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Abstract 
Context  The reduction in the abundance and 
diversity of flowering plant species, mainly due to 
landscape alteration and consequent habitat loss, 
negatively affects honey bee populations and is the 
main driver of their decline. To safeguard pollination 
service and food security, we need to know how 
landscape characteristics affect the availability of 
pollen sources and consequently colony performance 
across seasons.

Objectives  We therefore here explore how 
seasonality, percentage of semi-natural habitat cover 
and compositional landscape heterogeneity affect the 
abundance, richness, diversity and composition of 
pollen collected by honey bees and the development 
of their colonies in a Mediterranean area where agro-
sylvo-pastoral systems are widely spread.
Methods  For the purpose of our study, pollen 
samples were collected over a year from colonies of 
Apis mellifera placed in four sampling sites selected 
across a gradient of landscape heterogeneity and 
where semi-natural habitats were predominant at 
various levels within an agro-sylvo-pastoral zone. 
Simultaneously, the extension of the sealed brood of 
the same colonies was periodically evaluated.
Results  We found that the amount of pollen 
collected by honey bees was positively correlated 
with the percentage of semi-natural habitat cover 
and that increasing habitat diversity at the landscape 
level had a significant positive effect on the richness 
and diversity of pollen collected by honey bees. In 
addition, season significantly affected the amount, 
diversity and composition of pollen collected by 
honey bees. Furthermore, bee colony growth was 
positively correlated with richness, diversity and 
amount of pollen collected by honey bees.
Conclusion  Our study highlights the importance 
of an abundant and diverse pollen diet for honey bee 
colony development, which in agro-sylvo-pastoral 
systems seems to be ensured by a heterogeneous 
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landscape dominated by different types of semi-
natural habitats.

Keywords  Agroforestry · Brood cell number · 
Honey bees · Land-use · Pollen diversity

Introduction

Pollen provides honey bees (Apis mellifera) with 
proteins, lipids (including essential fatty acids and 
sterols), vitamins, phenolic compounds, flavonoids 
and other essential micronutrients (Haydak 1970; 
Campos et  al. 2008). Pollen protein concentration is 
positively correlated with ovarian development and 
egg laying (Human et  al. 2007), whereas lipids are 
used for energy and as a structural component of cell 
membranes (Brodschneider and Crailsheim 2010; 
Avni et al. 2014). Sterols, obtained exclusively from 
pollen, are precursors of moulting hormones and, 
therefore, essential for larval development (Vaudo 
et  al. 2015). Pollen also promotes the production of 
wax, which is used to make honeycombs, and royal 
jelly, which is the food of worker and drone larvae 
until the third day of life and of queens for their entire 
life (Hepburn 1986; Brodschneider and Crailsheim 
2010). Pollen feeding also modifies both individual 
and social immunocompentence, based on haemocyte 
concentration, fat body content, and phenoloxidase 
and glucose oxidase activity (Alaux et  al. 2010). In 
addition, by activating nutrient-sensing and metabolic 
pathways, pollen positively influences the expression 
of genes involved in the production of some 
antimicrobial peptides and affects longevity (Alaux 
et  al. 2011). Furthermore, the access of bees to a 
polyfloral pollen diet can mitigate the negative impact 
of pesticides (Schmehl et  al. 2014) and the fitness 
consequences of parasites and pathogens, such as the 
mite Varroa destructor (Annoscia et al. 2017) and the 
microsporidian Nosema ceranae (Di Pasquale et  al. 
2013). Therefore, the development, productivity, and 
health of honey bee colonies are strictly dependent on 
the availability of different pollen sources over time.

The reduction in the abundance and diversity of 
flowering plant species, mainly due to landscape 
alteration and consequent habitat loss, negatively 
affects bee populations due to nutrient deficiencies 
and is the main driver of their decline (Naug 2009; 
Pott et  al. 2010; Ollerton et al. 2014; Goulson et al. 

2015; Millard et  al. 2021). In general, intensive 
agricultural practices do not ensure good health 
conditions for honey bees, as they can offer limited 
pollen sources concentrated in short periods of time 
(Naug 2009; Pott et  al. 2010; Ollerton et  al. 2014; 
Goulson et al. 2015; Millard et al. 2021). Therefore, 
understanding how the abundance and diversity of 
pollen sources affect honey bee physiology, health 
and development can help identify stressful or 
bee-friendly landscapes and point to appropriate 
management practices to improve pollinator 
conservation (Alaux et al. 2017). Yet little is known 
about the effects of landscape heterogeneity on the 
composition of pollen collected by honey bees. 
Requier et  al. (2015) found that habitat composition 
in intensive agricultural landscapes influences the 
pollen diet of honey bees. In their study, honey 
bees collected pollen mainly from tree species and 
weeds and not from crops. On the contrary, in an 
agricultural area near Wurzburg (Germany), Danner 
et  al. (2017) found that the amount and diversity of 
pollen collected by honey bees were not influenced by 
landscape diversity, because honey bees compensated 
for the low landscape diversity by increasing foraging 
distance. In another agricultural area in Germany, 
characterised by strawberries and oilseed rape crops 
surrounded by a patchy landscape of arable land, 
semi-natural habitats, forests and urban areas, Bänsch 
et  al. (2020) documented that honey bees collected 
pollen mainly from oilseed rape and semi-natural 
habitats. In a mountainous cultivated area of northern 
Italy, Malagnini et al. (2022) found that season drove 
the diversity of pollen collected by honey bees, and 
landscape composition affected pollen diversity in late 
summer, when pollen collection is essential for the 
overwintering of honey bee colonies. The contrasting 
findings obtained in these studies were probably due 
to not only the specific landscape contexts (Catford 
et  al. 2022) in which the observations were made, 
but also the application of different experimental 
protocols, especially the duration of the monitoring 
period, the frequency of pollen sample collection, 
and the size of the study area. Given the importance 
of such studies to understand the effects of land use 
management on pollinator insect decline, further 
observations are needed in habitats different from 
those investigated so far.

