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Abstract—Human activities have substantially increased soil nutrient availability 
during the past decades, affecting plant community composition and plants' 
nutritional content. Several amino acids found in pollen, the main source of larval 
diet for bees, affect the development, health, and behaviour of this important 
group of pollinators. A better understanding of the consequences of global 
changes on pollen amino acid content can help explain and predict future impacts 
on bee populations and diversity. This is particularly relevant in regions that are 
highly exposed to fertilizers due to their importance for global food production, 
such as the Brazilian savannas (Cerrado), where soils are mostly dystrophic. 
Here, we use a long-term controlled fertilization experiment conducted in Cerrado 
and demonstrate that even after 10 years since the last fertilization addition, 
effects were still detectable on leaf and pollen chemical content. More specifically, 
pollen amino acid content of Pavonia rosa-campestris (Malvaceae), a species known 
to be important for the diet of several native bee species, changed because of 
nitrogen (N) addition. Not only did the overall amino acid content increase with N 
addition, but its profile was also affected, with the proportion of some amino acids 
increasing (e.g. isoleucine, leucine, serine, threonine), while decreasing for others 
(e.g. cysteine).  
These amino acids can have important effects on larval development and flower 
visitor behaviour. Further studies evaluating the effects on a diverse set of plant 
species and the consequent impacts on flower visitation and bee fitness are 
essential to better understand the full consequences of increased nitrogen 
availability in nutrient-limited ecosystems such as Cerrado. 

Keywords—Brazilian savannas, global changes, pollen chemistry, soil 
eutrophication 

INTRODUCTION 

Natural environments are increasingly more 

exposed to high inputs of nutrients, nitrogen (N) 

being one whose cycle has been most affected by 

human activity (Steffen et al. 2015; Bouwman et al. 

2017). The effects of such ongoing environmental 

eutrophication on plant communities are well 

recognized, with evidence of long-term negative 

impacts on overall diversity worldwide (Midolo et 

al. 2019). For example, nutrient-driven changes in 

richness and overall plant biomass are likely 

caused by the deregulation of competition 

relationships between plants (e.g. Isbell et al. 2013; 

Barbosa et al. 2014). These community-level 

changes in plant assemblages can have important 

effects on primary consumers and higher trophic 

levels. Yet, even when N increases are not 

sufficiently accentuated (or when other resources, 

such as phosphorous, are limiting N uptake) to 

affect plant biomass and community composition, 

effects may already be noticeable at the plant level 

Journal of Pollination Ecology, 

35(18), 2023, pp 367-379 

 

DOI: 10.26786/1920-

7603(2023)756 

 

Received 8 May 2023, 

accepted 20 November 2023 

*Corresponding author: 

lgcarvalheiro@gmail.com  

 

Article 

https://doi.org/10.26786/1920-7603(2023)756
https://doi.org/10.26786/1920-7603(2023)756
mailto:lgcarvalheiro@gmail.com


368 Carvalheiro et al. J Poll Ecol 35(18) 

 

affecting plant chemistry and investment in floral 

resources (e.g. flower morphology, nectar, and 

pollen production, see David et al. 2019). 

Several studies reported nutrient-driven 

changes in plant stoichiometry and total nutrient 

leaf content (e.g. Barbosa, Tomlinson, et al. 2014; 

Su et al. 2021). Such impacts on plant chemistry can 

substantially change how primary consumers 

interact with the plants, affecting ecosystem 

functioning, even when effects on plant diversity 

are still undetectable. Indeed, previous studies 

have reported effects on leaf herbivore 

development and population dynamics that were 

mediated by changes in plant chemistry (e.g. 

Haddad et al. 2000; Throop & Lerdau 2004; Pöyry 

et al. 2017). Bees can also perceive changes in floral 

resources’ chemical composition (Linander et al. 

2012; Ruedenauer et al. 2019) having gustatory 

receptors that responds to specific amino acids 

such as glutamate, aspartate, asparagine, arginine, 

lysine, and glutamine (e.g. Apis mellifera, Lim et al. 

2019). Therefore, foraging can also be influenced 

by the composition of floral resources quality, such 

as amino acid or protein:lipid content (Cook et al 

2003; Nichols and De Ibarra 2006; Vaudo et al. 

