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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Few studies have explored the impact of 
land use on floral reward chemistry and 
nutritional value. 

• 7 meadow species were studied for 
nutritional traits across both urbaniza
tion and agriculture gradients. 

• Both plant primary and secondary 
metabolism were investigated by means 
of analytical chemistry. 

• Both nectar sugar content and pollen 
antioxidant activity were influenced by 
land use. 

• Results offer novel insights for restora
tion ecology strategies in human- 
modified environments.  
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A B S T R A C T   

Plant biodiversity is crucial to satisfy the trophic needs of pollinators, mainly through nectar and pollen rewards. 
However, a few studies have been directed to ascertain the intraspecific variation of chemical features and the 
nutritional value of nectar and pollen floral rewards in relation to the alteration of landscapes due to human 
activities. In this study, by using an existing scenario of land use gradients as an open air laboratory, we tested 
the variation in pollen and nectar nutrient profiles along gradients of urbanization and agriculture intensity, by 
focusing on sugar, aminoacids of nectar and phytochemicals of pollen from local wild plants. We also highlighted 
bioactive compounds from plants primary and secondary metabolism due to their importance for insect well
being and pollinator health. We surveyed 7 different meadow species foraged by pollinators and common in the 
main land uses studied. The results indicated that significant variations of nutritional components occur in 
relation to different land uses, and specifically that the agricultural intensification decreases the sugars and 
increases the antioxidant content of flower rewards, while the urbanization is positively associated with the total 
flavonoid content in pollen. These effects are more evident in some species than in others, such as Lotus corni
culatus L. (Fabaceae) and Malva sylvestris L. (Malvaceae), as shown by the untargeted metabolomic investigation. 
This study is crucial for understanding the nutritional landscape quality for pollinators in association to different 
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land uses and sets a base for landscape management and planning of pollinator-friendly strategies by improving 
the quality of plant rewards to provide benefits to pollinator health in various environmental contexts.   

1. Introduction 

The progressive expansion of urban and agricultural areas is asso
ciated with a series of environmental modifications that greatly impact 
urban and periurban plants and pollinators biology (Biella et al., 2022; 
Tommasi et al., 2022). Since many pollinators base their nutrition on 
flower rewards, which have an impact on their development and pop
ulation size, changes in the environment modifying nectar and pollen 
could also affect the conservation of pollinators and the pollination 
ecosystem service at several levels. Therefore, studying the intraspecific 
variation of flower resources composition is urgent (Venjakob et al., 
2020), especially in relation to human-induced environmental alter
ations, to understand the magnitude of the ongoing impact and so to 
supply landscapes or mitigate situations of lack of nutrients for polli
nators. This is particularly relevant within the process of ecological 
transition and intensification towards sustainable cities and agricultural 
areas, so as to plan actions capable of guaranteeing an adequate quality 
of floral resources for pollinators (Jones and Rader, 2022). 

Flowering plants and pollinators are entangled by reproduction and 
foraging needs, respectively. Specifically, flower visitors mainly depend 
on pollen and nectar to satisfy their nutritional requirements (Nicolson 
et al., 2018). For instance, nectar is the main food for the adult forms of 
various pollinators and pollen is the main food for the larval stages of 
bees or some adult hoverflies and beetles (Faegri and Van Der Pijl, 
1979). These resources display relevant differences in their chemical 
and nutritional composition, mainly in relative amounts of the main 
components. Nectar is a solution of mainly sugars that supports the 
essential needs of the energetic metabolism of pollinators, but it also 
contains several compounds, such as amino acids, and phytochemicals 
(Barberis et al., 2021; Roy et al., 2017). These latter compounds are 
relevant to multiple aspects of pollinators ecology as they can manifest 
as either attractive agents or deterrents, thereby exhibiting a substantial 
range of effects that are frequently contingent upon dosage (Stevenson 
et al., 2017; Manson et al., 2013). Pollen chemistry is mainly composed 
of lipids, proteins, amino acids, and it is characterized by a high diversity 
and concentration of secondary metabolites (Palmer-Young et al., 2019; 
Thakur and Nanda, 2020; Aylanc et al., 2021). 

Pollinator diet on flower resources is an essential factor for them to 
counteract the negative impact of anthropogenic stressors through the 
provision of essential nutrients from plant primary and secondary 
metabolism (Barascou et al., 2021; Wong et al., 2018). In order to 
guarantee an adequate dietary intake in space and time for the different 
species of pollinators, it is essential to understand which are the envi
ronmental parameters that influence macro and micronutrients 
composition of pollen and nectar. Many environmental variables play a 
role on the floral reward chemical features, especially in the quantitative 
variation of phytochemicals (Zu et al., 2021; Palmer-Young et al., 2019). 
Indeed, the metabolism of plant secondary compounds is known to be 
highly responsive to environmental biotic and abiotic factors, among 
which light, temperature, and drought, as well as biotic agents, such as 
the damage produced by herbivores and parasites (Khare et al., 2020). 
However, a landscape-scale investigation of pollen and nectar quality is 
needed. This because most studies related to the investigation of polli
nators diet quality as a function of the landscape took into account the 
variations in the food resources directly collected by a few model species 
(Pioltelli et al., 2023a; Vaudo et al., 2018; Donkersley et al., 2017). From 
the plant side, so far most of the studies focused on landscape induced 
changes in the structure of the flora by means of species composition and 
diversity (Hou et al., 2023), or indirectly via the pollen (Biella et al., 
2022). However, regarding the rewards to pollinators, only a few studies 
focused on the modifications of the nutritional landscape represented by 