Our study aimed to explore how seasonality, the 
percentage of semi-natural habitat and compositional 
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landscape heterogeneity (i.e., diversity of habitat 
types) affect pollen collection and the development of 
honey bee colonies in an area in northwest Sardinia 
(Italy), where land-use systems are characterised 
mainly by a heterogeneous mosaic of semi-natural 
habitats, such as forests, shrublands, and rangelands 
with sparse trees (dehesas) intermixed with small tree 
plantations, olive grooves and vineyards, and large 
extensive forage crops. These composite and patchy 
landscapes, known as agro-sylvo-pastoral systems (or 
agroforestry), are common in the Mediterranean area 
and their features can differ significantly, depending 
on the degree of diversification and integration of 
agricultural practices (Pardini and Nori 2011). In 
general, these land-use systems are more stable and 
show a higher species richness compared to intensive 
agricultural areas, due to higher resource diversity and 
connectivity that likely promote the survival of honey 
bees and, more generally, pollinating insects (Sjödin 
et  al. 2008; Bagella et  al. 2013; Floris et  al. 2016). 
Within this agro-sylvo-pastoral context, we selected 
four 2-km radius sampling areas along a gradient of 
landscape heterogeneity and semi-natural habitat 
cover, which is reported to offer a greater diversity 
of floral resources (Odoux et al. 2012; Wratten et al. 
2012; Requier et  al. 2015). At each sample site, we 
placed a honey bee apiary to address the following 
questions: (1) Does seasonality, percentage of semi-
natural habitat cover and landscape diversity affect 
the amount, richness, diversity, and composition of 
the pollen collected by honey bees? and (2) Because 
pollen collection can affect the development of bee 
colonies (Keller 2005a), do landscape diversity 
and percentage of semi-natural habitat cover 
impact colony development? We hypothesized that 
seasonality, landscape diversity and semi-natural 
habitat cover affect pollen diversity and, therefore, 
also honey bee colony development.

Methods

Study area, sampling sites, semi‑natural habitat cover 
and landscape diversity

The study was carried out in Logudoro, a region in 
northwest Sardinia (Italy) that covers approximately 
708 km2 where agro-sylvo-pastoral land-use systems 
are very common. Within this area, dominated by 

hills of volcanic origin, limestone areas, wide flat 
land and oak forests that interrupt large rangelands, 
we selected four sampling sites located in four 
municipalities (Codrongianos, Florinas, Ittiri and 
Villanova Monteleone, hereinafter referred to as 
Villanova) characterised by an area with similar type 
of management (extensive sheep or cattle breeding) 
but by a different overall landscape heterogeneity. 
The longest distance between the sampling sites was 
approximately 25 km (Codrongianos–Villanova), and, 
to ensure spatial independence, the shortest distance 
was 5 km (Codrongianos–Florinas).

In each sampling site, we placed in a private 
land a small apiary consisting of four honey bee 
colonies that represented our sampling unit for the 
pollen analysis. For each sampling site, we estimated 
the total and percent cover of habitat types within 
a 2-km radius around each apiary. This distance 
was considered large enough because in complex 
ecosystems, with habitat types composed of annual 
and/or perennial plant species, honey bee activity is 
typically concentrated within 1–2 km from the apiary 
(Steffan-Dewenter and Kuhn 2003). The coordinates 
of the apiaries and the average altitude of the surveyed 
areas are reported in the supplementary Table  S1. 
For the evaluation of landscape heterogeneity, we 
used photointerpretation (a polygon vector layer was 
created by digitizing every type of habitat and land-
use) on Google Satellite imagery using QGIS (2023) 
by applying the same legend as in Carta della Natura 
della Sardegna (Map of Nature of Sardinia) (Camarda 
et al. 2015). The Google Satellite imagery was cross-
checked with the imagery available on the Sardinian 
Regional cartographic portal (https://​www.​sarde​
gnage​oport​ale.​it/), as the availability of multitemporal 
imagery from different platforms and sensors can 
provide a more reliable photointerpretation.

