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Abstract—In temperate climates, foraging resources for pollinating insects are especially important in early 
spring when animals emerge from hibernation and initiate annual life cycles. One habitat, protected under EU law, 
which provides resources for a range of pollinating insects, but has received little research attention, is fixed (grey) 
dunes. Fixed dunes often contain creeping willow (Salix repens, Salicaceae), which may be an important early season 
resource for obligate flower visitors. We examined the springtime activity of flower visitors in fixed dune ecosystems 
in relation to sugar concentration and composition in nectar, composition of essential amino acids in pollen, and 
floral abundance. We also investigated whether the presence or absence of S. repens influenced the abundance and 
species richness of three obligate flower visiting guilds (solitary bees, bumblebees and hoverflies) in eight sites along 
the eastern and southern coasts of Ireland.  

Higher insect visitation rates were observed to species whose nectar contained greater concentrations of glucose 
and fructose. Solitary bee visitation rates were related to % Essential Amino Acid (EAA) in pollen and floral species 
richness. Ulex europeaus, and S. repens were the most abundant flowering species, but visitation rates were not 
related to floral abundance. Higher abundances of bumblebees and hoverflies were discovered at sites where S. 
repens was present. This study raises further questions about the nutritional requirements and preferences of 
obligate flower visitors in fixed dune ecosystems in spring time.  
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INTRODUCTION 

The Global declines in both wild and domesticated 
pollinators have been documented (Biesmeijer et al. 2006; 
Cameron et al. 2011; Kearns et al. 1998; Kremen & Ricketts 
2000; Potts et al. 2010), which has led to concern for the 
pollination of crops and wild plants (Garibaldi et al. 2013). 
Multiple drivers have been implicated, but one of the 
primary factors causing pollinator decline is habitat loss and 
fragmentation, often driven by agricultural intensification 
and a lack of appropriate land-use management (Giannini et 
al. 2012; Potts et al. 2011). This has resulted in a scarcity of 
high quality habitats for invertebrates (Diacon-Bolli et al. 
2012; Klein et al. 2012; Kohler et al. 2008; Tscharntke et al. 
2002b). Although there is a good knowledge on the biology 
of a handful of commercially utilised pollinating insect 
species, in particular the honey bee (Apis mellifera) and some 
bumblebees (e.g. Bombus terrestris), we know remarkably 
little about the foraging ecology and habitat use of the 
majority of the world’s insect pollinators, including relatively 
common species (Mayer et al. 2011). Many of the best 
pollinating species are obligate flower visitors, reliant on the 
floral resources available in a habitat, or in several habitats 

within a landscape (Junker & Blüthgen 2010). Therefore, 
habitat type, the quantity and quality of the resources 
available (e.g. in terms of the flowering plant species 
available, and their relative abundance and composition of 
nectar and pollen rewards), and heterogeneity of available 
habitats (both within a given site and in the landscape 
surrounding that site) can have a significant impact on 
pollinating insect communities (Krauss et al. 2010; Krauss et 
al. 2003; Murray et al. 2012; Tscharntke & Brandl 2004; 
Tscharntke et al. 2002a; Tscharntke et al. 2002b). Much of 
the research on habitat use by pollinators has focused on 
fragments of semi-natural habitats within or bordering 
agricultural landscapes (Kennedy et al. 2013; Munyuli et al. 
2013; Öckinger & Smith 2007), or on large areas of natural 
or semi-natural habitat such as national parks (Forster 1989; 
Herrera 1988; Inouye & Pyke 1988; Pascarella et al. 1999; 
Primack 1983). There has been little attention paid to 
coastal ecosystems (but see Howe et al. 2010; Redpath 
2010; Redpath et al. 2010).  

One particularly high quality habitat for pollinators in 
temperate coastal areas is fixed (grey) dune. Fixed dunes are 
the mature sections of dune systems, which are relatively 
stable, and are characterised by an almost complete carpet of 
vegetation (Curtis 1991). They are home to a range of 
invertebrate species (Archer 1994; Everard et al. 2010; 
Howe et al. 2010). Fixed dunes are an Annex I priority 
habitat under the EU Habitat Directive (Commission 1992) 
and thus legally protected. In Ireland, they are the most 
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florally diverse section of the dune system (Curtis 1991), 
which, accompanied by their areas of open ground and 
favourable microclimate (Howe et al. 2010), make them 
important for meeting the demands of pollinating insects in 
terms of both forage and nesting/larval habitat. Some of the 
plant species available in these habitats are important during 
different life stages of pollinating insects (i.e. early-flowering 
species are important in the diet of early-emerging 
pollinators). Female insects often require pollen in order to 
complete the maturation of their ovaries (Branquart & 
Hemptinne 2000a) and for nest provisioning (Cane et al. 
2011; Tepedino & Parker 1982). They also need nectar to 
maintain their metabolism (Crane 1990), especially in sub-
optimal spring temperatures and unpredictable weather 
patterns.  

