoration effects, bee abundance (and consequently
diversity) can fluctuate temporally due to periodic perturbations caused by variable
weather conditions, which change the rules that regulate the population dynamics of
different species in the community (Magurran and McGill 2011). Spring abundances
have already been shown to quite accurately predict summer abundances (Figure 9), so
spring weather conditions may be particularly important in driving the overall abundance
pattern in a given year. Comparisons of cumulative temperature and precipitation patterns
among the nine spring, summer, and entire active bee seasons are contained in Appendix
II (Supplementary figures 2-7). Years that received more spring and summer precipitation
(Supplementary figures 5-7) generally had high bee abundances. These include the years
2003, 2004, and 2010. Moderate to high levels of precipitation in the spring presumably
result in a greater abundance of floral resources for the large numbers of workers that
emerge in this time. Since many of the most abundant species, including Augochlorella
aurata and all of the local Halictus spp., are bivoltine, with the second generation
emerging in the summer (Leόn Cordero 2011; Richards et al. 2011), favourable spring
conditions should result in increased plant growth, which in turn should result in
increased food availability for the summer brood, thereby increasing their numbers.
That high levels of precipitation in spring were correlated with higher bee
abundance suggests that precipitation did not negatively impact bee abundances via brood
rot. In 2006, the entire active bee season was warm and moderately dry (see
Supplementary Table 2), and these conditions are said to provide optimal foraging
conditions for bees (Lyon; 1992; Richards and Packer 1995; Gordo and Sanz, 2006; Pitts103