the plant communities in different contexts and the variation of the 
chemical composition of community nectar in response to environ
mental pressures (Tew et al., 2021; Biella et al., 2022). Moreover, a 
conceptual link between the availability of specific pollen species in the 
environment and the dynamics of bee populations was previously 
detailed by highlighting the importance of pollen key nutrients in the 
landscape (Filipiak et al., 2022). In this context, still little is known on 
how land use gradients modify the intraspecific variation of the chem
ical composition of both the main flower rewards of nectar and pollen. 

The general goal of this study is to investigate the changes in the 
nutritional - chemical profile of some representative species foraged by 
pollinator insects along gradients of human-altered landscapes. Specif
ically, based on what outlined above and on field and laboratory evi
dence that abiotic features shape flower rewards (Venjakob et al., 2020; 
Akter and Klečka, 2022), we expected to observe changes in nectar and 
pollen of wild flowering plants in relation to varying types of land-use. 
To investigate this aspect, we aimed to quantify the effect of the main 
land use gradients associated with human presence and activities (i.e., 
urbanization, agriculture intensification, air temperature) on pollen and 
nectar from wild plants. Furthermore, the second objective was to 
analyse the individual nutritional components of pollen and nectars, (i. 
e., macronutrients and micronutrients) with particular reference to 
bioactive molecules capable of promoting the insects well-being. This 
investigation is useful to better design the Nature-Based Solutions (NbS) 
suitable to promote functional biodiversity of future cities as claimed by 
the European Green Deal and the UN Agenda 2030. To address this issue, 
we conducted a field sampling, coupled with an array of chemical an
alyses to investigate the variations occurring in the flower rewards 
provided by some commonly visited meadows species. 

2. Material and methods 

2.1. Floral resources sampling 

To study the floral resources composition of urban, peri-urban, semi- 
natural and rural areas, 16 sites (Fig. 1) with different environmental 
characteristics in terms of anthropization levels were selected. The sites 
were specifically selected to represent highly contrasting land use con
ditions. Half of the sites were located in areas predominantly charac
terized by seminatural hay meadows, while the other half exhibited a 
high degree of impervious surfaces (i.e., concrete, buildings, and 
asphalt). The selection of these sites was based on data obtained from 
regional land use cartography (DUSAF 6.0, available at https://www. 
dati.lombardia.it/Territorio/Dusaf-6-0-Uso-del-suolo-2018/7rae-fng6), 
and accessibility was verified prior to selection. Sites were located in the 
North of Italy and spread across different provinces. The sampling of 
pollen and nectar took place in June 2021. 

The plant species target for this study are detailed in Table 1 and 
belong to different families and flower morphology. Species were 
selected to provide for a wide range of plants foraged by pollinator in
sects and because they were representative, in terms of availability, in 
the study area. Some of the selected plant species were more suitable for 
the sampling of nectar due to floral zygomorphic symmetry which favors 
nectar accumulation in the corolla, while others displayed easier access 
to pollen grains, such as those radial-shaped. 

The randomly selected floral units of each species were covered with 
a nylon mesh 24 h prior to the sampling to avoid possible depletion of 
the resources by pollinator visits (Biella et al., 2021). Pollen was 
sampled by using a specifically adapted portable vacuum (E-PoSa, 
Pioltelli et al., 2023b) modified to have a filtrating unit consisting of a 
specifically perforated 5 mL tube and two filtering systems composed of 
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stainless steel mesh and filter paper. Nectar was sampled by using 
commercially available 5 μL and 10 μL glass capillary (Merck, Ger
many). Pollen and nectar collection was performed during the same day 
at each site in an hour range between 10 am and 12 am for all the species 
in order to minimise as much as possible biases due to the daytime. 
Samples were stored in a 1:1 v/v nectar/EtOH ratio to avoid microbial- 
mediated degradation of the occurring compounds (Power et al., 2018). 
Once in the laboratory, the nectar/EtOH solutions were dried in a tube 
under gaseous nitrogen and subsequently resuspended in 500 μL of ul
trapure Milli-Q H2O and stored at − 80 ◦C up to the analyses. Pollen 
samples were freeze-dried and stored at − 80 ◦C up to the analyses. 

2.2. Landscape and local metrics 

Land cover data were obtained from the regional land use cartog
raphy (DUSAF 6.0 https://www.dati.lombardia.it/Territorio/Dusaf-6-0 
-Uso-del-suolo-2018/7rae-fng6). This map is available at a scale of 
1:10.000 with a minimum linear dimension of polygons of 20 m and was 
developed from AGEA orthophotos and SPOT 6/7 satellite images. The 
original level and sub-level of land use classification were grouped into 3 
main classes: impervious cover (i.e. concrete, asphalt, buildings), semi- 
natural (i.e. hay meadows surrounded by forest), agricultural fields (i.e. 
agriculture margins). Detailed information on land use classification is 
reported in Text S1 and Table S1. Using QGIS v 3.10.11 we computed 
buffers of 1 km radius around each sampling location and the coverage 
percentage of the three different classes of land use were calculated. 