Although advances have been made into understanding 
the links between the nutritional properties of floral 
resources available to insects and the floral preferences of 
obligate flower visitors, previous research has largely focused 
on the nutritional resources of nectar (Cane et al. 2011; 
Chalcoff et al. 2006; Herrera et al. 2006; Krömer et al. 
2008; Nocentini et al. 2012; Perret et al. 2001; Roubik et 
al. 1995; Sokal & Rohlf 2005; Southwick et al. 1981; 
Wacht et al. 2000). Sucrose-rich nectar has been associated 
with visits by long-tongued insects, e.g. butterflies, whereas 
nectars rich in fructose or glucose have been associated with 
short-tongued bees and flies (Baker & Baker 1883; 1990; 
Baker et al. 2006; Perret et al. 2001). However, pollen is 
arguably the most important nutritional resource required by 
pollinators in spring (Branquart & Hemptinne 2000b). 
Studies suggest that the nutritional value of pollen for bees 
may be defined more accurately by the amino acid 
composition than by protein content (Cook et al. 2003; 
Loper & Cohen 1987; McCaughey 1980) and floral 
selection by honeybees seems to reflect pollen quality (Cook 
et al. 2003). de Groot (1953) determined ten essential 
amino acids for honeybees, and it is assumed that pollen 
containing more of these essential amino acids (EAAs) are of 
greater nutritional value for bees than those containing a 
lower proportion of EAAs (Cook et al. 2003). Roulston and 
Cane (2000) state that most plant species contain the full 
range of EAAs, with tryptophan and phenylalanine being the 
only two EAAs sometimes absent from pollen. EAAs are 
important for the early development of bees (de Groot 1953; 
Hanley et al. 2008; Roulston & Cane 2000) and the absence 
of certain EAAs can be detrimental to larval development 
(Herbert et al. 1970; Roulston & Cane 2002). 

Willow (Salix spp.) has long been recognised as an 
important forage resource for spring pollinators, particularly 
bees (Kearns et al. 1998; Sladen 1912; Sommerville 1992; 
Stelfox 1927). Recently, several studies have highlighted an 
abundance of Salix pollen grains in honey from different 
regions around the globe (Salonen et al. 2009; Wróblewska 
& Stawiarz 2004). Salix is also known to host numerous 
oligolectic solitary bee species (Dötterl et al. 2005). 
European fixed dunes often contain creeping willow (Salix 
repens L., Salicaceae), which, like other Salix species, can 
provide important early season resources for bees and other 
obligate flower visitors (de Jong et al. 2005; Goulson 2010; 
Stelfox 1927), particularly female bees emerging from 

hibernation, when few other resources exist in the landscape 
(de Jong 2011). S. repens is a low growing shrubby plant, 
which is highly variable in growth form (Stace 2010), and 
can become dominant in these habitats. It is dioecious, with 
catkins producing a large quantity of pollen (Fox 1992), and 
appearing before the leaves in April and May (Meikle 1984). 
Both male and female flowers produce nectar and the species 
is pollinated by both wind and insects (Totland & 
Sottocornola 2001), but few studies have examined the 
relationship between S. repens and early-emerging pollinating 
insects (but see de Jong et al. 2005; Füssel 2007; Hornoy et 
al. 2011).  

In this study, we examined the springtime activity of 
obligate flower visitors in fixed dune ecosystems in relation 
to nectar sugar concentration and composition, relative 
abundance (%) of pollen essential amino acids and floral 
abundance of flowering plant species. We also investigated 
the effect of S. repens on the abundance and diversity of 
three obligate flower visiting guilds: solitary bees, 
bumblebees and hoverflies. 

MATERIALS AND METHODS 

Study sites and experimental design  

The study was conducted within the fixed dune habitat, 
EU Habitats Directive Feature 2130 (Commission 1992), 
along the South-eastern coast of Ireland. Eight sites were 
selected, four of which contained populations of S. repens, 
and four paired sites without S. repens (Fig. 1). The majority 
of the sites are candidate Special Areas of Conservation 
(cSACs), with the remaining being proposed Natural 
Heritage Areas (pNHAs). The sites vary substantially in area 
of fixed dune habitat, and management regime (Tab. 1).  

Within each site, floral abundance was recorded in a 50 
× 100 m focal study area. The focal area was selected to 
encompass the most florally rich area of the fixed dune, and 
contained S. repens when present at a site. Floral abundance 
was recorded as the total number of floral units (FU) of each 
plant species in the focal area (Tab. 1), measured in 4m2 
quadrats (N = 13 per site: a row of four equally spaced 
quadrats along both long edges of the focal area, and five in 
the middle of the focal area). Floral units were defined for 
each plant species (Dicks et al. 2002), and consisted of 
either individual flowers or groups of flowers in the case of 
inflorescences (Appendix I, supplementary material). As S. 
repens is dioecious, and it is known that the two sexes of this 
species produce chemically distinct nectar (Füssel 2007), the 
sex of each individual was recorded.  