2016). Yet, very few studies have looked at the 

impacts of soil nutrient enrichment on floral 

resource chemistry (David et al. 2019), and those 

that exist mostly focused on a few European 

(Gardener & Gillman 2001b; Gosselin et al. 2013; 

Gijbels et al. 2014, 2015; Ceulemans et al. 2017) or 

North American plant species (Adler & Irwin 2005; 

Manson et al. 2012; Cook et al. 2013). Moreover, 

most focus on nectar (but see Ceulemans et al. 

2017), whereas pollen is the main resource for bee 

larval development (e.g. Heil 2011; Cook et al. 

2013; Majetic et al. 2017) also being essential for 

sexual maturation and ovary development 

(Human et al 2007). This handful of published 

studies shows that overall amino acid (AA) content 

in floral resources can increase when plants are 

grown under increased nitrogen supply conditions 

and that the overall AA profile changes, with some 

AA increasing their dominance over others 

(Gardener & Gillman 2001b; Gijbels et al. 2014, 

2015; Ceulemans et al. 2017). Within these few 

studies, there is a diversity of results in terms of 

which AAs increase or decrease. Moreover, as the 

strength and direction of such effects may likely 

depend on other environmental conditions such as 

climate, water availability, soil attributes, or 

vegetation type (reviewed in Midolo et al. 2019), it 

is unclear if the results of these studies focused on 

temperate systems (mostly grasslands) can be an 

indicator of similar effects within tropical regions. 

This knowledge gap limits our ability to 

understand and predict the impacts of soil nutrient 

enrichment on flower visitors, many of whom are 

important pollinators for the vast majority of 

angiosperms (Ollerton et al. 2011; Rader et al. 

2016). Such scarcity of studies is partially caused 

by the difficulties in extracting field samples and 

running detailed chemical analyses. Several 

protocols on pollen chemistry require large pollen 

amounts (some requiring a minimum of 50 mg, 

AOAC 1980, Vossler 2015), and samples can only 

be harvested during a very narrow time window 

(flowering season), within which their flower 

production may vary. Yet, recent methodological 

approaches made great advances, allowing 

quantification of AAs based on very low amounts 

of pollen (∼1 to 5 mg, Vanderplanck et al. 2014; 

Stabler et al. 2018). 

Here, we contribute to filling the gap of 

knowledge on the effects of soil eutrophication on 

floral resources by evaluating the impacts of 

increased availability of nutrients (nitrogen and 

phosphorous) on the pollen AA profile of a plant 

species from Cerrado (Brazilian savannas), Pavonia 

rosa-campestris. Cerrado soils are naturally 

nutrient-poor and acidic, so local flora species have 

evolved to adapted to these conditions (Haridasan 

2008). Since impacts of nutrient input are likely 

stronger or more rapidly detected in regions with 

naturally nutrient-poor soils than in regions with 

fertile soils, especially in habitats dominated by 

perennial herbs and with acidic soils (Bobbink et 

al. 2010; Simkin et al. 2016) such as those of 

savannas, we expect that impacts found in our 

study are more accentuated than those found in 

previous studies run in temperate regions. 

MATERIALS AND METHODS 

This study was run in an experimental area of 

Cerrado sensu stricto (Brazilian savanna) 

established at the Ecological Reserve of the 

Brazilian Institute for Geography and Statistics 

(coordinates decimal degrees: -15.9284, -47.8367). 

The experimental area consists of 20 parcels (5x5 

meters) subjected to a fertilization experiment, 

involving the manipulation of several 
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macronutrients, with each treatment replicated 

four times (full experimental design described in 

Bustamante et al. 2012). For this specific study, we 

focused on control parcels (no nutrients added) 

and on parcels subjected to N addition (100 kg of 

N per ha per year as (NH4)2SO4), and NP addition 

(where in addition to N, further 100 kg of P per ha 

per year, as Ca(H2PO4)2 + CaSO4.2H2O), totalling 12 

parcels. Nutrient supplementation occurred twice 

a year, between 1998 and 2006, at the beginning 

and again at the end of the rainy season.  