Land surface temperature information were obtained from data 
retrieved through remote sensing imaging spectroradiometer (MODIS) 
MOD11A2 from the NASA database (https://modis.gsfc.nasa.gov/data/ 
dataprod/mod11.php) with a resolution of 1 km. The original raster 
layer with a resolution of 1 km was downscaled to a finer resolution of 
100 m with bilinear interpolation and the mean temperature in June 

2021 was calculated starting from the mean daily registered 
temperature. 

With the data regarding the landscape features (i.e., impervious 
cover, semi-natural and agricultural) and with those relative to the 
temperature, a Principal Component Analysis was performed in R 4.3.1. 
(R Core Team, 2022) in order to summarise the variability of the 
gradient across the different sampling sites. The principal component 
analysis on the landscape and climatic variables showed two main PCs 
complying with the two investigated land use gradients (Fig. 2). In 
particular, the PC1, which accounts for almost 80 % of the variability of 
the data, clearly defined the urbanization gradient with sites at higher 
impervious surface and higher temperatures associated with high values 
of the PC. The PC2 which accounts for 16 % of the variability in the data 
was associated with a gradient spanning from semi-natural areas (low 
values) to agricultural sites (high values). 

2.3. Phytochemical analysis 

Nectar and pollen were subjected to a set of analytical chemistry 
experiments aimed at evaluating the variations occurring in the small 
molecules (lower than 1200 Da) composition of flower rewards. Table 1 
reports a synthetic overview of the metabolic investigations performed 
on nectar and pollen; further details are provided in the next paragraphs. 

2.3.1. Nectar sugar composition 
Once resuspended, nectars were 100-fold diluted and analysed for 

the content of free sugars (sucrose, glucose, and fructose) by an enzy
matic kit provided by Megazyme, Ireland. For the analysis of sucrose 
100 μL of β-fructosidase were added to 50 μL of sample (or H2O for the 
blank) followed by an incubation of 5 min. Consequently, the analysis of 
free sugars (glucose and fructose) started by mixing 50 μL of sample/ 
H2O to 1050 μL of H2O, while for the sucrose analysis, 950 μL H2O was 

Fig. 1. Map of the sampling sites where pollens and nectars analysed within the present study were collected.  
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added. Then, for both analyses, we added 50 μL buffer pH 7.6 and 50 μL 
of a solution NADP+/ATP followed by an incubation of 3 min. 

At this point, the absorbance (A1) was read at 340 nm to monitor the 
basal level of each sample (against the blank). Then the analysis 
continued with the addition of 10 μL of the enzymes hexokinase and 
glucose 6-phosphate dehydrogenase followed by an incubation of 5 
mins. Then the absorbance was read at 340 nm (A2). The difference 
value between A2 and A1 referred to the glucose content. Finally, 10 μL 
of phosphoglucose isomerase were added and each sample was incu
bated for 10 mins at room temperature. Then the absorbance was read 
again at 340 nm (A3). The difference value between A3 and A1 referred 
to the fructose content. The content of sucrose was obtained by the 
difference between the absorbances of samples incubated without and 
with the enzyme β-fructosidase. Data on the concentration were 
normalized to the volume of nectar recovered and expressed as μg/μL 
nectar. Total sugar content (TSC) was calculated as the sum of glucose, 
fructose, and sucrose. 

2.3.2. Nectar amino acids content 
The nectar amino acids composition was evaluated by UHPLC (Ul

timate Dionex 3000, ThermoFisher, USA) coupled with a UV and fluo
rescence detector. The analytes were separated with a Kinetex C-18 
column (2.1 × 100 mm, 2.6 μm) coupled to a column guard (Phenom
enex, USA). The mobile phases were (A) NH4COOH 5 mmol/L, pH 7.8 
and (B) MeCN/MeOH/H2O 45:45:10 v/v/v. The chromatographic 
gradient was made as follows: 0–0.5 min 2 % B, 2 min 15 % B, 3 min 25 
% B, 4 min 35 % B, 5 min 45 % B, 10 min 70 % B, 11–15 min 98 % B. The 
column was conditioned at 2 % B for 4 min before the injection. The 
amino acid were automatically derivatized as follows: 5 μL of borate 
buffer pH 10.2 (Agilent, USA), 1 μL of sample/blank/analytical stan
dard, 1 μL of a solution 1 mg/mL o-phataladehyde (Merck, Germany) in 
2 % (v/v) β-mercaptoethanol (Merck, Germany) or 2.5 mg/mL Fmoc 
chloride (Merck, Germany) in MeCN, 3 μL of a solution CH3COOH 1 
mol/L (Merck, Germany). The total injection volume was 10 μL. The 
elution was performed at a flow rate of 0.5 mL/min. The calibration 
curve for each amino acid (Merck, Germany) was made up in a range 
between 0.1 and 2 μg/mL. For the detection and quantification of the 
analytes, we mainly exploited the fluorescence detector. OPA- 
derivatized amino acids were excited at 338 nm and the emission 