Rewards  

Nectar was extracted from 20-100 FU of each plant 
species that had >10 individuals in the focal area (10 species 
in total at all sites: Glechoma hederacea, Hyacinthoides non-
scripta, Lotus corniculatus, Pilosella officinarum, 
Ranunculus bulbosus, Salix repens (Female), Salix repens 
(Male), Taraxacum agg., Vicia sativa, Viola lutea, Viola 
riviniana) using 0.5 µl and 1 µl Drummond glass 
microcapillary tubes. For logistical reasons most samples 
were taken from two sites, Brittas, and Raven Point. Nectar  
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FIGURE 1. Distribution of study sites in SE Ireland. Closed 

circles indicate sites where S. repens was present; open circles 
indicate sites where it was not. Site names (North-South) = 
Magherabeg, Brittas, Arklow, Kilpatrick, Courtown, Cahore, Raven 
Point, and Ballyteige Burrows. 

from 30 FU was pooled to create six composite nectar 
samples of ≥5 µl per species for sugar analysis (see 
Appendix II). Pure nectar was diluted 1:1999 with milli-Q 
H2O before sugar analysis.  

Glucose, fructose and sucrose in the diluted extracts were 
directly analysed by liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) (see additional methods and 
supplementary information in Appendix III). 

In order to investigate the relative abundance of EAA in 
pollen of the same 10 plant species, plus B. perennis and U. 
europeaus, pollen was hand-collected from 20-100 
individuals in the same two sites where nectar was collected. 
Pollen was extracted from anthers using forceps or a paint 
brush. A sterilised forceps and separate paintbrush was used 
for each pollen sample. Pollen was pooled per species in 
order to produce a large enough quantity for analysis. Thus 
it was not possible to ascertain the concentrations of EAAs 
in pollen from each individual, and so relative abundance of 
EAA (%) (see Appendix IV) was determined for each 
species from the pooled sample. The relative abundance of 
EAA in plant species tend to be very constant (see table 1 in 
Nocentini et al. 2012). It was subsequently diluted with 
300µl methanol to break down the exine and outer protein 
binding materials of the pollen grains. The resulting product 
was then filtered through a 0.2 µl nano syringe filter to 
ensure purity of amino acid extract.  

Amino acids in the diluted extracts were directly analysed 
by LC-MS/MS. The analysis method was modified from a 
protocol described by (Jander et al. 2004) (see additional 
methods and supplementary information in Appendix V).  

TABLE 1. Location and properties of the eight study sites in Ireland 

Name Status Area (ha) Location  Site details S. repens 
(Y/N) 

Site 
pairs 

Ownership Plant species 
present 

Magherabeg cSAC 7.591 52°55'24''N 
06°01'52''W 

Undergrazed N 1 Private 4,8,9,10 

Brittas Bay cSAC 44.94 52° 88'33''N 
06° 05'00''W 

Highly impacted 
recreationally 

Y 1 Wicklow 
CoCo 

1,7,8,9,10,1
2 

Arklow North pNHA 1.606 52° 48'57''N 
06°07'49''W 

Eroded N 2 Private 1,2,3,8,910,
12 

Kilpatrick cSAC 12.992 52°44'00''N 
06°09'48''W 

Highly impacted 
recreationally 

Y 2 Private 1,7,8,9,12 

Courtown pNHA 0.543 52° 64'50''N 
06°22'90''W 

Invaded heavily N 3 Wexford 
CoCo 

1,8 

Cahore North cSAC 78.303 52°32'45''N 
06°12'57''W 

Grazed Y 3 Private 4,7,8,10,11 

Raven Point cSAC 26.937 52°21'29''N 
06°02'24''W 

Managed 
effectively for 
recreation 

Y 4 NPWS 4,5,7,8,10,1
2 

Ballyteige 
Burrows 

cSAC 238.638 52°11'19''N 
06°36'39''W 

Grazed N 4 NPWS 1,4,6,8,10,1
2 

Legend: cSAC = candidate Special Area of Conservation, pNHA = proposed Natural Heritage Area, CoCo = County Council, NPWS = 
National Parks and Wildlife Service. Plant species present at each site: 1 = Bellis perennis, 2 = Glechoma hederacea, 3 = Hyacinthoides non-scripta, 
4 = Lotus corniculatus, 5 = Pilosella officinarum, 6 = Ranunculus bulbosus, 7 = Salix repens (Female), Salix repens (Male), 8 = Taraxacum agg., 9 
= Ulex europeaus, 10 = Vicia sativa, 11 = Viola lutea, 12 = Viola riviniana 