Singer and James, 2008; Tuell and Isaacs, 2010). The onset of favourable weather
conditions might explain the slight increase in total bee abundance observed in the
control sites from 2005, which was characterized by a hot and dry summer, to 2006.
Years with a dry spring had moderate or high bee abundances unless they were followed
by a hot and very dry summer, as in 2012.
Although there is no indication that spring and summer weather conditions in
2008 were particularly unfavourable to bees, severe drought in 2007 likely lowered bee
abundances so drastically that they could not recover in a single season. Bees, especially
univoltine bees, are largely the product of the preceding year’s floral resource supply
rather than that of the year in which they emerge (Tepedino and Stanton 1981). Although
floral abundances were not measured in any year, severe drought in 2007 would have
largely inhibited flowering, thereby depriving bees of their only source of food. This
might lead to fewer workers being produced in nests of eusocial, bivoltine species (i.e.
those with two generations per year) as well as starvation in overwintering bees. Previous
studies have found that drought years caused plants to produce significantly fewer
flowers, which resulted in losses in bee activity (Alarcón et al. 2008; Minckley et al.
2013). Hot and dry weather are said to result in fewer blooms as well as decrease nectar
production, resulting in the availability of fewer resources for making a proper cell
provision in a timely fashion (Pitts-Singer and James 2008). This might explain why bee
abundances were lowest in 2008, even though weather conditions were better than in
2007 and 2012, another drought year.
The increase in bee abundances in 2009 in the control and new restoration sites
was likely a response to improved weather conditions in 2008 and 2009. Conditions in
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2009 were similar to those of 2003, which also exhibited high bee abundance levels. Both
years were characterized by a cool spring and a warm and dry summer (Table 5).
From 2003 to 2006, there were no major noticeable weather changes among
years. The drought in 2007 apparently led to a drastic decline in bee abundances and a
second drought in 2012 seems to have prevented their recovery to pre-2008 levels. The
combination of these two weather events would thus have resulted in bee abundances that
were generally lower in the second half of the study period. In any case, variable weather
effects generally did not seem to impede the detection of bee community restoration and
succession. However, it is not certain if declines in abundance (and consequently
diversity) over time in the restoration sites were at least partially the result of competitive
exclusion as predicted by the Intermediate Disturbance Hypothesis (IDH).
4.2.4. Variability in bee species richness among years
In the control sites, average species richness declined significantly from 2003 to
2005, in 2008, and in 2010. These declines were generally not expected but in 2008 and
2010 were due entirely to changes in abundance (Figure 19). Abundance seems to have
declined in 2008 because of poor weather conditions in 2007, and might have been lower
in 2010 because potentially important samples were missed when abundances were
expected to be high in week 5 in the late spring (Figure 8). In 2005, the slight decline in
richness in the control sites was coupled with an increase in the new restoration sites,
which might indicate that species populating the new restoration sites were coming from
the control sites, which were the most likely source of colonizers (Richards et al. 2011).
Otherwise, there were no clear trends in increase or decline in species richness in the
control sites over time as expected (Figure 17).
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According to the Intermediate Disturbance Hypothesis (IDH), species richness in
the new restoration sites is expected to have declined after peaking, and was predicted to
do so sometime between 3 and 40 years by Rutgers-Kelly and Richards (2013). Generally
low abundances and species richness observed in 2008 among all restoration levels make
it difficult to separate the effects of succession from the effects of other factors like
weather. Species richness in the new restoration sites did not recover to levels as high as
in 2005 and 2006 in any subsequent years, but in the control sites was as high in 2011 as
in 2003. This supports the prediction that species richness was highest in the first four
years of the study in the new restoration sites but not in the control sites.
4.3. PATTERNS IN COMMUNITY COMPOSITION
Ground-nesting sweat bees (family Halictidae) were usually the most abundant
bees in all three restoration levels, comprising at least half of all bees collected over the
ten-year period in southern St. Catharines, ON. Not surprisingly, annual patterns in total
bee abundance in the three restoration levels most closely matched annual patterns in
halictid abundance (Figures 12 and 21), suggesting that year-to-year changes in total bee
abundance were driven primarily by sweat bees.
The organization of species collected in all sites and all years into abundance
categories (octaves) showed that most species contributed very little to the total
abundance of the bee community and a minority of species accounted for most of the
sampled individuals (Figure 22). Comparisons of abundance octaves among restoration
levels within and among years generally supported this observation.
In communities that exhibit dominance, the term “core species” has been
proposed to identify those that comprise the persistent part of a community and which are
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likely to influence any patterns (Hanski 1982). Species that are uncommon or rare and
possibly transient, exerting little if any influence on community dynamics, have been
called “satellite species”. Core species are defined as being regionally common, locally
abundant, and well spaced-out in niche space while satellite species, also termed
occasional species, do not possess these attributes (Hanski 1982). In the present study,
species categorized as abundant and dominant can be considered core species, but there
are also many other species that were resampled that may or may not have been
established residents. Singletons were most likely collected fortuitously, and thus could
be considered transient species. However, some such as various kleptoparasitic species
might have actually been persistent but exceedingly rare members of the community. For
such reasons, the terms core and satellite were not used in the present study and species
were instead partitioned into the five abundance classes (singletons, doubletons, common,
abundant, and dominant) based on visible differences between abundance octaves (Figure
22).
Uncommon or rare species are the least likely to actually reveal temporal trends
(Williams et al. 2001). Variation in bee total abundance and species richness was likely
influenced primarily by changes in species categorized as dominant and to a lesser extent,
those categorized as abundant (see Supplementary Table 1 for a complete list of species
classifications), so, to explain patterns in bee total abundance and species richness,
analyses of changes in species composition focussed on these species.
In 2003, there were marked differences among all three restoration levels in the
distribution of species numbers and abundances among octaves, with control sites
containing fewer singletons than old or new restoration sites, despite more sampling in
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the control sites (Figure 23). Such differences are not surprising given that all three sets
of sites presumably were in very different stages of natural succession.
In 2003, sweat bees comprised the most abundant family in all sites, and were
most abundant in the old restoration sites (Rutgers-Kelly and Richards 2013). According
to Rutgers-Kelly and Richards (2013), most bees in the new sites were probably
commuters from adjacent older sites. It is therefore not surprising that in all three
restoration levels, the order of the four bee families from highest to lowest abundance (or