signal detected was 442 nm, while the Fmoc-derivatized one (proline) 
was excited at 262 nm and the emission was detected at 325 nm. As a 
further control, the UV detector was set at 338 nm for OPA-derivatized 
amino acids, while proline was detected as 262 nm. The integration of 
the chromatograms was performed by using the Chromeleon Software 
(ThermoFisher, USA) and the concentration values obtained were 
normalized on the volume of sampled nectar in order avoid sampling 
biases and expressed as ng/ μL nectar. Total aminoacids (TAA) content 
was calculated by adding the concentration of all the single aminoacids, 
while the essential aminoacids (EAA) content was obtained by adding 
the concentration of the aminoacids essential for bees (Jeannerod et al., 
2022). 

2.3.3. Pollen phytochemicals extraction and analysis 
The extraction and the subsequent quantification of secondary me

tabolites occurring in pollen samples was carried out as follows. One mg 
pollen for each sample was weighed and extracted in a ratio 1:1000 w/v 
in MeOH 70 % v/v for two extraction cycles with the support of a bath 
sonicator (frequency: 37 Hz, temperature: 30 ◦C). At the end of each 
extraction cycle, the supernatant was collected and dried under gaseous 
nitrogen (N2). The extracts were resuspended in 1 mL H2O and analysed 
for the total phenol (TPC) and flavonoid content (TFC) and the total 
antioxidant capacity (TEAC) as reported in Guzzetti et al., 2017 with 
minor modifications. In detail, the quantification of flavonoids was 
made by using quercetin as analytical standard instead of catechin. 

The extracts obtained from pollen samples were dried under gaseous 
nitrogen and analysed by HRMS for the untargeted metabolomic char
acterization. Both the negative and positive ionisation mode was 
considered for each sample analysed. The RP-HPLC-MS analysis was 
performed according to the same facilities and parameters provided in 
Pioltelli et al., 2023c. The chromatographic gradients were adjusted 
according to the profile occurring among the different species. 

2.4. Statistical analysis 

Data about pollen TPC, TFC, and TEAC and data on nectar TSC, TAA, 
and EAA were analysed to investigate putative response to landscape 
variables by using the software R (v. 4.3.1). Specifically, data on pollen 
TPC, TFC, and TEAC were normalized according to the min/max scaling 

Table 1 
Overview of the main chemical investigations performed in the present study on floral rewards, with details on their importance to the diet of pollinator insects, unit of 
measurement, sample size, statistical approach for their analysis, and species investigated.  

Floral 
rewards 

Species Floral shape Analytes Unit of 
measurement 

Value as a reward N Statistical analysis 

Nectar 
1. Trifolium pratense L. (Fabaceae) 
2. Prunella vulgaris L. (Lamiaceae) 
3. Salvia pratensis L. (Lamiaceae) 

1. Keel/Flag 
flower 2. Gullet 
flower 3. Gullet 
flower 

Sugars (intended as the 
sum of glucose, 
fructose, and sucrose) 
TSC 

μg/μL 
Support to the insect energy 
metabolism 22 

Untransformed data. 
Gaussian distribution 

Aminoacids (intended 
both as total content as 
well as essential 
aminoacid content) 
TAA/EAA 

ng/μL 
Nutritional needs, fitness, 
attraction 

22 
Untransformed data. 
Gamma distribution 
(non normal data) 

Pollen 

1. Potentilla reptans L. (Rosaceae) 
2. Lotus corniculatus L. (Fabaceae) 
3. Hypochaeris radicata L. 
(Asteraceae) 4. Malva sylvestris L. 
(Malvaceae) 

1. Bowl flower 
2. Keel/Flag 
flower 3. Ray 
flower 4. Bowl 
flower 

Phenolic compounds 
(TPC) 

μg/mg 
Defence against parasites 
infection and pesticides 
detoxifiers 

58 Min-max rescaled 
data. Beta distribution. 

Antioxidant activity 
(TEAC) 

μg/mg 

Evaluation of the overall 
ability to counteract 
oxidative related stress 
phenomena 

58 
Min-max rescaled 
data. Binomial 
distribution. 

Flavonoids (TFC) μg/mg 
Defence against parasites 
infection and pesticides 
detoxifiers 

58 Min-max rescaled 
data. Beta distribution. 

Untarget metabolome NA 

Identification of specific 
phytochemicals endowed 
with different bioactive 
properties to pollinators 

58 
Ordination analysis 
(RDA) and random 
forest  
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method to account for the largely different ranges observed among the 
species investigated. We fitted Generalised Linear Mixed effects Models 
(GLMMs) with a binomial distribution of the response variable for data 
regarding the phytochemical composition of pollen. The dispersion 
parameter was monitored to be around 1 (in case of values lower than 1, 
the models were run with a beta distribution to avoid type II errors). The 
fixed effects included into the models were the land use variables ob
tained by the abovementioned PCA, naturally uncorrelated, while the 
species were included as random components into the regression 
models. Data regarding nectar nutrition were analysed by GLMMs with a 
gaussian distribution of the response variable concerning TSC, while a 
Gamma distribution was implemented for TAA and EAA due to the 
violation of the assumption of normality. 