164 O’ROURKE ET AL. J Poll Ecol 13(17) 

 

Insect observations 

Observations of insect visitation to the flowers of 12 
plant species from which rewards were sampled, were made 
at all sites from early April to early May 2012, encompassing 
the full flowering period of S. repens. Not all sites contained 
all flower species (Tab. 1), so not all species were observed 
at all sites. Both sites in a pair were visited on consecutive 
days, and pairs of sites were visited in temporal succession. 
All plant species observed were in flower throughout April 
and May. Data were only collected when temperatures ≥13 
°C (mean 14.8 °C) and wind speeds were less than Beaufort 
force 3 (mean 2.16). Each plant species was observed for a 
total of 90 min over a two day period (30 min morning Day 
1, 30 min afternoon Day 1, 30 min afternoon Day 2), and 
we selected a new 1 m2 patch for each observation. The 
number of FU in the observation patch were recorded prior 
to recording insect visitation, the number of visitors, visitor 
identity and number of FU visited were also recorded. Only 
insects in three obligate flower visiting guilds, bumblebees 
(BB), solitary bees (SB) and hoverflies (HF) (Appendix VI), 
that touched the flowers’ reproductive organs whilst 
foraging, were recorded. These three guilds were chosen as 
they were the most common flower visitors and were 
sufficiently abundant for statistical analysis. 

Total visits per FU per hour were first calculated on a 
site by site basis for each plant species as: the sum of visits by 
obligate flower at the site, divided by the sum of FU per 
plant species observed over the total 90min period (three 30 
min observation period per plant species pooled per site) 
divided by 1.5. Visits per FU per hour to each plant species 
were calculated for each insect guild separately. Site visitation 
rates were then summed for each plant species per guild, to 
give a total visitation rate per plant species.   

In addition, pan traps were also employed as they allow 
simultaneous sampling of the abundance and richness (i.e. 
number of species) of pollinators at multiple locations, 
laboratory identification of specimens to finer taxonomic 
resolution, and are the most efficient method for sampling 
bees (Westphal et al. 2008). All eight sites were sampled 
twice; once in each of two sampling periods (beginning of 
April, and beginning of May), in 2012. To maximise 
comparability among sites, all sites were sampled during a 48 
hour time-frame in each sampling period. Traps were 
polypropylene plastic bowls painted with white, yellow and 
blue UV paint (LeBuhn et al. 2003). One bowl of each 
colour was attached to a post using a metal clamp and the 
rim of the bowls adjusted to vegetation height. Three posts 
were placed at each site on each sampling day in the most 
flower rich areas within each site. At sites containing S. 
repens, these were within areas that the shrub was growing. 

Statistical analyses  

Differences in concentrations of glucose, fructose and 
sucrose between each plant species were tested using three 
separate one-way ANOVA, carried out using R software 
(version 3.0.1, 2013). Where transformation failed to reduce 
heterogeneity of variance, analyses were carried out on 
untransformed data (Underwood 1997). Tukey’s HSD tests 

(Hsu 1996) were used to determine significant differences 
between group means when an effect was detected.  

Pearson’s product moment correlation coefficients were 
calculated to quantify the relationships between 
concentrations of glucose, fructose and sucrose in nectar in 
plant species. Data were transformed (log10) to meet 
assumptions of normality. 

Correlation analyses were also performed to test 
relationships between insect guild visitation rates (visits per 
FU per hour) and floral rewards (i.e. sugar concentration of 
nectar and relative abundance of EAAs (%) in pollen). 
Transformed data failed to meet assumptions of normality 
and so Spearman’s rank correlation was used. Correlation 
analyses were also carried out in order to test relationships 
between total insect visits (per FU per hour) and total site-
level floral richness of co-flowering plant species, and, 
separately, total insect visits and total site-level FU 
abundance (Spearman’s rank) (R, version 3.0.1, 2013).  

Insect abundance and richness from pan-traps, and plant 
abundance and richness, were compared among sites using 
ANOVA with a randomised complete block design 
(Southwick et al. 1981), where each block represented a pair 
of sites, one with and one without S. repens (henceforth 
“treatment”) (N = 4 per treatment). Prior to analysis, all 
data were tested for heterogeneity of variance, and Log10 
transformations where used.  

RESULTS 

Forage resources 

Mean glucose and fructose concentrations varied 
significantly among plant species; with mean sucrose 
concentrations displaying the highest variability between 
species. S. repens had a higher mean glucose concentration 
than all other species except V. riviniana (Fig. 2A-C). 
Concentrations of fructose in S. repens nectar were similar to 
five of the other plant species, and sucrose lower than four 
species, and S. repens male flowers were similar to G. 
hederacea and female flowers to V. sativa (Fig. 2A-C). The 
concentration of fructose and glucose were highly correlated 
in all plant species (r = 0.72, N = 78, P < 0.05).  