Overall, a total number of 26 habitats and land-
use types were identified and mapped at the four 
sampling sites, with a total of 16 semi-natural 
habitat types and 10 habitat types with a relevant 
level of anthropisation and often rich in introduced 
and cultivated plant species (Fig. S1 and Table S2). 
For the purposes of our study, semi-natural habitats 
were defined as any habitat within or outside 
crops containing a community of non-crop plant 
species (Holland et  al. 2017). Codrongianos was 
dominated by arable land and herbaceous crops 
(Mediterranean subnitrophilous grass communities 

https://www.sardegnageoportale.it/
https://www.sardegnageoportale.it/
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and arable land with unmixed crops grown by low-
intensity agricultural methods), with semi-natural 
habitats covering only 24% of the total area of the 
sampling site, whereas Villanova was dominated by 
semi-natural habitats (such as maquis, Tyrrhenian 
Quercus suber forests and Dehesa), covering 
approximately 95% of the total area. Florinas and 
Ittiri presented a more intermediate percentage, 
with 79% and 81% of semi-natural habitats (such 
as Oleo-lentisc brush and matorral, Mediterranean 
xeric grasslands and Dehesa), respectively 
(Table S2).

To quantify compositional landscape 
heterogeneity, the Shannon habitat diversity index 
(SHDI) was calculated for each location using the 
26 habitat types detected (Nagendra 2002). SHDI 
was calculated according to the following formula:

where m is the number of habitat types at each 
sampling site and pi is the proportion of each habitat 
type of all habitat types within each sampling site. 
The SHDI assesses the heterogeneity of the territory 
by considering the richness and evenness of each 
habitat type. A higher value of SHDI indicates greater 
compositional landscape heterogeneity. The Shannon 
index was calculated using the R package ‘vegan’ 
(Oksanen et al. 2022).

Apiary management

At each sampling site, a small apiary, composed of 
four colonies prepared with Apis mellifera queens 
with a homogeneous genetic profile (sisters), 
was established 5 months before the beginning 
of sampling (September 2020). The colonies 
were maintained in new Dadan-Blatt hives of 
different colours to reduce drifting. During the 
experiment, each colony was monitored every 10 
days to assess the presence of the queen, brood, 
and food provisions. In addition, the total sealed 
brood extension was estimated by using one-sixth 
of a Dadant-Blatt frame (1880 mm2) as a unit 
of measure, and the number of capped cells was 
estimated by multiplying the number of sixth of 
sealed brood by 780 (Marchetti 1985).

SHDI = −

m
∑

i=1

pilogpi

Pollen collection

Each honey bee colony was equipped with a pollen 
trap placed at the entrance of the hive (Keller 
2005b). The pollen traps were activated 48 h before 
the sampling date to collect enough pollen and a 
more representative pollen sample (from a variety 
of floral sources). Pollen was collected passively 
when foragers passed through the 5  mm diameter 
holes of the trap, causing the pollen load to fall from 
their corbicula into a storage drawer below. Samples 
were collected at each site from February 2021 to 
October 2021. In February, July, August, September 
and October, two samples were taken in each month 
(first and last decade of the month), whereas in 
March, April, May and June, three samples were 
taken per month (first, third and last decade of the 
month). If the check carried out on the honey bee 
colony revealed that the queen was missing or that a 
swarming was in progress or had just occurred, that 
pollen sample was not considered in our analyses. In 
total, we collected 85 samples in Codrongianos and 
Villanova, 84 samples in Florinas and 81 samples in 
Ittiri. All collected samples were weighted and stored 
at -20 °C until the pollen analysis was performed.

Pollen analysis

From each pollen sample, we weighted 5 g of pollen 
which were then dissolved in 15 ml of distilled water 
and vortexed for 5 min. An aliquot of 0.5 ml of the 
obtained suspension was resuspended in 7.5  ml of 
distilled water and vortexed again. Two drops of 
this final suspension were evenly distributed on a 
2-cm2 surface of a microscope slide using a Pasteur 
pipette. Once the suspension of water and pollen 
had dried, we placed a drop of glycerine jelly on 
the coverslip that covered the sediment. For each 
pollen sample, we made three microscope slides 
which were observed under an optical microscope 
(Kyowa, Biolux 12). A minimum of 700 pollen grains 
were counted for each microscope slide, but, when 
necessary, many more pollen grains were counted 
(up to 1200 grains). Pollen grains were identified 
at the lowest possible taxonomic level following 
the methodological standard proposed by the 
International Commission of Bee Botany (Louveaux 
et  al. 1978; Ricciardelli D’albore 1998; Von der 
Ohe et al. 2004), the palynological database (PalDat 
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1997; PollenAtlas  2022; Pollen-Wiki  2022), and 
the reference collection available at the Palynology 
Laboratory in the Department of Agricultural 
Sciences of the University of Sassari (Italy). Because 
identification of pollen is not always possible at the 
species level, terms like ‘pollen type’, ‘pollen group’ 
or ‘pollen form’ are used instead. These terms refer to 
the type or types of pollen characteristic of a species 
(e.g., Trifolium repens) which, in turn, has pollen 
grains similar to those of other species of the same 
genus or a group of similar genera (Persano Oddo 
and Ricciardelli D’Albore 1989). Similarly, to what 
we did for landscape diversity, the Shannon pollen 
diversity index (SPDI) was estimated for each pollen 
sample as follows:

where m is the number of pollen types in each sample 
and pi is the proportion of each pollen type out of 
all pollen types within each sample (Lau et al. 2019; 
Malagnini et al. 2022). Higher values of SPDI reflect 
higher taxonomic diversity in the pollen sample. 
We used this index, in addition to pollen richness 
(number of pollen taxa), to compare taxonomic 
diversity at temporal and site levels. Shannon index 
was calculated using the R package ‘vegan’ (Oksanen 
et al. 2022).