To investigate inter-specific differences in the nutrient content 
among the sampled species, we fitted (G)LM(M)s with the species as the 
fixed effect and the site as the random effect (in case of significant 
fluctuations of the nutrient of interest among sites). The dependent 
variables were assumed to be normally or Gamma distributed for nectar 
nutrients and binomially (or beta distributed in case of overdispersion 
parameters <1) for the analysis of the phytochemical composition of 
pollen. 

The analysis of the metabolic profiles by HRMS was initially per
formed on the MS-DIAL software (Version 4.9) for peak peaking, 
deconvolution, noise setting and normalization. Normalized data were 
then analysed in R. Firstly, a Redundancy Analysis (RDA) was performed 
to test the impact of the land use variables (PC1 and PC2) on the overall 
metabolome of the pollen of the studied species. For the significant 
outputs, a random forest regression model was implemented to under
stand which were the most significant metabolic features responding to 
the land use variables. Packages exploited were TMB (Kristensen et al., 

2016), glmmTMB (Brooks et al., 2017), ggplot2 (Wickham, 2016), 
MuMIn (Bartoń, 2022), vegan (Oksanen et al., 2022), and rfPermute 
(Archer, 2022). The significant m/z were more deeply characterized by 
studying their fragmentation patterns in the MS/MS or DDA analysis 
both with literature research and using the UNIFI Software 1.9.4 EN 
(Waters, USA) with the library “Waters Traditional Medicine Library” 
provided by Waters, USA. 

3. Results 

3.1. Impact of the land use variables on nectar nutritional composition 

The three analysed species presented differences in their nectar 
chemical profiles (Table S2). Concerning the analysis of nectar TSC in 
response to the landscape gradients, this was negatively influenced in a 
linear manner by the PC2 (Fig. 3) which describes a gradient moving 
from semi-natural to agriculture dominated habitat (χ2 = 3.985; p =
0.046). No significant effect of the urbanization gradient described by 
the PC1 was detected (χ2 = 0.127; p = 0.722). The TSC of nectar did not 
vary significantly across the analysed species (Table S2). 

No significant effects of the two land use gradients were observed on 
TAA (PC1 χ2 = 0.162, p = 0.687; PC2: χ2 = 0.017, p = 0.897) and EAA 
(PC1 χ2 = 0.683, p = 0.494; PC2: χ2 = 0.749, p = 0.454) content of 
nectar. A significant effect of the species on nectar TAA and EAA 
(Table S2) was observed. 

3.2. Impact of land use variables on pollen phytochemicals content 

Among those analysed, the species richest in phytochemicals was 
P. reptans followed by L. corniculatus, H. radicata, and M. sylvestris, as 

Fig. 2. Principal component analysis with the landscape and environmental features of the sampling sites. The arrows indicate the direction where a particular 
category is higher and let the definition of two different landscape gradients. 
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Fig. 3. Relationship between the PC2 (defining an agriculture intensification gradient) and the TSC of nectars expressed as μg sugars per μL of sampled nectar (n =
22). The R2 value of the model is equal to 19.2 %. 

Fig. 4. Relationship between the total phytochemicals content of pollen from the analysed species and the landscape variables: (a) relation between the total 
antioxidant activity of pollen and the PC2 (n = 58; R2: 31.3 %); (b) relation between the total flavonoid content of pollen and the PC1 (n = 58; R2: 31.7 %). 
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reported in Table S2. The phytochemical profile of pollen was not 
significantly influenced by the land-use variables concerning the total 
phenol content (PC1 χ2 = 1.364, p = 0.245; PC2: χ2 = 1.804, p = 0.179). 
However, the antioxidant activity of pollen showed a positive relation 
with the agricultural intensification gradient (χ2 = 4.981, p = 0.026) and 
the total flavonoid content was positively related to the urbanization 
gradient (χ2 = 3.86, p < 0.05) as reported in Fig. 4a and b. 

3.3. Metabolomic assessment of pollen phytochemicals 

The metabolomic analysis of pollen from wildflower species showed 
different responses among species to the land use variables. The output 
of the RDA is reported in Tables 2 and 3. A significant response to the 
urbanization gradient (PC1) was found in the metabolomic investigation 
of the pollen of L. corniculatus, both in positive and negative ion current, 
while the metabolome of M. sylvestris displayed a significant response to 
the agriculture intensification gradient (PC2) in negative ionisation 
mode. 

3.4. Identification of the most responsive metabolites to land use variables 

Phytochemicals most responsive to the urbanization gradient in 
L. corniculatus pollen were those belonging to the family of flavonoids 
(Table 4, also represented as the chromatographic traces in Fig. S1c, S2c, 
and S3c), and the majority of them was positively associated with the 
urbanization gradient described by the PC1 (Fig. S1b). Additional in
formation on the correlation coefficient between the land use variables 
(PC1 and PC2) and the significant features are reported in Fig. S1b, S2b 
and S3b. The analysis performed on M. sylvestris pollen extract shows an 
impact of the agricultural intensification gradient on the phytochemical 
composition of pollen, in particular a high degree of correlation was 
associated with an antioxidant compound, identified as rosmarinic acid 
(see Table 4). Additionally, Fig. S1a, S2a and S3a show the output of the 
random forest regression analysis and report the significant features 
responsible for the variation of pollen metabolomic associated to land 
use variables in L. corniculatus (Fig. S1a, S2a) and M. sylvestris (Fig. S3a). 