Eighteen out of the total range of 35 (Weiner et al. 
2010) amino acids were found to be present within the 
pollen of the plant species analysed, ten of which are 
classified as essential amino acids (EAA) (de Groot, 1952). 
Bellis perennis and Hyacinthoides non-scripta contained the 
highest proportion of EAA in their pollen (>25%), whereas 
R. bulbosus contained the lowest (<10%) (Fig. 3, Appendix 
IV) and S. repens trended in the middle.  

U. europeaus, S. repens (F), and S. repens (M) were the 
most abundant flowering species in the focal areas (Fig. 3). 
When FU of both sexes of S. repens were added together, 
this species was more abundant than U. europeaus (summed 
mean floral abundance of S. repens = 1829.75 FU per focal 
area). V. sativa had the lowest floral abundance, with the 
remaining plant species being found to have similar 
abundances to each other (Fig. 3).   
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FIGURE 2. Mean (± standard error) (A) glucose, (B) fructose, 
and (C) sucrose concentrations (µg/ml) contained in the nectar of 
each flowering plant species. Letters above bars represent significant 
differences between species (Tukey post hoc pairwise comparison, 
P < 0.05) 

Insect visitation rates 

Visits by bumblebees, solitary bees and hoverflies (per 
FU per hour) to each plant species were relatively low to 
most species, with the exception of visits to Taraxacum agg., 
S. repens (F) and U. europeaus (Fig. 4). Taraxacum agg. 
received the highest number of visits (per FU per hour) from 
bumblebees, solitary bees and hoverflies, followed by female 
S. repens (Fig. 4). Most visits to S. repens were from 
bumblebees; with female flowers receiving more visits than 
the males (Fig. 5). 

There was a significant positive correlation between total 
solitary bee visitation rate and total site-level floral richness 
(r = 0.72, df = 7, P = 0.045) (Fig. 6A). However, there was 
no significant correlation between total site-level floral 

richness and visits by bumblebees (r = 0.49, df = 7, P = 
0.217) or hoverflies (r = 0.58, df = 7, P = 0.130). There 
were also no significant correlations between visits per insect 
guild or total site-level floral abundance (bumblebees: r = 
0.479, df = 7, P = 0.229; solitary bees: r = 0.599, df = 7, P 
= 0.117; hoverflies: r = 0.590, df = 7, P = 0.123).  

There were several significant correlations between insect 
visitation rates and EAAs and sugar content of the different 
plant species (Tab. 2). However, relationships involving 
bumblebee visitation were driven by high visitation rates to 
Salix and Taraxacum only. For solitary bees, there were 
positive relationships between visitation rates and EAAs (Fig. 
6B) and glucose content of nectar, but negative relationships 
between visitation and sucrose content of nectar (Fig. 6C). 
The relationship between solitary bee visitation rates and the 
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glucose content of nectar also appears to be driven by high 
visitation rates to Salix and Taraxacum. There was a notable 
significant negative correlation between sucrose 

concentration and EAA abundance (r = 0.558, df = 7, P < 
0.0001).  

 

 

 

 
FIGURE 3. Relative essential amino acid composition (%) in pollen for the following species: Bellis perennis, Glechoma hederacea, 

Hyacinthoides non-scripta, Lotus corniculatus, Pilosella officinarum, Ranunculus bulbosus, Salix repens (Female), Salix repens (Male), Taraxacum 
agg., Vicia sativa, Viola lutea, Viola riviniana. Legend abbreviations: Val = Valine, Ile = Isoleucine, Leu = Leucine, Thr = Threonine, Phe = 
Phenylalanine, Arg = Arginine, Lys = Lysine, Met = Metionine, His = Histidine, Trp = Tryptophan 

 

 

 
FIGURE 4. Mean floral abundance (log10) ± standard error, measured by number of floral units present on average per 52 m2 focal area in each 

site  

0,00

5,00

10,00

15,00

20,00

25,00

30,00

35,00

B
. 

p
e

re
n

n
is

G
. 

h
e

d
e

ra
ce

a

H
. 

n
o

n
-s

cr
ip

ta

L.
 c

o
rn

ic
u

la
tu

s

P
. 

o
ff

ic
in

a
ru

m

R
. 

b
u

lb
o

su
s

S
. 

re
p

e
n

s 
(M

)

T
a

ra
x
a

cu
m

 a
g

g
.