vice versa) was the same, despite significant differences in the proportions of individuals
in the different families among control, old restoration, and new restoration sites (Figure
20). The composition of the most abundance species in the restoration sites also closely
reflected the composition in the source sites.
By 2004, the proportion of halictids in the new restoration sites increased because
the actual number of halictids increased from the previous year (Figure 21). In the control
sites, the proportion of halictids was higher as well but primarily because the number of
bees in other families went down. The higher proportional representation of groundnesting sweat bees relative to other bees in the community would explain why
colonization had occurred so quickly. The availability of large areas of bare ground
undoubtedly suited these bees, which comprised the most abundant family in the control
sites (Rutgers-Kelly and Richards 2013). The expanse of bare ground in the new sites in
2003 might have favoured the ground-nesting halictids to such an extent that large
numbers of residents were established by 2004.
In 2006, the numbers of sweat bees were noticeably more similar among
restoration levels than in 2003, and the family level composition in the old restoration site
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was similar to the control sites in 2003. This suggests that the old restoration sites were
becoming ‘control’ sites.
In 2008, the decline in total bee abundance coincided with a decline in the
numbers of halictids and, to an extent, apids and colletids, while the number of
megachilid bees increased slightly in both control and new restoration sites (Figures 20
and 21). A comparison of species relative abundances from 2006 to 2009 showed that
from 2006 to 2008, the proportion of the more common ground-nesting sweat bees (in
particular Augochlorella aurata, Halictus confusus, and H. ligatus) decreased, and this
was mostly the result of a decrease in their actual abundances, after which (from 2008 to
2009) their numbers generally recovered (Figure 24). Since this pattern was observed in
the control and new restoration sites, it is unlikely that these effects were the result of
succession. The most plausible explanation is that drought in 2007 led to a decline in the
availability of floral resources, thereby affecting many species. Additionally, it has been
previously reported that Augochlorella aurata, the most abundant species in the bee
community of southern St. Catharines, fails to construct new nests in periods of drought
(Packer et al. 1989; Packer 1990). Brood development is hindered because foundresses
are forced to reuse brood cells and cannot do so until they are vacated (Packer et al. 1989;
Packer 1990). As a result, ground-nesting halictids at my sites might have been especially
affected negatively by drought.
Differences in nesting substrate and perhaps voltinism explained why megachilids
became the dominant family over halictids in 2008 in both the control and new
restoration sites. Osmia conjuncta (family Megachilidae), which became the most
abundant species in 2008, nests in the empty shells of an introduced land snail, Cepaea
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Held (Cane et al. 2007). In drought years, higher snail mortality might have increased the
availability of nesting sites for O. conjuncta. Also, while most sweat bees in southern St.
Catharines are bivoltine, O. conjuncta is univoltine (Leόn Cordero 2011). With two
generations per year, A. aurata requires a continuous supply of floral resources
throughout the spring and summer seasons. O. conjuncta emerges in spring and does not,
so summer drought presumably had less of an impact on the mortality of O. conjuncta
compared to A. aurata.
Given that in 2009 the numbers and proportions of three of the most abundant
sweat bee species (A. aurata, Halictus confusus, and H. ligatus) recovered after declining
in 2008, it is unlikely that the bee community formed through random assembly as
predicted by the equal chance hypothesis. In random assembly, perturbations lead to
unpredictable changes in the relative abundances of different species, species richness,
and species composition (Connell 1978). However, the numbers and consequently the
proportions of these three species recovered after declining in 2008 to similar levels as in
2006. Since 2012 was apparently another drought year with similar weather conditions to
2007, it would be interesting to see if in 2013 the numbers and proportions of sweat bees
significantly declined again. In 2012, the numbers and proportions of the top three
species of sweat bee were already lower than in 2006 or in 2009.
A comparison of different bee families among restoration levels within and
among certain years showed that halictids generally continued to dominate relative to
other bee families throughout the study period, except in poor weather years. The two
dominant species also generally maintained their positions throughout the study period.
Major changes in community structure that would see an increase or a decline in the
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species abundances and diversity of particular bee guilds or families over time, such as
the replacement of ground-nesting sweat bees (family Halictidae) by cavity-nesters in
other bee families, would occur over extremely long time scales. Although succession is
an ongoing process, it is unlikely that the differences in species richness observed in the
whole community in the last three or four years of the study were predominantly due to
this factor. Significant changes in vegetative composition that would transform a
landscape from a grassy field to a more diverse habitat with shrubs and small trees occur
over time scales longer than a decade. Grixti and Packer (2006) reported a change in
community structure with more cavity-nesting bees after 34 years that accompanied the
arrival of more woody plants in an undisturbed field. As a result, changes in community
composition in the present study that were observed independent of restoration effects,
such as those that accompanied declines in abundance and diversity in the control sites,
were probably not attributed to succession. There was also some extended human
influence on the types of plants found at the Glenridge Quarry Naturalization Site
(GQNS) as deep rooting trees specifically were not and may still not be allowed to
establish there in case their root systems penetrate the clay cap covering the landfill
beneath.
Before the arrival of Europeans, the Niagara Escarpment was predominantly
deciduous forest (Muller and Middleton 1994), which would likely have supported a
much less diverse bee fauna than the grassy meadows that currently dominate (Taki et al.
2007). This might have had negative implications for various species that specialized on
many native woodland and meadow plants that have disappeared since. In addition,
species that nest in rotting logs (e.g. various solitary sweat bee species) might have also
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declined with the disappearance of large woodland habitats (Richards et al. 2011). Most
of the bees sampled recently are floral generalists that favour nesting in open meadows
(Richards et al. 2011), and this appears not to have changed in the decade-long study
period.
4.4. BEE SAMPLING TECHNIQUES AND BIASES – THE RAMIFICATIONS OF
USING PAN-TRAP DATA
Various methods are used to sample bees and other insect pollinators, and there
are limits to what information can be inferred from the data obtained through any given
sampling technique. The Canadian Pollinator Initiative (CANPOLIN) lists three
standardized methods of insect collection in its sampling protocol. These include pantraps (used in the present study), trap-nests, and Malaise traps. Trap-nests exclusively
sample cavity-nesting insects including various bee species, but these represent only a
fraction of the local bee fauna. Malaise traps work well for bees but also sample many
other insects, are expensive, and take up a large amount of space. Another common
method of sampling is netting, which involves sweeping bees from vegetation and has the
benefit of providing floral association data. Netting, however, is greatly subject to