FOCAL PLANT SPECIES 

We focused on the perennial species Pavonia 

rosa-campestris (Malvaceae), the only non-Poaceae 

flowering species that was detected flowering in at 

least three parcels of each treatment over the 

sampling period. Species within the genus Pavonia 

have self-pollination through delayed style 

curvature (Buttrose et al. 1977; McDade & Davidar 

1984; Goodwillie & Weber 2018), which means that 

if there is no deposition of pollen on the stigma 

until a certain point in time, and if weather 

conditions are favourable (Domingos-Melo et al. 

2020), the styles curve towards the anthers, coming 

in contact with the pollen and promoting self-

pollination. While Malvaceae tend to have lower 

amino acid content in their pollen in comparison to 

species from other families (Jeannerod et al. 2022), 

Pavonia spp. are known to contribute to the pollen 

diet of several bee species (e.g. Ribeiro et al. 2016), 

some Brazilian species even being specialized on 

this genus (e.g. Ptilothrix plumate, Hymenoptera: 

Apidae: Emphorini, Schlindwein & Martins 2000; 

Schlindwein et al. 2009). 

LEAF AND POLLEN ANALYSES 

While our study focused on floral resources, as 

a preliminary evaluation we checked if the foliar 

chemical composition was still affected by nutrient 

composition nine years after fertilization 

treatments had ceased. To evaluate foliar carbon 

and nitrogen (CN) content, within each treatment, 

six samples of mature leaves were collected in 

August 2015, dried at 60oC for 72h, and ground. 

Samples used to run the chemical analyses had ca. 

0.1g (0.098-0.101g). Carbon and nitrogen analyses 

were then done using a CN elemental analyser 

(Truspec CHN628, Leco Instruments Ltda, St 

Joseph, Michigan, USA 2013) through combustion 

(950ºC), which detects CO2 and N2 through 

infrared and thermal conductivity.  

Pollen samples were collected in August 2017 

from all available fully developed flowers with no 

signs of fertilization (no signs of petal senescence) 

found during field surveys. A total of 77 flowers 

were collected. Stamens from each flower were 

removed and placed in a sterilized Eppendorf 

tube. Samples were later dried at room 

temperature, and pollen grains were extracted 

from anthers with help of a vortex. We repeated 

the process using a combination of vibration 

within sterilized water (vortex) and centrifugation 

(12 mil rpm, for ca. 3 min). After the removal of all 

non-pollen fragments, samples were dried at 40oC. 

As for most flowers pollen extracted was very low 

(frequently below 1mg), up to 10 flowers were 

combined within a parcel in a single sample. This 

led to a total of 31 samples: 18 were from control 

plots, 10 from plots that received N addition, and 

three from plots that received NP addition. Amino 

acid analyses were performed using HPLC (High-

performance liquid chromatography) after 

hydrolysis using the Stein & Moore method, 

applying the protocol described by Vanderplanck 

and collaborators (2014). Previous studies 

(Gardener & Gillman 2001a) have shown that 

HPLC can produce accurate and precise data for 

the AA composition of floral resources. 

DATA ANALYSES 

To evaluate the effect of fertilization treatments 

on N and C leaf concentration of Pavonia rosa, we 

used a Linear Mixed Model (LMM) with treatment 

as a fixed variable and parcel ID as a random 

variable. All analyses were run using R version 

4.2.0 (R core team, 2022). 

For each pollen sample, we calculated the total 

amount of each AA (mg/g of pollen, a 

standardized unit used for comparison across 

plant species), and the relative abundance of each 

AA (% of total amino acids). As the amount of 

pollen greatly varied among samples, we first used 

samples from control plots (no nutrient addition) 

to analyse the effect of sample weight on the 

reliability of AA quantification and define a 

threshold above which sample weight no longer 

had an effect. To do that, we used Generalized 

Linear Mixed Models (GLMM) (Gamma 

distribution, log link function) using sample 

weight as a fixed variable and plot ID as a random 

variable. For each AA, z-score values (a 

standardized metric of variability, centred at zero) 

about:blank
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were calculated and its absolute value (i.e. distance 

from the mean) was used as a response variable. 