Statistical analysis

To investigate the effects of seasonality, percentage of 
semi-natural habitat cover and habitat diversity on the 
amount of pollen collected by bees, we used a linear 
mixed model (LMM). The monthly average of pollen 
collected per hive was used as a response variable. 
Month, percentage of semi-natural habitat cover, and 
habitat diversity were used as fixed factors and colony 
nested within locality was used as a random factor. 
In a separate LMM, we replaced semi-natural habitat 
cover and habitat diversity with sampling site. Further 
Tukey’s HSD post hoc tests were performed using the 
R package ‘multcomp’ (Hothorn et al. 2008) adjusted 
for multiple comparisons by using the Tukey post-
hoc test with false discovery rate (FDR) correction to 
compare differences in the amount of pollen collected 
between sampling months and localities.

SPDI = −

m
∑

i=1

pilogpi

To investigate the effects of seasonality, percentage 
of semi-natural habitat cover and habitat diversity 
(SHDI) on pollen richness and pollen diversity 
(SPDI), we used a generalized linear mixed model 
(GLMM) with a negative binomial error structure and 
a LMM, respectively. Month of sampling, percentage 
of semi-natural habitat cover, and habitat diversity 
were used as fixed factors and colony nested within 
locality was used as a random factor. For the model 
of pollen richness, the amount of pollen collected 
by bees was included as an additional predictor to 
control for sampling effects. Further Tukey’s HSD 
post hoc tests were performed using the R package 
‘multcomp’ (Hothorn et  al. 2008) adjusted for 
multiple comparisons using the false discovery rate 
(FDR) to compare differences in pollen diversity 
between the sampling months.

To test for the effect of seasonality, percentage of 
semi-natural habitat cover, and habitat diversity on 
pollen composition, we performed a permutational 
multivariate analysis of variance using the adonis 
function, with 1000 permutations, as implemented in 
the R package ‘vegan’ (Oksanen et  al. 2022). In the 
adonis permutational multivariate analysis, the Bray-
Curtis distance matrix of pollen species composition 
was the response variable, with habitat diversity and 
month as fixed factors. The strata (block) argument 
was set to locality so that randomizations were 
constrained to occur within locality and not across 
all sample sites. In a separate adonis model, we 
replaced percentage of semi-natural habitat cover 
and habitat diversity with sampling site without 
the use of a strata (block) argument. We used non-
metric multidimensional scaling (NMDS) within the 
package ‘vegan’ to visualize the variation in pollen 
composition.

To investigate the effects of seasonality, percentage 
of semi-natural habitat cover, habitat diversity, 
pollen diversity, richness and abundance and pollen 
species composition on the number of sealed brood 
cells, we used a GLMM with a negative binomial 
error structure. Month, percentage of semi-natural 
habitat cover, habitat diversity, pollen diversity, 
pollen richness, pollen abundance, and pollen species 
composition were used as fixed factors and colony 
was used as a random effect factor nested within 
locality. We used non-metric multidimensional 
scaling (NMDS) and the first axis scores (Axis 
1:0.281) to represent the pollen species community 
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composition. We used the Sobel method to test for 
significant indirect effects of landscape heterogeneity 
on the number of sealed brood cells (Sobel 1982).

All statistical analyses were performed using the 
statistical software R 4.2.2 (R Core Team 2021). 
All mixed model analyses were performed using the 
package ‘lme4’ (Bates et al. 2015). We checked each 
model for multicollinearity using variance inflation 
factors with a cut-off value of 3 (Zuur et  al. 2009). 
All model (GLMM and LMM) assumptions were 
checked visually using the R package ‘DHARMa’ 
(Hartig 2022). The model assumptions were satisfied 
(residuals normally distributed, homogeneity of 
variance, and no outliers).

Results

Semi‑natural habitat cover and habitat diversity

The highest value of semi-natural habitat cover (95%) 
was observed at the Villanova sampling site followed 
by Ittiri (81.6%) and Florinas (79.8%). The lowest 
value of semi-natural cover (24%) was observed 
in Codrongianos. Regarding the Shannon habitat 
diversity index, the highest values, i.e., 1.936 and 
1.906, were observed at the sampling sites of Florinas 

and Ittiri, respectively. The lowest value (1.523) was 
observed in Codrongianos, whereas an intermediate 
value (1.690) was found in Villanova (Table S1).