collector bias, which is an important concern with long-term studies that employ multiple
collectors over time. Although all sampling methods bias collection toward particular
species (Williams et al. 2001), increased focus has shifted toward the use of pan-trapping
(Leong and Thorp 1999).
Pan-trapping is not subject to collector bias, is inexpensive, and specifically
targets pollinating insects, potentially reducing bycatch. The traps work by attracting
pollinators with bright colours (mimicking flowers) and drowning any insects that fall in.
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Whereas netting typically requires the collector to be present to sample over much of the
collecting day, pan-trapping allows a collector to survey more sites in a particular day or
collection season (Cane et al. 2000).
As with other methods, there are biases associated with pan-trapping. A wellknown limitation is that the pans do not always trap larger bee species because they can
sometimes crawl out. Pan traps have also been found to under-represent the bee fauna
foraging in taller bushes above (Cane et al. 2000). Since tall forbs, shrubs, and trees were
largely absent from the field sites sampled in southern St. Catharines (ON), this constraint
is not of particular concern in the present study. Pan trap samples also contain relatively
few kleptoparasites, presumably because these bees spend more time looking for the nests
of their hosts than for floral resources with which to sustain themselves (Marlin and
LaBerge 2001). Some species are also overrepresented by pan-trapping. Sweat bees for
example, particularly Lasioglossum (Dialictus) spp., dominate pan trap samples (Cane et
al. 2000). However, in the 2003 study of the St. Catharines bee community, Richards et
al. (2011) reported that bee abundances in pan traps and sweep net samples were highly
correlated and suggest that both methods fairly sample bee abundances. Moreover, it is
not the purpose of the present study to determine the true proportional representations of
each species or to find every species in the bee community. Instead, a single standardized
method (pan-trapping) was chosen to reliably detect changes in bee abundance and
diversity over time and space.
4.5. CONCLUSIONS
This study is the first to have sampled an entire bee community, with the
exception of one small family, consecutively for an entire decade, and is the longest
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continuous study of a bee community anywhere in Canada. The findings of this study
demonstrate that bees were undergoing restoration and succession in the new sites. As
predicted, bee total abundance and species richness in the control sites were stable in the
first three to four years of the study, when new sites were changing. In the old restoration
sites, abundance and richness were predicted to decline, and both generally decreased
over the nine study years. In the new restoration sites, bee total abundance and species
richness were expected to increase in the first three or four years of restoration and to
decline thereafter. Increases in bee abundance were observed until peaking in 2006, and
bee richness peaked in both 2005 and 2006. A second peak in abundance in the new sites
in 2010 was not expected but could be attributed to under-sampling in that year,
rendering the data unreliable, or possibly because the process of succession was reset
following intense drought in 2007. By 2012, both bee total abundance and species
richness converged among restoration levels as predicted and were lower than in the first
four years of the study.
Although weather effects seem to have contributed to generally lower abundances
and richness after 2007 (after pooling across restoration levels), they do not rule out the
effects of competitive exclusion. Coupled with the findings of the cross-sectional study
by Rutgers-Kelly and Richards (2013), the temporal pattern of succession is still most
consistent with the predictions of the Intermediate Disturbance Hypothesis (IDH). Most
predictions based on the Decreased Disturbance Hypothesis (DDH) were negated.
According to this alternative hypothesis, bee total abundance and species richness were
expected to be highest in the control sites in 2003, and they were not. Over time,
abundance and diversity declined in the old restoration sites but were expected to increase
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or stabilize over the ten-year study period. In the new restoration sites, bee abundance
and species richness declined in 2008 and were generally low after but should have
continued to increase until stabilizing. Although the patterns in abundance and diversity
observed in the present study are largely inconsistent with the predictions of the DDH, it
is possible that after many years of continued succession in the plant community, the
availability of new ecological niches will eventually increase, allowing bee abundance
and diversity to increase as well.
This study has several major implications. The first demonstrates the need to
sample repeatedly among years and sites if correct conclusions about short or long-term
changes are to be drawn. For example, had sampling stopped after 2008, the year of
lowest abundance, there would be no indication that a recovery was possible following
such a severe decline in bee abundance and diversity from 2006. However, continued
sampling in 2009 revealed that a recovery occurred and generally continued until there
was another drought in 2012. A second implication is that bee communities are rather
resilient when subjected to small-scale disturbances, as was demonstrated by the recovery
in 2009. However, this finding must be interpreted with caution as the appearance of
more drought years as a result of climate change could lead to bee declines that are not
recoverable. The third implication is for conservation purposes. Although bee
communities vary enormously geographically, the findings of this particular case study
might be indicative of bee community restoration patterns in similar habitats, or at least
within southern Ontario. Of course, restoration success must depend largely on the
presence of nearby pristine or at least relatively undisturbed bee habitats that served as
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refugia. One aim for future studies could be to compare rates of colonization in different
sites based on the availability of surrounding bee habitat refuges.
There is some indication that year-to-year variability in bee abundance and
diversity was influenced by changes in weather conditions, but regardless of the cause
this variation generally did not impede the detection of changes attributed to restoration
and succession. The drought in 2007 is of course a complicating factor because bee
declines were expected in the new sites as a result of competitive exclusion. The
mechanism(s) by which poor weather conditions translate into overall bee declines are
another interesting topic of study. The current findings suggest that ground-nesting sweat
bees were more severely affected by drought than other bees. To understand these
mechanisms will require direct measurements of changes in the vegetative composition of
study sites over time as well as nest observations to determine how changes in the
availability of floral and nesting resources affect brood development and survival.
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6. APPENDIX I
Supplementary Table 1: A complete list of pan-trapped specimens from the families Apidae, Colletidae, Halictidae, and Megachilidae collected in
nine years and nine sites located at Brock University and the Glenridge Quarry Naturalization Site (GQNS). For each year, the sampled number of
bees is given for each species except Ceratina dupla, C. mikmaqi, Hylaeus affinis, and H. modestus, whose numbers were estimated. There were
specimens that could not be effectively identified to either of the two Ceratina or either of the two Hylaeus species. The approaches used to partition
these specimens are described in the methods. Information on social and nesting habits was obtained from Grixti and Packer (2006), Cane et al.
(2007) Gibbs (2010, 2011), and Richards et al. (2011).
Family and genus