We then repeated the procedure using samples 

with pollen weights above different values (0.5, 

0.75, 1, 1.25 mg).  

To evaluate the effects of fertilizer treatment on 

the variability of the AA pollen profile of the 

studied species, we used all samples with pollen 

weights greater than the threshold value identified 

(see results) and calculated the dissimilarity (Bray-

Curtis index) on the pollen profile between each 

pair of pollen samples using the vegan R package 

(Oksanen et al. 2022). We then ran a GLMM 

(Gamma distribution, log link function). As each 

sample was compared with all others, the IDs of 

both samples within the pair were included as 

random variables. 

To evaluate the effects of fertilizer treatment on 

the absolute concentration (mg/g of pollen) and 

relative abundance (% of total AA amount) of each 

AA, we used all samples with pollen weights 

greater than the threshold value. As the number of 

samples in fertilized plots above the threshold was 

reduced (only 3 samples for NP), we merged N 

and NP treatments and used as explanatory 

variable (GLMM, Gaussian distribution, with plot 

ID as a random effect) the presence (or absence) of 

nutrient addition. As a sensitivity test, we repeated 

the analyses after removing the three pollen 

samples from the NP treatment. 

RESULTS 

Our results show that after ca. 10 years of the 

last fertilization event, foliar and pollen chemical 

compositions are still affected by fertilization 

treatments. More specifically, foliar analyses 

showed that while effects on foliar N content in 

treatments were not significant, foliar C content 

was significantly affected (ca. 1.6% higher) when 

nutrients (N or NP) were added, leading to a mild 

but non-significant increase on the C:N ratio in 

leaves (Fig. 1, Appendix 1). Results were similar 

when NP treatment was removed from data 

analyses. 

Regarding pollen, effects were detected on AA 

absolute content, as well as on AA profile 

composition and variability. A total of 17 AAs 

were detected in the pollen of Pavonia rosa-

campestris. The most abundant AAs were glutamic 

acid (reaching 40 mg/g), aspartic acid (up to 30 

mg/g), and lysine (up to 20 mg/g). Stabilization of 

AA relative abundances (% of total AAs) in control 

plots only occurred for samples with more than 

1mg of pollen (Appendices 1 and 2), so this was 

defined as the threshold value for all subsequent 

pollen analyses. Based only on the samples with 

more than 1mg (eight samples from three control 

plots and nine samples from five plots with 

nutrient addition), we found that nutrient addition 

greatly reduced variability in pollen AA profile 

between plant individuals (Fig. 2). Moreover, 

while absolute content increased for all AAs in 

response to fertilization, not all AAs increased in 

same proportion leading to changes in AA relative 

abundance (Fig. 3). Some AAs had higher average 

relative abundance under fertilization, namely 

leucine, isoleucine, serine, threonine, alanine, and 

lysine, while other AAs had reduced average 

relative abundance under fertilization. Among 

 

Figure 1. Effect of fertilization treatments on N leaf content (A), C leaf content (B), and leaf C:N ratio of Pavonia rosa in 2015 (ten 
years after fertilization ceased). Data were analysed using Linear Mixed Model with parcel ID as a random variable, and dots 
represent the partial residuals (i.e. after removing the effect of parcel ID). Blue lines represent estimated means and circles 
represent residuals. Significant effects were detected for C content, but not for N content and C:N ratio (for statistical details 
see Appendix 1). 
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those that had their relative abundance reduced 

were two sulfurated amino acids (cysteine, 

methionine), as well as valine and proline. After 

the sensitivity test removing the three samples 

from NP treatment from the analyses all trends 

were maintained (Appendix 1). 

DISCUSSION 

Despite the importance of plant chemistry for 

the regulation of plant-animal interactions, there is 

a scarcity of studies evaluating the impacts of the 

ongoing increase of nutrient availability on floral 

resources. Our results show that human-driven 

input of nutrients can substantially affect plant 

chemistry, especially floral resources). For leaves 

we only detected significant changes in C content 

and not on N content, and the fact that such 

changes did not reflect in changes in C:N ratio was 

unexpected. Future studies providing information 

on similar compounds on both leaves and pollen 

would be important to better understand plant 

physiological dynamics, and check if leave 

chemistry data (which is much easier to obtain) 

could be used as a proxy of pollen chemistry. 