Amount of pollen samples

The weight of the pollen samples ranged from 0.9 
to 493.2 g per day throughout the study period. The 
amount of pollen collected by bees was positively 
related to the percentage of semi-natural habitat 
cover (LMM; χ2 = 7.234, df = 1, P = 0.007; Fig. 1a). 
Consequently, we observed statistically significant 
differences in the amount of pollen collected across 
study areas (LMM; χ2 = 7.584, df = 3, P = 0.05). We 
found significantly higher amounts of pollen collected 
by honey bees in Villanova compared to the other 
three localities in February (LMM; Tukey post-
hoc test with false discovery rate (FDR) correction, 
P ≤ 0.001; Fig. S2 and March (LMM; FDR correction, 
P ≤ 0.001; Fig. S2). The amount of pollen collected in 
Florinas was significantly higher than the amount of 
pollen collected in Codrongianos in February (LMM; 
Tukey post-hoc test with FDR correction, z = 3.119, 
P = 0.010), and higher than that observed in Ittiri and 
Codrongianos in April (LMM; Tukey post-hoc test 
with FDR correction, P ≤ 0.05; Fig. S2). Finally, the 
amount of pollen collected in Ittiri was higher than 

Fig. 1   a Relationship between semi-natural habitat cover (%) 
and amount of pollen (g) collected by a honey bee colony. The 
plotted line shows the predicted relationship and the shaded 
area indicates the 95% confidence intervals: ** P ≤ 0.01. 

b  Amount of pollen collected per month by a honey bee 
colony (g; mean ± 95% CI). Different lowercase letters indicate 
significant differences between months (LMM; Tukey post-hoc 
test with false discovery rate (FDR) correction; P ≤ 0.05)
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in Codrongianos in February (LMM; Tukey post-
hoc test with FDR correction, z = 2.809, P = 0.026; 
Fig. S2). In contrast, habitat diversity did not affect 
the amount of pollen collected by honey bees (LMM; 
χ2 = 2.507, df = 1, P = 0.113; Fig. S3). Furthermore, 
we observed a significant seasonal variation in the 
amount of pollen collected by honey bees (LMM; 
χ2 = 251.836., df = 8, P < 0.001; Fig.  1b), with the 
highest values observed in March (100.49 ± 65.25 
SD; Fig. 1b) and the lowest in August (1.625 ± 4.140 
SD; Fig. 1b).

Richness and diversity of pollen samples

We analyzed a total of 335 pollen samples in which 
168 different pollen taxa (pollen richness) were 
identified. In the Table  S3, all pollen taxa with 
their monthly relative abundance (%) for each study 
area are listed. The number of pollen taxa ranged 
from 113 (Codrongianos) to 131 (Florinas) and 
was strongly and positively correlated with habitat 
diversity (GLMM; χ2 = 3.636, df = 1, P = 0.05; 
Fig.  2a). Percentage of semi-natural habitat cover 
did not affect pollen richness (GLMM; χ2 = 0.379, 
df = 1, P = 0.537; Fig. S4). Season had a strong effect 
on pollen species richness (GLMM; χ2 = 376.066, 

df = 8, P < 0.001; Fig.  2b), with significantly higher 
pollen species richness in February, March, April, 
and May compared to June, July, August, September 
and October (GLMM; Tukey post-hoc test with false 
discovery rate (FDR) correction; P ≤ 0.05; Fig.  2b). 
No relationship was found between the amount of 
pollen collected and pollen species richness (GLMM; 
χ2 = 1.007, df = 1, P = 0.315; Fig. S5).

Similarly, pollen diversity was positively related to 
habitat diversity (LMM; χ2 = 3.509, df = 1, P = 0.061; 
Fig.  3a), although it was marginally statistically 
significant. Percentage of semi-natural habitat cover 
did not affect pollen diversity (GLMM; χ2 = 0.190, 
df = 1, P = 0.662; Fig. S6). Pollen diversity varied 
significantly across the season (LMM; χ2 = 205.810, 
df = 8, P < 0.001; Fig.  3b) with significantly higher 
pollen diversity in February, March, April, May 
and August compared to June, July, September 
and October (LMM; Tukey post-hoc test with false 
discovery rate (FDR) correction; P ≤ 0.05; Fig. 3b).

Species composition of pollen samples

Pollen species composition differed significantly 
between months (adonis; F = 35.52, P < 0.01, 
R2 = 0.503; Fig.  4a) but was not affected by the 

Fig. 2   a  Relationship between habitat diversity (Shannon 
habitat diversity index) and pollen species richness. The 
plotted line shows the predicted relationship and the shaded 
area indicates the 95% confidence intervals: * P ≤ 0.05. 

b  Pollen species richness (mean ± 95% CI) per month. 
Different lowercase letters indicate significant differences 
between months (LMM; Tukey post-hoc test with false 
discovery rate (FDR) correction; P ≤ 0.05)
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percentage of semi-natural habitat cover, habitat 
diversity or sampling site (adonis; F = 2.246, 
P > 0.05, R2 = 0.008; F = 1.934, P > 0.05, R2 = 0.007; 
F = 3.387, P > 0.05, R2 = 0.036, respectively; Fig. 4b). 
Indeed, considering only the most abundant pollen 
taxa in each location (Fig. 5), it can be observed that 

the main pollen sources were very similar in in all 
4 localities. Overall, 47 pollen taxa dominated our 
pollen samples (Fig.  5). In February, pollen from 
Rhamnus alaternus (a dioecious Mediterranean shrub 
or treelet, which is commonly present in habitat 
types such as Oleo-lentisc brush and Maquis, was 