U
. 

e
u

ro
p

e
a

u
s

V
. 

sa
ti

v
a

V
. 

lu
te

a

V
. 

ri
v
in

ia
n

a

R
e

la
ti

ve
 e

ss
e

n
ti

a
l 
a

m
in

o
 a

ci
d

 

co
m

p
o

si
ti

o
n

 (
%

)

Trp

His

Met

Lys

Arg

Phe

Thr

Leu

Ile

Val

1

10

100

1000

10000

B
. 

p
e

re
n

n
is

G
. 

h
e

d
e

ra
ce

a
e

H
. 

n
o

n
-s

cr
ip

ta

L.
 c

o
rn

ic
u

la
tu

s

P
. 

o
ff

ic
in

a
ru

m

R
. 

b
u

lb
o

su
s

S
. 

re
p

e
n

s 
(F

)

S
. 

re
p

e
n

s 
(M

)

T
a

ra
x
a

cu
m

 a
g

g
.

U
. 

e
u

ro
p

e
a

u
s

V
. 

sa
ti

v
a

V
. 

lu
te

a

V
. 

ri
v
in

ia
n

a

M
e

a
n

 n
u

m
b

e
r 

o
f 

F
U

 (
Lo

g
1

0
) 

p
e

r 

p
la

n
t 

sp
e

ci
e

s



April 2014 SPRING FORAGING IN FIXED DUNES 167 

 

 
FIGURE 5. Total insect visits per FU per hour for each plant species. BB=bumblebees, SB=solitary bees, HF= hoverflies  

Table 2. Relationships between plant reward (sugar concentrations/relative abundance of EAA (%) and visits (per flower per hour) for each 
insect guild 

Visits [Glucose] (µg/ml) [Fructose] (µg/ml) [Sucrose] (µg/ml) EAA (%) 

 coeff P-value coeff P-value coeff P-value coeff P-value 

Bumblebee 0.328 0.007 0.133 0.287 -0.275 0.026 0.571 ≤0.0001 
Solitary bee 0.285 0.020 -0.146 0.242 -0.380 0.002 0.300 0.020 
Hoverfly 0.211 0.089 0.073 0.562 -0.099 0.428 -0.041 0.756 

 

Richness and abundance of insects according to 

presence of S. repens 

In sites where S. repens was present, significantly higher 
abundances of both bumblebees and hoverflies were captured 
in the pan-traps (Tab. 3, Fig. 7A,E). A similar trend was 
observed for solitary bees (Tab. 3, Fig. 7C), but their 
numbers (compounded by our low number of replicate sites) 
were too few to detect differences. Similarly, a non-
significant trend for greater species richness of bumblebees in 
sites where S. repens was present was also detected (Tab. 3). 
Bumblebee abundance was also significantly different among 
pairs of sites (blocks). 

DISCUSSION 

In all plant species sampled, nectar sugar composition 
was dominated by fructose. This could explain why we 
observed short-tongued insects (e.g. short-tongued 
bumblebees, solitary bees which have relatively short tongues, 
and flies, i.e. muscids) as the dominant flower visitors during 
our sampling period, as these insects have been associated  

with fructose-rich nectar in the past (Baker & Baker 1983; 
Baker & Baker 1990; Baker et al. 2006; Perret et al. 2001).  

Although the traditional view is that bumblebees exhibit a 
strong preference for sucrose, this is not well supported in 
the literature. In our study, Taraxacum and Salix (F) nectar 
contained very low levels of sucrose, and yet the highest 
visitation rates were to these two species. A recent study by 
Mommaerts et al. (2013) compared the gustatory responses 
of bumblebees to glucose, fructose and sucrose, and 
concluded bees have a plastic response to sugar, preferring 
glucose and fructose when harnessed, and sucrose when free-
flying, and that responses are modified by experience. As 
bees and other pollinators become familiarised with the 
nectar composition in flowers that are of greatest abundance 
in the environment when they first emerge, this may affect 
their later preferences. In our study, this may explain the 
preference for S. repens: early-emerging bees might use these 
resources and respond plastically by foraging predominantly 
on this plant species because of its massive floral abundance 
(especially in their naïve stages), regardless of its nectar sugar 
composition.  
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FIGURE 6. The relationship between total solitary bee visits per 
flower per hour and (A) total floral richness (r =
(B) total relative abundance of EAA (%) (r = 0.30
(C) mean sucrose concentration (µg/ml) (r = 0.38

Previous studies have shown that nectar composition 
may vary depending on region, locality and between times
flowering period (Herrera et al. 2006), and so it is possible 
that further investigations into spatial and temporal patterns 
of nectar production and visitation may reveal patterns not 
detected here. Coastal sand dunes are extreme environments, 
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The relationship between total solitary bee visits per 

 0.72, P = 0.045), 
(r = 0.30, P = 0.02), and 

0.38, P = 0.002).  