Nevertheless, such results agree with previous 

studies on foliar chemistry run in the same study 

site in 2004-2005 (eight years after the start of 

fertilization, which ceased in 2006) that show that 

N, P, S (mg g−1), total phenol and tannin foliar 

concentrations (% dry leaf) of several plant species 

differed between fertilization treatments (Jacobson 

& Bustamante 2019). Yet, such data were collected 

while fertilization treatments were still being 

applied annually, and here we show that effects 

are still detectable more than 10 years after 

nutrient input flux has ceased. Previous studies 

run in the same experimental site after fertilization 

treatments ceased show that NP input reduced 

plant richness, this being partly driven by invasion 

of the exotic grass Melita minutiflora (de Mello et al. 

2014, Silveira et al. 2021), and that soil chemistry, 

organic matter dynamics and soil microbial 

community differed between treatments (Silveira 

et al. 2021; Pompermaier et al. 2022). These 

differences in soil may partly explain the long-term 

effects on the vegetative and reproductive parts of 

plants, since soil microbiota release several 

enzymes involved in the cycle of several nutrients 

such as C and N, P, S (Falkowski et al. 2008; Kaiser 

et al. 2016). Yet, while N deposition is known to be 

a dominant factor driving leaf C:N ratio change 

(Sheng et al. 2021), and C leaf content and AA 

pollen content of our study species were altered, N 

leaf content remained similar, and changes in the 

C:N leaf ratio was not statistically different (note 

that for other plant species from the same 

experimental plot, significant C:N leaf ratio were 

Figure 2. Effect of fertilization 
treatments on the dissimilarity (Bray-
Curtis index calculated between 
individuals) of the amino acid 
composition of Pavonia rosa pollen in 
2015 (ten years after fertilization 
ceased). Data were analysed using 
Linear Mixed Model with parcel ID as 
a random variable, and dots represent 
the partial residuals (i.e. after 
removing the effect of parcel ID). 
Blue lines represent estimated means 
and circles represent residuals. For 
statistical details see Appendix 1. 
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detected, unpublished data). Future studies 

involving the analysis of other nitrogenated 

components of leaves and pollen (e.g. AAs and 

alkaloids) and floral resource components with a 

high carbon (e.g. nectar carbohydrates, such as 

sugars) would help to better understand the full 

range of impacts on plant chemistry. Below we 

discuss in more detail the changes in pollen 

chemical composition and compare the patterns 

detected in our study in Brazilian Cerrado with 

those detected by the handful of studies on 

European plants.  

EFFECTS OF NUTRIENT ENRICHMENT ON THE AMINO ACID 

PROFILE OF FLORAL RESOURCES 

Here, we detected that nitrogen addition affects 

the content and relative abundance of several 

amino acids that are important for bees. At least 

ten of those are essential for insects (EAAs) as they 

cannot be synthesized de novo, namely arginine, 

histidine, isoleucine, leucine, lysine, methionine, 

phenylalanine, threonine, tryptophan, and valine 

(de Groot 1952; Brodbeck & Strong 1987). In 

addition, some non-essential AAs are also 

important as a source of energy for flight 

metabolism (e.g. proline, Teulier et al. 2016), larval 

Figure 3. Effect of increased 
nutrient availability (either 
nitrogen or nitrogen and 
phosphorus combined) on 
pollen (A) amino acid 
relative content (% of total 
AAs) and (B) absolute 
content (mg of AA per g of 
pollen) of Pavonia rosa-
campestris. For each AA, 
data were analysed using a 
linear mixed model 
(nutrient addition as a fixed 
term and plot ID as a 
random effect). Error bars 
represent 95% CI. For 
detailed statistical results 
see Appendix 1. 