Fig. 3   a Relationship between Shannon habitat diversity index 
and Shannon pollen diversity index. The plotted line shows the 
predicted relationship and the shaded area indicates the 95% 
confidence interval. b  Pollen Shannon diversity (mean ± 95% 

CI) per month. Different lowercase letters indicate significant 
differences between months (LMM; Tukey post-hoc test with 
false discovery rate (FDR) correction; P ≤ 0.05)

Fig. 4   a  Non-metric multidimensional scaling (NMDS) 
ordination of pollen taxa composition across the season. 
b  Non-metric multidimensional scaling (NMDS) ordination 

of pollen taxa composition across the four sampling sites 
(habitat diversity). Stress levels are reported in the top left of 
the figures
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the most abundant in all four localities. In March, 
the composition of the pollen sample was highly 
variable in all four localities, with the most abundant 
pollen being from Rhamnus alaternus, Pyrus spinosa, 
Prunus avium, Salix and Diplotaxis. In April and 
May, the most represented pollen were from Echium 
and some spontaneous fodder legumes, such as 
Trifolium campestre and Lotus corniculatus. In June, 
the most important sources of pollen were Rubus 
ulmifolius and Trifolium pratense, the latter only in 
Codrongianos, followed by Eucalyptus camaldulensis 
in Florinas and Ittiri and Castanea sativa in 
Villanova. In July, the most important pollen sources 
were Eucalyptus camaldulensis, Rubus ulmifolius 
and Asparagus acutifolius. The records of Asparagus 
acutifolius pollen lasted until September. In August, 
in addition to pollen from Asparagus acutifolius, 
other dominant pollen were from Chenopodium, 
Lactuca, Fallopia convolvulus, Verbascum and 
Thymelaea hirsuta. In September, besides Asparagus 
acutifolius pollen, we recorded a relevant presence 
of Hedera helix pollen, which became the dominant 
pollen in all four sampling sites in October, when 
a secondary presence of Solidago virgaurea (an 
ornamental non-native species), Diplotaxis and 
Quercus suber was found also in Codrongianos, 
Florinas and Ittiri, respectively.

Colony development

The mean number of sealed brood cells in the four 
sampling sites during the experiment is reported 
in Fig.  6. The number of sealed brood cells was 
positively associated with pollen diversity (GLMM; 
χ2 = 33.659, df = 1, P < 0.001; Fig.  7a) with the 
amount of pollen collected by honey bees (GLMM; 
χ2 = 18.309, df = 1, P < 0.001; Fig.  7b) and with the 
percentage of semi-natural habitat cover (GLMM; 
χ2 = 3.985, df = 1, P = 0.045; Fig. 8). Accordingly, we 
found that sampling site (GLMM; χ2 = 18.467, df = 3, 
P < 0.001; Fig. 6) and season (GLMM; χ2 = 106.194, 
df = 8, P < 0.001; Fig.  6) significantly affected the 
number of sealed worker brood cells. Considering 
sampling sites, we found significantly higher amounts 
of sealed brood in Villanova and Florinas compared 
to the other two localities in April (GLMM; Tukey 
post-hoc test with FDR correction; P ≤ 0.01; Fig.  6) 
and May (GLMM; Tukey post-hoc test with FDR 
correction; P ≤ 0.01; Fig.  6). Significantly higher 
amounts of sealed brood were found in Villanova 
compared to Codrongianos in June (GLMM; Tukey 
post-hoc test with FDR correction; P ≤ 0.01; Fig. 6).

Due to multicollinearity with pollen Shannon 
diversity, pollen species richness was not included 
in the model used above. A separate model with 

Fig. 5   Summary of the relative abundance of pollen taxa identified in pollen samples. For plotting purposes, we set the relative 
abundance threshold to 80%. Sites are sorted from low to high habitat diversity (left to right)
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pollen species richness revealed a positive influence 
of pollen richness on the number of sealed worker 
brood cells (GLMM; χ2 = 8.001, df = 1, P = 0.004; 
Fig. S7). Habitat diversity and pollen composition 
were not associated with the amount of worker sealed 
brood cells (GLMM; P > 0.05). We found an indirect 
positive effect of habitat diversity on the number of 
sealed brood cells mediated by its impact on pollen 
Shannon diversity (Sobel’s test; 2.109, P = 0.034) 
and pollen species richness (Sobel’s test; 2.049, 
P = 0.040).

Discussion

In this study, we conducted a one-year survey (from 
February to October) of pollen collected by honey 

Fig. 6   Number of sealed 
brood cells (mean ± SE) in 
the four study areas during 
the experiment

Fig. 7   Relationships between a pollen diversity and b amount of pollen and number of sealed brood cells. The plotted lines show the 
predicted relationships and the shaded areas indicate the 95% confidence intervals: ***P ≤ 0.001; **P ≤ 0.01

Fig. 8   Relationship between semi-natural habitat cover (%) 
and number of sealed brood cells. The plotted line shows the 
predicted relationship and the shaded areas indicate the 95% 
confidence intervals: *P ≤ 0.05



Landsc Ecol (2024) 39:26	

1 3

Page 11 of 15  26

Vol.: (0123456789)

bees in a Mediterranean agro-sylvo-pastoral area of 
north-western Sardinia (Italy), to assess the effects of 
seasonality, percentage of semi-natural habitat cover 
and compositional landscape heterogeneity (habitat 
diversity) on the amount, richness and diversity of 
pollen collected by honey bee colonies and on honey 
bee colony development.