Subgenus and species

Social habit

Nesting habit

terminalis (Cresson)

Solitary

Stems

Apis

mellifera (L.)

Eusocial

Cavities

Bombus

bimaculatus (Cresson)

Eusocial

Underground

borealis (Kirby)

Eusocial

Underground

citrinus (Smith)

Parasitic

fervidus (F.)

Eusocial

Likely host is B.
impatiens
Ground surface

griseocollis (DeGeer)

Eusocial

Ground surface

impatiens (Cresson)

Eusocial

Underground

rufocinctus (Cresson)

Eusocial

Ground surface or
underground

sandersoni (Franklin)

Eusocial

terricola (Kirby)

Eusocial

Underground

vagans (Smith)

Eusocial

2003

2004

2005

2006

2008

2009

1

2

1

57

35

54

2

1

2010

2011

2012

Total

Abundance category

Apidae
Anthophora

Ceratina

bomboides (Kirby)

1
1
23

17

6

2

2

2

1

1

1

2

1

3

7

6

2

1

1

1

3

4

12

2

1

1

1

14

12

1

4

11

14

8

36

10

13

38

2
1

1
3

1

Singleton

5

Common

253

Common

11

Common

1

Singleton

5

Common

1

21

Common

4

7

33

Common

2

8

41

Common

2

7

86

Common

1

1

Singleton

1

1

Singleton

1

Singleton

calcarata (Smith)

Solitary

Ground surface or
underground
Stems

1
371

141

140

329

202

251

86

22

97

1639

Abundant

dupla (L.)

Solitary

Stems

165

21

9

54

126

42

5

19

35

476

Abundant

mikmaqi (Rehan and
Sheffield)
strenua (Cresson)

Solitary

Stems

287

210

172

747

221

364

42

63

296

2402

Abundant

Solitary

Stems

2

3

Common

1
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Supplementary Table 1 (continued)
Family and genus

Subgenus and species

Social habit

Nesting habit

Melissodes

apicata (Lovell and
Cockerell)
desponsa (Smith)

Solitary

Ground

Solitary

Ground

druriella (Kirby)

Solitary

Ground

Nomada

2003

2004

2005

2006

2008

2009

2010

2011

2012

1
4

1

1

3

1

articulata (Smith)

Parasitic

1

bethunei (Cockerell)

Parasitic

1

bidentate form A

Parasitic

bidentate form B

Parasitic

3

bidentate form C

Parasitic

2

bidentate form D

Parasitic

8

bidentate form E

Parasitic

1

cressonii (Robertson)

Parasitic

1

denticulata (Robertson)

Parasitic

5

illinoisensis (Robertson)

Parasitic

imbricata (Smith)

Parasitic

luteoloides (Robertson)

Parasitic

maculata (Cresson)

Parasitic

pygmaea (Cresson)

Parasitic

unknown

Parasitic

Triepeolus

concavus (Cresson)

Parasitic

donatus (Smith)

Parasitic

Xylocopa

virginica (L.)