No significant effects of the land use gradient were detected in the 
metabolome investigation of P. reptans and H. radicata pollen, neither in 
negative nor in positive ionisation mode. 

4. Discussion 

The first important result of this study is the identification of a well- 
marked relationship between landscape composition and some aspects 
of the chemical profile of both pollen and nectar. The total sugar content 
of the nectar was negatively influenced by the agriculture intensification 
gradient, while no significant variations in nectar TAA and EAA were 
detected in response to any of the land use gradients considered. It is 
conceivable an effect of agrochemicals (i.e., herbicides) in the sur
rounding of the crops which may alter sugar metabolism, since many 
herbicides commercially available impair the photosynthesis efficiency 
(Oettmeier, 2003). However, a recent study by Russo et al., 2023 on a 
different panel of flowers did not find any significant variation on nectar 
sugars concentration based on the herbicide treatment, making this 
topic in need of further investigation, hopefully on a wider phylogenetic 
set of plants. 

Concerning the phytochemical composition of pollen, secondary 

metabolites are gaining increasing attention due to the important nu
traceutical properties that some of them exhibit, for instance by acting as 
pesticide detoxifiers or by reducing the probability of parasite infections 
upon specific dosages (Đorđievski et al., 2023; Riveros and Gronenberg, 
2022; Mao et al., 2013). In this study we found that the overall anti
oxidant activity of pollen increases significantly along the agriculture 
intensification gradient, while along the urbanization gradient a specific 
increase in the flavonoid content was observed. It is arguably that these 
patterns may be explained by the higher stress levels experienced by the 
plants. The transition from natural to urban areas is likely to pose some 
pressures to plants, for instance by increasing the transpiration level due 
to higher temperature and lower humidity which may elicit the 
biosynthesis of stress-defence compounds, such as flavonoids (Qian 
et al., 2022; Innes et al., 2019), also at the pollen level (Rutley et al., 
2021), as highlighted in the present study. Many flavonoids have 
recently been appointed as nutraceutical in the diet of pollinator insects 
(Riveros and Gronenberg, 2022; Fitch et al., 2022) and a higher occur
rence in the pollen of species growing in urbanized areas may be helpful 
in mitigating stress phenomena, such as those related to oxidation and 
ageing (Berenbaum and Calla, 2021). Concerning the positive correla
tion observed between the pollen antioxidant activity and the agricul
ture intensification gradient, the occurrence of agrochemicals in 
agricultural areas (mainly herbicides) could act as a driver of stress for 
wild plants triggering the production of defence compounds (Cesco 
et al., 2021). Another important result of our study derived from the 
metabolomic investigations on the pollen extracts was the identification 
of the species more responsive to the land use gradient. We found that 
the chemical composition of the pollen of L. corniculatus was signifi
cantly impacted by the urbanization gradient, whilst the pollen of 
M. sylvestris responded to the agriculture intensification one. The most 
important metabolites influenced by the land use variables belong to the 
class of phenolics, mainly flavonoids, many of which were positively 
related to the PC1 in the pollen of L. corniculatus. However, this pattern 
was not associated with an increase in the antioxidant activity nor in the 
total phenol content of pollen, and this may be because some phenolic 
compounds other than flavonoids or belonging to different classes of 
phytochemicals may balance the flavonoids variation. Indeed, in the 
pollen of L. corniculatus we found that some phytochemicals highlighted 
by the random forest analysis were negatively associated with the PC1. 
Concerning the agriculture intensification gradient, the increase in the 
total antioxidant activity of pollen may be partly related with the 
metabolomic variations occurring in the pollen of M. sylvestris. We found 
that rosmarinic acid, a potent antioxidant compound (Chadni et al., 
2023), was positively related to the PC2 and may be involved in the total 
antioxidant activity observed from pollen extracts. However, another 
identified compound endowed with antioxidant properties, a patuletin 
derivative, showed a negative correlation with the PC2. Nevertheless, 
the radical scavenging properties of the different metabolites may vary 
depending on their exact concentration which was not evaluated in the 
present research. 

In a context where landscape anthropization can influence the 
chemical composition of floral rewards at different metabolic levels, 
providing an effective plant community able to sustain the diet of 
pollinator insects should be considered for the planning and definition of 
effective Nature based Solutions (NbS) in highly anthropized environ
ments. In recent years, NbS are particularly attracting the interest of 
policy makers due to their potential contribution to biodiversity 

Table 2 
Output of the RDA considering the metabolomic analysis in negative ionisation mode.  