For the analysis of pollen samples, we used 
standard melissopalinological techniques instead of 
molecular approaches based on DNA metabarcoding 
due to the difficulties of the latter in pollen 
quantification (Lamb et  al. 2019; Piñol et  al. 2019; 
Baksay et  al. 2020). As expected, we found strong 
seasonal patterns in the amount of pollen collected by 
honey bees, with the highest amount observed during 
late winter and early spring (especially March). This 
seasonal difference reflects the development needs of 
colonies, with an increased protein demand for brood 
rearing beginning in late winter (Mattila and Otis 
2006) and to a lesser extent in late summer according 
to the typical bistagional pattern of bee colony 
development in the Mediterranean environment 
(Ruttner 1986; Floris et  al. 2016). Furthermore, it 
also reflects the increased availability of pollen due 
to the concomitant flowering of many plant species. 
Indeed, as in the case of Rhamnus alaternus (Guitián 
1995), most Mediterranean plant species have a 
single-peaked flowering period in late winter and 
early spring (Bosch et al. 1997).

The observed differences in the amount of pollen 
collected among the four sampling sites were 
positively correlated with the percentage of semi-
natural habitat cover but not with habitat diversity. 
These results appear to be consistent with the 
foraging strategy of honey bees, which involves the 
recognition of food sources in a large area around 
the nest, followed by the selection of a few flower 
species to forage on, according to criteria such as 
their abundance and nutritional value (Visscher and 
Seeley 1982; Winston 1991; Hendriksma and Shafir 
2016). In fact, our pollen analysis revealed that pollen 
harvests were derived mainly from only one or few 
floral sources, such Rhamnus alaternus in February, 
Lotus corniculatus or Trifolium campestre in April 
and Echium sp. (very likely Echium plantagineum) 
in May. All these plant species are very common 
in semi-natural habitats such as Mediterranean 
evergreen shrubland, wild-olive-lentisc evergreen 
shrubland, western garrigues and Dehesa (rangelands 

with sparse oak trees). Importantly, Codrongianus 
had the lowest percentage of semi-natural habitats 
(24%) among the 4 sites, and this could explain 
the lower pollen yield detected there compared to 
Villanova (95% of semi-natural habitats) and Florinas 
(79% of semi-natural habitats). In contrast to our 
results, Danner et al. (2017) reported no quantitative 
differences in the amount of pollen collected by 
honey bees among 16 different sites located in an 
agricultural area of Germany. However, in that 
context, the maximum cover of semi-natural habitats 
was only 14% and honey bees had the opportunity 
to compensate for resource scarcity by increasing 
foraging distances to obtain sufficient amount of 
pollen for their colonies (Danner et al. 2017).

Considering that the pollen traps used in our 
study can retain about 30% of all the collected 
pollen (Keller et  al. 2005b), the amount of pollen 
collected by the bees over the entire observation 
period (February-October) was approximately 46 kg 
in Villanova, 30  kg in Florinas, 23  kg in Ittiri and 
19  kg in Codrongianos. Similarly, Winston (1991) 
reported that honey bee colonies require between 15 
and 30  kg of pollen a year but could collect up to 
55 kg. Moreover, it should be noted that in all sites 
most of the pollen was collected in spring (80% in 
Florinas, Ittiri and Codrongianos and up to 90% in 
Villanova), whereas very poor harvests were recorded 
during autumn and even less in summer. Therefore, 
it is likely that, under such conditions, honey bees 
and all other pollinating insects would benefit from 
conservation efforts aimed at increasing floral 
resources that could fill the temporal and spatial gaps 
in the availability and diversity of food resources. 
This would provide greater continuity of bee activity 
and probably extend their honey production season.

The total number of 168 pollen taxa that we found 
in the pollen samples is very similar to the values 
reported by Köppler et al. (2007), who compared the 
spectra of pollen collected from 4 different subspecies 
of Apis mellifera in Germany. Considering that a 
pollen taxon does not refer to a single plant species, 
but more frequently to a genus or a botanical family 
(Louveaux et  al. 1978), it can be expected that the 
number of plant species in our pollen samples was 
much higher. In our sampling sites, species that are 
non-native in Sardinia and have been introduced for 
cultivation, such as Eucalyptus and Castanea, and that 
are commonly absent in the habitat types classified as 
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semi-natural in the present study, gave a contribution 
to pollen collection. However, these non-native 
species occupied a limited area in all four sites used in 
our study. Access to a large number of flowering plant 
species is certainly beneficial for honey bee colonies, 
because it increases immunocompetence (Alaux et al. 
2010) and tolerance to pathogens (Di Pasquale et al. 
2016). As observed for the amount of pollen, pollen 
richness and diversity varied significantly throughout 
the season, with the highest values observed in March 
and the lowest in September. The observed trend is 
consistent with the wild plant flowering seasonal 
pattern normally observed in a region characterized 
by a Mediterranean climate. Different trends have 
been reported in other climatic regions (Malagnini 
et  al. 2022) or in the presence of wide areas with 
mass flowering crops, such as oilseed rape (Danner 
et al. 2017).