Social

1

1

Common

4

4

9

Common

3

7

Common

1

2

Doubleton

2

Doubleton

11

Common

2

1
1
2
1

1

1

889

Singleton

3

Common

14

Common

5

2

9

Common

1

4

8

13

Common

1

Singleton

1

Singleton

3

Common

1

Singleton

1

1

Singleton

1

2

Doubleton

1

2

Doubleton

1

Apidae TOTAL

1
2

1

1

Common
Common

1

3

1

8
16

4

1

Wood

Singleton

16

2
6

1
2

4
2

Abundance category

5

2
6

Total

411

355

1226

646

801

148

130

497

5103
1

Singleton

118

142

1087

151

209

50

63

99

2279

Abundant

1

7

19

Common

Colletidae
Colletes

simulans (Swenk)

Solitary

Ground

Hylaeus

affinis (Smith)

Solitary

Stems/cavities

360

1

annulatus (L.)

Solitary

Stems/cavities

6

4

1
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Supplementary Table 1 (continued)
Family and genus

Subgenus and species

Social habit

Nesting habit

2003

hyalinatus (Smith)

Solitary

Stems

mesillae (Cockerell)

Solitary

Stems/cavities

14

modestus (Say)

Solitary

Stems/cavities

23

sparsus (Cresson)

Solitary

2004

2005

2006

2008

2009

2010

1

6

1

2

1

3

3

12

6

2

1

2

3

8

4

10

4

2011

2012

Total

1

12

Common

2

43

Common

89

Common

1

Singleton

1

1

Singleton

14

204

Common

23

Common

35

1

Colletidae TOTAL

404

123

150

1120

162

228

56

99

102

Abundance category

2444

Halictidae
Agapostemon

texanus (Cresson)

Communal

Ground

virescens (F.)

Communal

Ground

Augochlora

pura (Say)

Solitary

Wood

Augochlorella

aurata (Smith)

Eusocial

Ground

Augochloropsis

metallica (Smith)

Semisocial?

Ground

Halictus

confusus (Smith)

Solitary/eusocial

Ground

257

154

124

322

72

242

17

14

ligatus (Say)

Eusocial

Ground

367

203

98

705

36

221

10

48

rubicundus (Christ)

Solitary/eusocial

Ground

50

19

9

26

17

28

4

(Dialictus) admirandum
(Sandhouse)
(Dialictus) albipenne
(Robertson)
(Dialictus) atwoodi (Gibbs)

Eusocial?

Ground

117

68

67

57

29

125

138

Eusocial?

Ground

Eusocial?

Ground

(Dialictus) coeruleum
(Robertson)
(Dialictus) cressonii
(Robertson)
(Dialictus) divergens
(Lovell)
(Dialictus) ellisiae
(Sandhouse)
(Dialictus) ephialtum
(Gibbs)
(Dialictus) fattigi (Mitchell)

Eusocial

Wood

Eusocial?

Wood

9

Solitary

Ground

1

Eusocial?

Ground

46

13

4

Eusocial?

Ground

35

39

12

Eusocial?

Ground

84

4

10

Lasioglossum

46

28

9
2203

1383

14

57

12

19

2

4

1

1

1470

2267

670

1284

1

9

5
6

487

411

350

10525

Dominant

4

Common

29

1231

Abundant

39

1727

Abundant

2

6

161

Common

87

99

787

Abundant

1

Singleton

107

Common

1

Singleton

21

Common

2

Doubleton

1

67

Common

5

1

97

Common

2

1

112

Common

3

1
22

31

5

12

18

13

2

4

1
1

2

2

2

1

1

3

1
3

6

2

3

2

2

1
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Supplementary Table 1 (continued)
Family and genus

Subgenus and species

Social habit

Nesting habit

(Dialictus) foxii (Robertson)

Solitary

Ground

(Dialictus) furunculum
(Gibbs)
(Dialictus) hitchensi (Gibbs)

Parasitic
Eusocial?

2003

2004

1

2005

2006

1

2008

2009

2

1

5

Common

1

3

Common
Abundant

2

2011

2012

Total

Abundance category

Ground

129

78

38

48

99

124

69

33

30

648

26

24

19

12

5

16

7

13

2

124

Common

3

Common

22

Common

2

Doubleton

24

Common

1

Singleton

1

Singleton

(Dialictus) imitatum (Smith)

Eusocial

Ground

(Dialictus) inconditum
(Cockerell)
(Dialictus) laevissimum
(Smith)
(Dialictus) leucocomum
(Lovell)
(Dialictus) lineatulum
(Crawford)
(Dialictus) lionotum
(Sandhouse)
(Dialictus) michiganense
(Mitchell)
(Dialictus) nymphaearum
(Robertson)
(Dialictus) paradmirandum
(Knerer and Atwood)
(Dialictus) perpunctatum
(Ellis)
(Dialictus) planatum
(Lovell)
(Dialictus) rufitarse
(Zetterstedt)
(Dialictus) smilacinae
(Robertson)
(Dialictus) sagax
(Sandhouse)
(Dialictus) subviridatum
(Cockerell)
(Dialictus) versatum
(Robertson)

Solitary?

Ground

Eusocial

Ground

4

Eusocial?