Species P. reptans H. radicata L. corniculatus M. sylvestris 

Ion current Negative Negative Negative Negative 
Model F p F p F p F p 
PC1 1.378 0.148 1.359 0.238 2.474 0.021 0.352 0.767 
PC2 0.406 0.905 1.454 0.212 2.105 0.054 9.097 < 0.001  
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protection and human well-being (Lafortezza et al., 2018). However, 
their reliability at the plant-pollinators interaction level is still poorly 
evaluated and requires to disentangle which plant species has to be 
prioritised to support the trophic needs of pollinators. In the present 
study, we found a higher TAA and EAA content in the nectar of 
T. pratense compared with P. vulgaris while no significant differences 
were shown in the sugar content among the studied species (Table S2). 
Previous studies have already suggested that the nectar of species 
belonging to the Fabaceae family represent an important source of 
amino acids (Gardener and Gillman, 2001) whose content is an impor
tant factor influencing the foraging preference of pollinators (Venjakob 
et al., 2020). Conversely, the phenolic composition of pollen and 
consequently the related antioxidant activity was significantly higher in 
P. reptans, followed by L. corniculatus, and ultimately by H. radicata and 
M. sylvestris (Table S2). However, the secondary metabolites composi
tion needs to be specifically defined since not all of them exert beneficial 
effects in the diet of pollinators. For instance, tannins are one of the 
major constituents of the phytochemical composition of P. reptans 
(Tomczyk and Latté, 2009) and may act as anti-nutrients, affecting the 
longevity of bees (Sagona et al., 2021). In the present study, our focus 
was posed on the small molecules and phytochemicals composition of 
flower rewards, since these compounds, differently from macronutrients 
(e.g., proteins and lipids), are the most frequently involved in short-term 
responses to changes in environmental variables, acting as osmolytes or 

defence/stress compounds (Egan et al., 2021; Ghosh et al., 2021; Arathi 
et al., 2018). Furthermore, these compounds are known to play a sig
nificant role in pollinators’ diet, acting as essential nutrients or as 
nutraceuticals (Koch et al., 2017; Richardson et al., 2015). The inte
gration of these results with those arising from the investigation of the 
nutritional profiles of foraged pollen may be of help to disentangle at a 
deeper scale the effect of land use management on plant-pollinators 
trophic interactions. 

It is important to highlight that local abiotic factors, such as solar 
radiation, temperature, and evapotranspiration might display great ef
fects on the relative content of sugars in nectar (Plos et al., 2023), and 
also polypeptides in pollen (Descamps et al., 2021). The magnitude of 
these microclimatic variables may be relevant, especially concerning 
short-term variations in the concentration of small molecules similar to 
those analysed in the present study (Qian et al., 2022; Innes et al., 2019). 
Such modifications may even impact floral traits and pollinator effi
ciency (Akter and Klečka, 2022). At the individual level, the genotype 
and the stage of development of the flower may impact significantly on 
the chemical composition of nectar (Clearwater et al., 2018). For 
instance, in Leptospermum scoparium, the content of sugar in nectar is 
very low at the second floral stage, then it increases up to a peak at the 
third stage and then it tends to decline during the fourth floral stage 
(Clearwater et al., 2018). Furthermore, also the sexual floral stage was 
found to significantly impact the chemistry of nectar: for example, in 

Table 3 
Output of the RDA considering the metabolomic analysis in positive ionisation mode.  

Species P. reptans H. radicata L. corniculatus M. sylvestris 

Ion current Positive Positive Positive Positive 
Model F p F p F p F p 
PC1 1.261 0.286 1.939 0.08 4.952 0.003 1.95 0.136 
PC2 0.39 0.799 0.975 0.422 1.051 0.389 2.733 0.066  

Table 4 
List of the identified metabolites resulted significant from the random forest analysis in the response to the land use variables. Rt = Retention time; m/z = mass/charge 
ratio.  

Species Peak Adduct Rt m/ 
z 

MS/MS ions Ontology ID Class Ref 

Lotus 
corniculatus 1 

[2M- 
Na]+ 2.9 144 

143, 128, 127, 117, 
91 C10H14N2O5 Thymidine Nucleoside 

Waters traditional 
Medicine Library 

Lotus 
corniculatus 

2 [M-H]+ 5.6 463 301 C23H26O10 9,10-DiMP-3-O-Glc Flavonoid Zhang et al., 2015 

Lotus 
corniculatus 

3 [M-H]+ 7.3 317 302, 285, 168, 158, 
140, 134, 107 

C16H12O7 
5,6,7,3’-Tetrahydroxy-4′- 
methoxyisoflavone 

Flavonoid Waters traditional 
Medicine Library 

Lotus 
corniculatus 4 [M-H]+ 7.5 301 

286, 269, 241, 229, 
153 C6H12O6 5- methyl kaempferol Flavonoid 

Waters traditional 
Medicine Library 

Lotus 
corniculatus 5 [M-H]+ 8 549 301 C26H28O13 9,10-DiMP-3-O-malonyl -Glc Flavonoid Zhang et al., 2015 

Lotus 
corniculatus 

6 [M-H]+ 10 331 316, 301, 298, 168 C17H14O7 
3,5,6-Trihydroxy-4′,7- 
dimethoxyisoflavone 

Flavonoid 
Waters traditional 
Medicine Library 

Lotus 
corniculatus 

7 [M-H]− 5.6 387 369, 207, 163 C18H28O9 Tuberonic acid glycoside Hormone 
derivative 