B 

A 

about:blank


December 2023 Nitrogen availability affects pollen chemistry 373 

 

development (de Groot 1952; Hrassnigg et al. 2003; 

Chang 2004) and also being key determinants of 

longevity (e.g., due to their role in immune 

function, Glavinic et al. 2017; Bonoan et al. 2020, 

and pathogen resistance, Huang 2012). Since 

nitrogen is an essential nutrient for the synthesis of 

AAs, an overall positive effect of N addition on the 

concentration of AAs detected in floral resources 

(Fig. S3) was expected. Among the AAs that had 

their content increased following nutrient 

addition, glutamic and aspartic acids are involved 

in the metabolism of glutamate and aspartate, 

respectively. Since honey bee contact sensory hairs 

are known to respond strongly to these two AAs 

(Lim et al. 2019), effects on bee visitation patterns 

are possible. Despite the importance of all AAs for 

adequate physiological functioning in insects, and 

while plant tissues concentrations of essential AAs 

are often below the intermediate "adequate" 

concentrations (Brodbeck & Strong 1987), it is 

possible that above a certain threshold, AA intake 

can lead to toxicity, due to accumulation of 

ammonia when specific metabolic pathways are 

overloaded (Brodbeck & Strong 1987). Indeed, an 

increased level of essential amino acids (EEA) in 

the insect diet can reduce bee lifespan, the strength 

of such effects depending on EEA:C ratio (e.g., 

Paoli et al. 2014). Moreover, several AAs are 

precursors of alkaloids that can also have toxic 

effects. Detailed studies that combine information 

on AA and alkaloid levels in floral resources 

would be needed to better understand the 

interlinked effects of these two important groups 

of compounds as well as their impact on plant-

pollinator interactions, and pollinator health. 

The results here presented show that certain 

AAs are more likely to be positively affected than 

others by increased nutrient availability, affecting 

the relative abundance of the various AAs. As 

different AAs have different effects on 

chemoreceptors of insects, some stimulating salt or 

sugar cells, others inhibiting them (Shiraishi & 

Kuwabara 1970; Nepi 2014; Ruedenauer et al. 2019; 

Lim et al. 2019; Carlesso et al. 2021), such changes 

in relative abundance can affect how floral visitors 

perceive and interact with plant species, especially 

the selective foraging behaviour of generalist bees 

(Hanley et al. 2008; Ruedenauer et al. 2015). 

Indeed, bees can perceive differences in AAs in 

pollen (Ruedenauer et al. 2019) and among the 

AAs that are known to stimulate sugar taste 

receptors in insects (Shiraishi & Kuwabara 1970), 

two had their relative abundances increased by 

nitrogen (leucine, isoleucine), and two had their 

relative abundance reduced (methionine, valine). 

Moreover, one AA which is known to affect the salt 

cell of some insects (e.g. Shiraishi & Kuwabara 

1970), and consequently the way bees perceive 

floral resources (Finkelstein et al 2022), also had its 

abundance reduced (proline). While tests of AAs 

on insect chemoreceptors were only run for some 

species of insects (Shiraishi & Kuwabara 1970; 

Nepi 2014; Ruedenauer et al. 2019; Carlesso et al. 

2021) and there may be interspecific variability, 

such changes can help understand (i) why changes 

in AA profile have been shown to affect flower 

visitation patterns of bees (Alm et al. 1990; 

Petanidou et al. 2006), butterflies (Alm et al. 1990), 

and flies (Woodcock et al. 2014), and (ii) why some 

AAs act as attractants for some species and 

repellent for others (Inouye & Waller 1984; 

Petanidou et al. 2006). Further studies are still 

needed to understand whether such changes in 

AA profile are part of the mechanisms behind the 

changes in flower visitation rates detected for 

several species of pollinators in flowers exposed to 

an environment enriched with nutrients (e.g., 

(Hoover et al. 2012; Marini et al. 2015; Ramos et al. 

2018). 

COMPARISON WITH PREVIOUS STUDIES 

Despite our low number of pollen samples, we 

detected significant changes in the absolute 

content of most AA analysed. Other studies done 

in regions of Europe where soils are naturally 

richer than those of our study region in Cerrado 

(no or slight constraints vs severe to very severe 

constraints on nutrient availability, 

FAO/IIASA/ISRIC/ISS-CAS/JRC, 2012) detected 

significant changes in a much lower number of 

AAs (4 out of 23 AAs for Gardener & Gillman 

2001b, Agrostemma githago, Caryophyllaceae, study 

run in the south of England). Also in the relative 

content of AAs, we found effects for most AAs (10 

out 16), while others found effects in a lower 

number of AAs (4 in nectar and 5 in pollen out of 

21 in Ceulemans et al. 2017 led on Succisa pratensis, 

Dipsacaceae, study run in mesocosms in Belgium; 

8 out of 23 AAs in Gardener & Gillman 2001b led 

on Agrostemma githago, Caryophyllaceae, study 

run in south of England; 8 out of 18 in Gijbels et al. 