Previous studies have shown that nectar composition 
may vary depending on region, locality and between times of 
flowering period (Herrera et al. 2006), and so it is possible 
that further investigations into spatial and temporal patterns 
of nectar production and visitation may reveal patterns not 
detected here. Coastal sand dunes are extreme environments, 

exposed and relatively dry, and this may have affected floral 
rewards. 

It is notable that EAA composition and abundance 
appears to display phylogenetic constanc
findings by Roulston & Cane 
higher abundances of EAAs th
Ranunculaceae. It is difficult to compare the relative 
abundance of EAAs sampled from the plants within this 
study compared with other similar studies, as the extraction 
methods differ substantially. Few studies appear to use the 
same protocol, making it difficult to draw meaningful 
parallels.  

Although honeybees have shown a distinct preference for 
pollen that is richer in EAAs (Cook et al. 2003), it is unclear 
from the literature whether or not high total abundance of 
EAAs influences obligate flower visitor foraging rates 
(Thomson et al. 2000). We found a significant positive 
relationship between solitary bee visitation rates to plant 
species and total relative abundance of EAAs (%) in the 
pollen of those species. Pollen stimulates egg 
the ovaries (Branquart & Hemptinne 2000b; Yuan et al. 
2007) and is believed to be more important than nectar as a 
food source for solitary bees compared to social bees, as the 
energetic requirements of solitary bees are lower, because 
they do not have to expend energy heating a nest (Heinrich 
1975). Thus solitary bees gather proportionally more pollen 
than nectar compared with bumblebees (Cane et al. 2011). 
In addition, pollen sources gathered by oligolectic solitary 
bee species have been found to contain significantly lower 
concentrations of EAAs than those gathered by polylectic 
species (Weiner et al. 2010). The solitary bee species 
surveyed over the course of this study where predominantly 
polylectic, which may explain the positive relations
found between visitation and % EAAs. However, there is a 
paucity of information on the EAA requirements and 
preferences of solitary bees (Cane et al. 2011; Weiner et al. 
2010) and the majority of other pollinating insects. Further 
research is required in order to gain a greater understanding 
of the nutritional requirements of most pollinating insects. 

Salix repens and U. europeaus
times in spring (Hornoy et al. 2011) and were the most 
abundant flowers in our sites. However, few studies have 
examined the floral visitors associated with 
Jong et al. 2005); most have focused on visitors to other 
species of the Salix genus, and show that bumblebees are the 
most common visitors, particular
2007). Our observations of insect visitors to 
consistent with de Jong et al. 
commonly observed syrphids visiting 
of the genus Eristalis. Although there were no signifi
differences in floral abundance or richness between sites with 
and without S. repens, there was a significantly higher 
abundance of both bumblebees and hoverflies at sites where 
S. repens was present. This concurs with the findings of 
previous studies that showed that 
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and relatively dry, and this may have affected floral 

It is notable that EAA composition and abundance 
appears to display phylogenetic constancy, consistent with 

Roulston & Cane (2000). The Asteraceae have 
higher abundances of EAAs than the Fabaceae and 
Ranunculaceae. It is difficult to compare the relative 
abundance of EAAs sampled from the plants within this 
study compared with other similar studies, as the extraction 
methods differ substantially. Few studies appear to use the 

rotocol, making it difficult to draw meaningful 

Although honeybees have shown a distinct preference for 
pollen that is richer in EAAs (Cook et al. 2003), it is unclear 
from the literature whether or not high total abundance of 

bligate flower visitor foraging rates 
(Thomson et al. 2000). We found a significant positive 
relationship between solitary bee visitation rates to plant 
species and total relative abundance of EAAs (%) in the 
pollen of those species. Pollen stimulates egg maturation of 
the ovaries (Branquart & Hemptinne 2000b; Yuan et al. 
2007) and is believed to be more important than nectar as a 
food source for solitary bees compared to social bees, as the 
energetic requirements of solitary bees are lower, because 

not have to expend energy heating a nest (Heinrich 
1975). Thus solitary bees gather proportionally more pollen 
than nectar compared with bumblebees (Cane et al. 2011). 
In addition, pollen sources gathered by oligolectic solitary 

d to contain significantly lower 
concentrations of EAAs than those gathered by polylectic 
species (Weiner et al. 2010). The solitary bee species 
surveyed over the course of this study where predominantly 
polylectic, which may explain the positive relationship we 
found between visitation and % EAAs. However, there is a 
paucity of information on the EAA requirements and 
preferences of solitary bees (Cane et al. 2011; Weiner et al. 
2010) and the majority of other pollinating insects. Further 

ed in order to gain a greater understanding 
of the nutritional requirements of most pollinating insects.  