Our results also highlighted that pollen richness 
and pollen diversity were positively correlated with 
habitat heterogeneity (Shannon’s habitat diversity 
index), although we acknowledge the small size of 
our experimental design. These findings suggest that 
honey bees effectively exploit the increased foraging 
opportunities offered by a more diverse landscape, 
with a resultant gain in pollen richness and diversity. 
Our results are in line with Montoya-Pfeiffer et  al. 
(2021), who also reported a higher diversity of 
pollen collected by honey bees in more structurally 
diverse landscapes. Nevertheless, contrasting results 
have been reported in other agricultural landscapes 
(Piroux et  al. 2014; Danner et  al. 2017; Malagnini 
et  al. 2022), probably due to differences in the 
type of management of those areas and landscape 
heterogeneity, considering that intensive human 
activities can reduce flowering plant species and 
their availability. For example, the use of herbicides 
can reduce or eliminate flowering plants to forage on 
(Bohnenblust et al. 2016; Cullen et al. 2019). Another 
negative impact on flower richness and availability 
could result from intensive grazing, which can lead 
to a rescission of flowers before the flowering period 
(Rakosy et al. 2022), to an increase in late-flowering 
spiny species, or to a floristic homogenisation.

Our findings showed that pollen richness and 
diversity were not significantly affected by the 
percentage of semi-natural habitat cover, which was 
surprising. In addition, the multivariate permutational 
analysis of variance, performed considering all 

pollen taxa, showed that pollen composition was 
significantly affected by season, but not by habitat 
diversity, proportion of semi-natural habitat cover or 
sampling site. These results were probably because 
both the potential vegetation (the semi-natural 
habitats identified at the 4 sites often represent 
different stages of the same potential vegetation) and 
the types of crops (olive groves, vineyards, cereals 
for fodder, Eucalyputus or Pinus small plantations or 
windbreaks) were similar among sites, although the 
four sampling sites were strongly shaped by a diverse 
degree of anthropisation, with varying extension 
of built up areas, agricultural areas and, conversely, 
semi-natural habitats. In addition, the landscape of 
the study areas is very patchy, so that the different 
habitats and land-use types co-exist in a relatively 
very small area.

Another important result of our study was the 
observed positive effect of the amount of pollen 
collected on honey bee colony development. This 
would be expected considering the importance of 
pollen for brood rearing and worker development 
(Haydak 1970; Brodschneider and Crailsheim 2010). 
Indeed, our result is consistent with other studies 
revised by Keller et  al. (2005) based on estimates 
made over long periods of time. Considering that 
when two factors vary together, a causal relationship 
between them cannot be established, the positive 
relationship between the amount of pollen collected 
and brood development could also mean that it is 
the amount of brood that regulates the intensity of 
pollen collection. Alternatively, the opposite could 
be equally valid. However, in our comparative study, 
the amount of brood was also positively related to the 
percentage of cover of semi-natural habitats, which 
offer the spontaneous flora that is mainly visited by 
bees. This strongly suggests that the amount of pollen 
available in an area and thus collected by honey 
bees influences the amount of brood reared by the 
colonies.

Finally, our study also showed that, in addition to 
the amount of pollen, both the richness and diversity 
of the pollen collected also had a positive effect on 
the amount of brood reared, thus highlighting a 
positive indirect link between habitat heterogeneity 
and honey bee colony development. Although 
laboratory experiments have shown that diversity 
in pollen diet increases bee immunocompetence 
(Alaux et al. 2010, 2011), how pollen diversity may 
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affect colony development at the field level has not 
been elucidated yet. Despite that, it is known that the 
nutritional value of pollen from different plant species 
varies according to its absolute and relative content 
of essential nutrients such as amino acids, which are 
required in specific proportions for normal growth 
and development (de Groot 1953; Crailsheim 1990). 
Therefore, it is likely that an increase in habitat 
diversity, and thus in the availability of different 
pollen sources, optimizes the availability of specific 
nutrients needed to develop specific physiological 
aptitudes in bees. In fact, some studies showed that 
habitat composition can affect queen’s fecundity 
(Clair et  al. 2022) and the nutritional values of the 
beebread (Donkersley et  al. 2014). In particular, the 
nutritional values of the beebread were found to be 
negatively correlated with increasing levels of arable 
and horticultural farmland surrounding the hives 
and positively correlated with the cover of natural 
grasslands and broadleaf woodlands (Donkersley 
et al. 2014).

In conclusion, although we acknowledge the small 
sample size and correlative design of our study, and 
the inherent methodological limitations of pollen 
morphological identification, our field experiment 
emphasizes that for honey bee colony development 
an abundant and diverse pollen diet is important, 
which in agro-sylvo-pastoral systems is ensured by 
a heterogeneous landscape dominated by different 
types of semi-natural habitats.
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