2015 led on Gymnadenia conopsea, Orchidaceae, 
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study run in Belgium). This gives strength to our 

expectation that impacts of increased N 

availability may be more accentuated for native 

plants of Cerrado than for plants that evolved in 

regions where soils are naturally richer. Yet, 

studies with more plants or comparing 

phylogenetically closer plant species (e.g. same 

plant family or genus) would be needed to better 

evaluate if such differences are consistent. The 

type of fertilizer used, and the presence or absence 

of other plants in the experiment may also have an 

influence. Mineral or organic forms of nutrients 

can be applied directly to the soil to evaluate 

changes, either in a plant community under field 

conditions, with the focal species competing with 

other naturally occurring species (e.g. our study 

and (Gijbels et al. 2015)), or in (isolated) plants in a 

mesocosm under experimental conditions, ruling 

out effects of competition with other plants (e.g. 

Gardener & Gillman 2001b; Ceulemans et al. 2017). 

While the latter allows for higher control of the 

mechanisms involved, the former better represents 

the reality of ecosystems, with results being 

influenced by the complex network of interactions 

between plants and soil microorganisms. 

Moreover, while some fertilizers are based on 

sulphur (such as those used for the experiment in 

Cerrado), others are not. Since sulphur can affect 

nitrogen content in plants and is an essential 

element for some AAs, such differences in fertilizer 

formula may influence the effects on plant AA 

profile. Indeed, sulphur can also affect nitrogen 

content in plants as well as enhance the effects of 

nitrogen on AA composition (Lošák et al. 2011) 

and other nitrogen-based compounds, which 

could potentially be related with the changes in 

two sulphurated AAs, cysteine and methionine, 

detected in our study. All these methodological 

differences may influence the results and need to 

be considered when analysing and comparing 

studies. Nevertheless, independently of the 

method used, changes in soil nutrients need to 

consider the natural level of nutrients in the soil 

used in the experiment and despite the great 

diversity of AA profile across plants (Gardener & 

Gillman 2002), the results here presented indicate 

that floral chemistry of certain plants of Cerrado 

may be more susceptible to changes in nutrient 

availability than other plants previously studied in 

temperate regions. 

 

CONCLUDING REMARKS 

Understanding how ongoing global changes 

are affecting plant chemistry can contribute to plan 

management actions aiming to reduce impacts of 

such changes and predict associated impacts. Our 

study makes an important contribution to this field 

of research, being one of the few studies evaluating 

impacts on pollen quality and the first, to our 

knowledge, focusing on plants from tropical 

regions with highly oligotrophic soils. Moreover, it 

shows that the impacts of soil eutrophication can 

be long-lasting, with potential long-term effects on 

the interactions between plants and their 

consumers. While difficulty in extracting large 

samples of pollen is one of the constraints for 

expanding this field of research, our findings 

reinforce the evidence that AA chemical results are 

reliable with samples with as little as 1 mg of 

pollen (Appendices 2 and 3). It would also be 

important to better understand if the AA 

composition of vegetative tissues (which are easier 

to sample and analyse) can be used as a proxy of 

the AA composition of floral resources, as results 

from previous studies (Lohaus & Schwerdtfeger 

2014) suggest. Overall, we call for more investment 

in studies about the impact of global changes on 

the chemistry of floral resources. More specifically, 

further studies on a diverse set of plant species, 

covering different phylogenetic lineages and 

ecological strategies for nutrient acquisition are 

needed to adequately predict the effects of 

environmental eutrophication on plant-pollinator 

interactions, and ideally, these evaluations should 

be accompanied by evaluations of flower visitation 

patterns. 
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