U. europeaus both have peak flowering 
times in spring (Hornoy et al. 2011) and were the most 

owers in our sites. However, few studies have 
examined the floral visitors associated with S. repens (de 
Jong et al. 2005); most have focused on visitors to other 

genus, and show that bumblebees are the 
most common visitors, particularly in spring time (Füssel 
2007). Our observations of insect visitors to S. repens are 

de Jong et al. (2005), however, we also 
commonly observed syrphids visiting S. repens, particularly 

. Although there were no significant 
differences in floral abundance or richness between sites with 

, there was a significantly higher 
abundance of both bumblebees and hoverflies at sites where 

was present. This concurs with the findings of 
previous studies that showed that S. repens is a valuable  
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FIGURE 7. (A-H) Mean abundance and richness (± standard error) of each taxonomic group based on treatment (
Pair 1 = Arklow; Kilpatrick, pair 2 = Magherabeg; Brittas pair 3 = Ballyteige; Raven Point, pair 4 = Courtown; Cahore. Empty bars = 
absent, filled bars = S. repens present; richness here means number of species occurring.
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Mean abundance and richness (± standard error) of each taxonomic group based on treatment (
rklow; Kilpatrick, pair 2 = Magherabeg; Brittas pair 3 = Ballyteige; Raven Point, pair 4 = Courtown; Cahore. Empty bars = 

present; richness here means number of species occurring. 
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Mean abundance and richness (± standard error) of each taxonomic group based on treatment (S. repens vs. no S. repens). 

rklow; Kilpatrick, pair 2 = Magherabeg; Brittas pair 3 = Ballyteige; Raven Point, pair 4 = Courtown; Cahore. Empty bars = S.repens 



170 O’ROURKE ET AL. J Poll Ecol 13(17) 

 

TABLE 3.  Results from ANOVA randomised complete block to compare abundance and species richness of insects captured in pan traps 
between treatments (S. repens present vs. S. repens absent), in four replicate blocks (pairs of sites). BB = bumblebees, SB = solitary bees, HF = 
hoverflies, PL = plants, * = P < 0.05. 

 Abundance  Species richness 

 BB  SB HF PL  BB SB HF PL 

Treatment 0.01* 0.09 0.04* 0.29  0.06 0.38 0.13 0.47 
Block 0.01* 0.19 0.08 0.99  0.07 0.56 0.41 0.38 

 
 
forage resource for bumblebees in spring (de Jong et al. 
2005; Füssel 2007). Although we cannot rule out that there 
are third causal factors influencing the abundance of insects 
and presence or absence of S. repens at a site (e.g. site size, 
presence or absence of grazing, degree of disturbance due to 
recreational use), these findings do suggest that the presence 
of S. repens can be beneficial for not only bumblebees, but 
also other pollinating insects, including hoverflies. This may 
have a beneficial knock-on effect to the pollination of 
flowering plants later in the season, after Salix has finished 
flowering. 

Taraxacum agg. was also an abundant flowering plant at 
our study sites and has been suggested as an important food 
source in spring when the flowering period of Salix has come 
to an end (Alanen 2009; Fussell & Corbet 1992; Teräs 
1985). Our findings concur with these previous studies: 
Taraxacum agg. provides forage for a range of obligate 
flower visitors. 

We also found a significant relationship between floral 
richness at a site and solitary bee visitation rates, which is 
consistent with other studies (Ebeling et al. 2008; 
Holzschuh et al. 2007; Klein et al. 2003; Tscharntke et al. 
1998). In addition, the total number of solitary bee visits 
increased linearly with increasing floral richness. This is in 
agreement with findings by Ebeling et al. (2008), but 
contrasts Ebeling et al. (2012), where increasing floral cover 
was the only factor which increased the visitation rate of 
both solitary bees and hoverflies. 

In conclusion, flower-visiting insects, foraging in fixed 
dunes early in the season, are influenced by the nectar and 
pollen composition of plant species, as well as their relative 
abundance. Our research has highlighted some of the 
complexities associated with reward choice by pollinating 
insects. Future research should address the chemistry of 
nectar (including nectar sugar concentrations, nectar protein 
content, trace elements in nectar, nectar temperature and 
viscosity, microbial content of nectar, secondary plant 
compounds in nectar, nectar quantity and secretion rate) and 
pollen (including pollen protein concentrations, pollen 
protein sugars and trace elements, pollen fatty acids, 
digestibility of various pollen grains, and quantity of pollen), 
as well as flower structure (shape, colour including UV-
reward guides, and micro-topography), in relation to insect 
preferences through the season. Laboratory-based research is 
important and often necessary, yet must be combined with 
field experiments, as ecological context (relative abundance, 
co-flowering species, local and landscape factors) can 
influence choice. 
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APPENDIX I.  Floral unit description  

APPENDIX II. Sugar concentration of plants 

APPENDIX III.  Protocol for nectar sugar analysis 

APPENDIX IV.  Amino acids in pollen 

APPENDIX V. Protocol for pollen amino acid analysis 

APPENDIX VI.  Insect species list 
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