Ground

2

Eusocial

Ground

2

2
7

3

1
3

5

Parasitic

3

7

1

1

4

2

2

2

1

Parasitic

1

Eusocial?

Ground

18

7

Eusocial?

Ground

4

2

Eusocial?

Ground

2

Eusocial?

Ground?

1

Solitary

Ground

Eusocial?
Eusocial?

6

3

3

38

Common

2

2

17

Common

4

Common

2

Doubleton

6

6

Common

Ground

1

1

Singleton

Ground

3

6

Common

1

Singleton

454

Abundant

3

1

1

3

2
1

3

Wood
Eusocial

2010

Ground

1
169

135

19

35

3

11

7

55

20
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Supplementary Table 1 (continued)
Family and genus

Sphecodes

Subgenus and species

Social habit

Nesting habit

(Dialictus) viridatum
(Lovell)
(Dialictus) weemsi
(Mitchell)
(Dialictus) zephyrum (Smith)

Eusocial

Ground

(Evylaeus) cinctipes
(Robertson)
(Lasioglossum) coriaceum
(Robertson)
(Lasioglossum) leucozonium
(Schrank)
(Lasioglossum) zonulum
(Smith)
atlantis (Mitchell)

2003

2004

6

5
1

Eusocial

Ground

2

Eusocial

Ground

7

2

Solitary

Ground

16

12

Solitary

Ground

50

Solitary

Ground

55

Parasitic

ranunculi (Robertson)

Parasitic

1

2006

2008

2009

2010

2011

2012

Total

2

4

3

1

2

2

25

Common

8

Common

1

3

Common

1

31

Common

1

2

3

1

14

2

14

14

3

3

1

2

6

71

Common

12

22

24

15

18

1

3

10

155

Common

8

20

12

6

4

3

5

113

Common

1

2

1

1

1

1

3

Common

1

5

Common

2

Doubleton

2

Halictidae TOTAL

3750

Abundance category

4

Parasitic

dichrous (Smith)

2005

2246

1965

3632

1001

2153

760

708

634

16849

Megachilidae
Anthidiellum

notatum (Latreille)

Solitary

Anthidium

manicatum (L.)

Solitary

Makes nests on
surfaces
Cavities

oblongatum (Illiger)

Solitary

Cavities

Chelostoma

rapunculi (Lepeletier)

Solitary

Cavities

Coelioxys

octodentata (Say)

Parasitic

rufitarsis (Smith)

Parasitic

carinatus (Cresson)

Solitary

Cavities

leavitti (Crawford)

Solitary

Cavities

variolosa (Cresson)

Solitary

Cavities

pilosifrons (Cresson)

Solitary

Cavities

44

15

6

66

69

8

4

producta (Cresson)

Solitary

Cavities

14

6

2

13

3

2

1

Heriades

Hoplitis

4
30

4
3
1

15

1

6

4

4

1

4

1

3
1

16

30

95

Common

19

Common

7

Common

9

Common

2

17

Common

1

1

Singleton

1

4

Common

1

1

Singleton

14

227

Common

3

44

Common

5

6
1

7

2
1

2

2

2
1

Common
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Supplementary Table 1 (continued)
Family and genus
Megachile

Osmia

Subgenus and species

Social habit

Nesting habit

spoliata (Provancher)

Solitary

Cavities

2003

2004

2005

2006

2008

2009

2010

2011

2012

Total

7

9

3

30

1

9

2

3

8

72

Common

31

12

36

87

12

11

8

23

220

Common

1

5

Common

11

Common

6

Common

2

Doubleton

3

Common

35

Common

6

Common

brevis (Say)

Solitary

Cavities/ground

campanulae (Robertson)

Solitary

Cavities

centuncularis (L.)

Solitary

Cavities

ericetorum (Lepeletier)

Solitary

Cavities

frigida (Smith)

Solitary

Wood

gemula (Cresson)

Solitary

Wood

latimanus (Say)

Solitary

Ground

5

mendica (Cresson)

Solitary

Cavities/ground

3

pugnata (Say)

Solitary

Cavities

relativa (Cresson)

Solitary

Cavities

rotundata (F.)

Solitary

Cavities

texana (Cresson)

Solitary

Ground

Solitary

Cavities

Solitary

Snail shells

lignaria (Say)

Solitary

Cavities

pumila (Cresson)

Solitary

Stems/cavities

simillima (Smith)

Solitary

Wood

lateralis (Cresson)

Parasitic

2

6

1
3

1
1
1
3

2

3

1
1

1

4

12

1

1

2

3

4

9

44

3

8

16

4

4

1

1

9

1

8

2

1

1

4

1

4

3

2

Doubleton

21

Common

4

86

Common

1

17

Common

33

12

38

66

17

19

1

1

5

192

Common

1366

222

833

1070

933

726

193

97

343

5783

Dominant

1

1

8

Common

94

12

27

61

139

46

410

Abundant

8

7

1

9

8

4

Megachilidae TOTAL

1693

312

983

1497

1204

857

210

151

441

7348

Grand TOTAL

6736

3092

3453

7475

3013

4039

1174

1088

1674

31744

Stelis

atriventris (Cresson)
conjuncta (Cresson)