Waters traditional 
Medicine Library 

Lotus 
corniculatus 8 [M-H]− 6 593 

446, 430, 299, 285, 
151 C27H30O15 

Kaempferol 3-O-L-rhamnopyranosyl- 
(1 → 2)-glucopyranoside Flavonoid 

Waters traditional 
Medicine Library 

Lotus 
corniculatus 9 [M-H]− 7 649 

503, 460, 446, 315, 
313, 113 C31H38O15 Tubuloside E Phenylpropanoid 

Waters traditional 
Medicine Library 

Lotus 
corniculatus 

10 [M-H]− 7.2 463 301, 286 C22H24O11 Hesperetin-7-O-glycoside Flavonoid Waters traditional 
Medicine Library 

Lotus 
corniculatus 

11 [M-H]− 10 329 229, 211, 183, 171 C18H34O5 Sanleng acid Fatty acid Waters traditional 
Medicine Library 

Lotus 
corniculatus 

12 [M-H]− 12 982 
941, 923, 879, 615, 
597, 247, 205, 163, 
139 

C49H80O20 Agroastragaloside IV Saponin Waters traditional 
Medicine Library 

Malva 
sylvestris 

13 [M-H]− 0.8 282 150, 133, 108 C10H13N5O5 Guanosine Nucleoside 
Waters traditional 
Medicine Library 

Malva 
sylvestris 

14 [M-H]− 3 359 197, 153, 123 C18H16O8 Rosmarinic acid Phenolic acid Waters traditional 
Medicine Library 

Malva 
sylvestris 15 [M-H]- 5.4 655 493, 330 C28H22O18 Patuletin diglucoside Flavonoid Boukhris et al., 2016  
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Echium vulgare, the nectar sugar content is significantly higher during 
the female phase compared to the male one mainly due to an increase in 
the volume of secreted nectar than sugar concentration, while the con
tent of phenylalanine was shown to be significantly higher during the 
male stage than the female one (Barberis et al., 2021). Although these 
factors acting more at the individual- or even flower-level were not 
quantified in our study, they likely constitute a strong source of varia
tion deserving future scientific insights. 

From the applicative point of view, this investigation provides some 
practical implications for the management of urban and peri-urban 
green areas and the design of ecological restoration strategies in 
human-dominated landscapes. For example, the reduction in the sugar 
content of nectar observed in agricultural areas has strong implications 
for the potential of these sites to sustain the local pollinator commu
nities. Indeed, if we convert the concentration of sugars observed in 
energetic terms (J/μL) and considering that an average 500 mg bee re
quires 600 J per hour of flight (Wilmer, 2011), we can calculate that this 
representative energetic requirement can be satisfied by foraging 11 μL 
nectar in agricultural areas while only 5 μL in semi-natural areas. Thus, 
the halving of the sugar content along the agriculture intensification 
gradient suggests the risk to increase the time devoted to foraging for 
pollinator insects. This result highlights the critical importance of 
boosting flower availability in these habitats in order to sustain the 
energetic needs of the local insect pollinators community. A more 
detailed study of the environmental variables influencing sugar content 
could also make it possible to plan tailored interventions across different 
areas, allowing for example a more nuanced control over the application 
of herbicides and other management actions. The increase in the fla
vonoids and antioxidant compounds in disturbed areas poses the 
attention on the impact of anthropogenic stressors on plant secondary 
metabolism. As previously highlighted, many of these metabolites have 
shown promising bioactivity against pesticides and parasites at the 
physiological level, which hints at a potential avenue for ecological 
fortification. However, it is essential to exercise caution, given that 
many of these compounds could exceed toxicity thresholds (Palmer- 
Young et al., 2019). Then, the seedling of species characterized by 
higher resilience to anthropogenic stressors in terms of secondary 
metabolism variations emerges as a prudent course of action. This 
approach can mitigate the potential hazard of exposing pollinator in
sects to toxic concentration of phytochemicals. Furthermore, providing 
for a diversified panel of plant species in a long lasting seasonal context 
can be crucial as a rich plant community affords pollinators the flexi
bility to selectively exploit resources based on their foraging needs and 
preferences (Blüthgen and Klein, 2011). 

5. Conclusions 

With this study we have deepened some aspects dealing with the 
nutritional ecology of pollinators focusing specifically on the resources 
they forage on. The results highlighted that some variations occurring in 
bee pollen nutrients and related to different land use managements 
could not be only due to the choice of foragers, but also depend on the 
plant resource itself. The variations highlighted in the chemical 
composition of pollen and nectar may impact the health status of 
pollinator insects in different environments, attenuating and/or exac
erbating stress phenomena occurring at the insect physiological level. 
The present study suggests that the definition of a proper nutritional 
landscape for pollinator insects requires not only to identify the most 
nutritionally relevant species for pollinators, but also to understand to 
which extent habitat anthropization may modify their nutritional up
take by acting on plant metabolic pathways, in order to promote reliable 
actions for the planning of mitigation strategies in urban and agricul
tural contexts, such as the NbS, by selecting species able to offer a proper 
nutrient composition regardless of the environment in which they occur. 
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