3

Abundance category

6

1

5

3

23

1
2

2

Doubleton

39

Common
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Supplementary Figure 1: Collector curves showing the cumulative total number of species (black-filled diamonds) and the cumulative number of
singleton species (open triangles) among years.
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7. APPENDIX II
7.1. CATEGORIZATION OF ANNUAL WEATHER PATTERNS
To relate weather effects to observed annual patterns in abundance, daily
temperature and precipitation data for 2003-2012 were obtained from the Environment
Canada National Climate Data and Information Archive (available online:
http://climate.weatheroffice.gc.ca/Welcome_e.html). The Port Weller weather station was
selected as the source for these data due to its proximity to the collection sites and
because it was the only nearby weather station with a complete data series for the 20032012 sampling period.
To compare years in terms of temperature and precipitation levels, cumulative
degree days and cumulative precipitation were plotted for each season. Cumulative
degree days were calculated from base 14°C. The minimum temperature for active
foraging in bees ranges widely among species. For example, honeybees and bumblebees
can forage at temperatures of 9°C or below whereas the minimum foraging temperature
for Megachile rotundata is 16.5°C (Corbet et al. 1993). Richards and Packer (1995)
reported that the sweat bee Halictus ligatus was never observed foraging at temperatures
lower than 14°C. Since sweat bees comprise the most abundant and speciose bee family
in the southern St. Catharines collection sites, this number was chosen as the base to
which degree days were calculated. Total daily precipitation was the total amount of rain
(mm) that fell in a day.
Although bees typically start foraging at the end of April and continue through
much of September, cumulative temperature and precipitation data were only plotted for
the four months in which virtually every collection yielded bees. These include May and

131

June (termed spring) and July and August (summer). A comparison of annual temperature
and precipitation accumulation patterns throughout the four most important months of the
entire active foraging period as well as just the spring and summer seasons shows that
weather conditions varied greatly among years (Supplementary figures 2-7).
To categorize spring and summer weather, the number of degree days and amount
of precipitation accumulated by the 15th of June and August (halfway into the second
month of each season) were compared among years and the 10-year average.
Comparisons at these dates were made to control for any major changes in weather that
occurred at or near the end of a particular season (after most bees were caught). If the
number of degree days accumulated by June 15th was less than half the 10-year average,
springs were categorized as cool; if higher than the 10-year average, they were
categorized as warm (Supplementary Table 2). All other springs were categorized as
intermediate. If on June 15th cumulative precipitation was below the 10-year average,
springs were categorized as wet; if above, they were categorized as dry. If the number of
degree days accumulated by August 15th was below the 10-year average, summers were
categorized as warm; if above, they were categorized as hot. Summers were considered
wet if on August 15th cumulative precipitation was above the 10-year average, dry if it
was more than half the 10-year average, and very dry if below that.
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Supplementary Figure 2: Cumulative degree days (the number of degrees that a day’s average is above 14°C) for the entire bee
season. The source for these data is the Port Weller weather station.
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Supplementary Figure 3: Cumulative degree days (the number of degrees that a day’s average is above 14°C) for just the spring
season (May-June). The source for these data is the Port Weller weather station.
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Supplementary Figure 4: Cumulative degree days (the number of degrees that a day’s average is above 14°C) for just the summer
season (July-August). The source for these data is the Port Weller weather station.
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Supplementary Figure 5: Cumulative precipitation (mm) for the entire bee season. The source for these data is the Port Weller
weather station.
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Supplementary Figure 6: Cumulative precipitation (mm) for just the spring season (May-June). The source for these data is the Port
Weller weather station.
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Supplementary Figure 7: Cumulative precipitation (mm) for just the summer season (July-August). The source for these data is the
Port Weller weather station.
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Supplementary Table 2: Summary of weather conditions for each year based on
comparisons of cumulative degree days (base 14°C) and cumulative precipitation (mm)
among years for the spring (May-June) and summer (July-August) seasons.
Spring
Summer
Year
Temperature
Precipitation
Temperature
Precipitation
2003
Cool
Wet
Warm
Wet
2004
Intermediate
Wet
Warm
Wet
2005
Warm
Dry
Hot
Dry
2006
Warm
Dry
Warm
Dry
2007
Warm
Dry
Warm
Very dry
2008
Intermediate
Dry
Warm
Wet
2009
Cool
Dry
Warm
Wet
2010
Warm
Wet
Hot
Wet
2011
Intermediate
Wet
Hot
Very dry
2012
Warm
Dry
Hot
Very dry
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