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ABSTRACT

• Floral nectar is considered the most important floral reward for attracting pollinators.
It contains large amounts of carbohydrates besides variable concentrations of amino
acids and thus represents an important food source for many pollinators. Its nutrient
content and composition can, however, strongly vary within and between plant species.
The factors driving this variation in nectar quality are still largely unclear.
• We investigated factors underlying interspecific variation in macronutrient composition of floral nectar in 34 different grassland plant species. Specifically, we tested for
correlations between the phylogenetic relatedness and morphology of plants and the
carbohydrate (C) and total amino acid (AA) composition and C:AA ratios of nectar.
• We found that compositions of carbohydrates and (essential) amino acids as well as C:
AA ratios in nectar varied significantly within and between plant species. They showed
no clear phylogenetic signal. Moreover, variation in carbohydrate composition was
related to family-specific structural characteristics and combinations of morphological
traits. Plants with nectar-exposing flowers, bowl- or parabolic-shaped flowers, as often
found in the Apiaceae and Asteraceae, had nectar with higher proportions of hexoses,
indicating a selective pressure to decelerate evaporation by increasing nectar osmolality.
• Our study suggests that variation in nectar nutrient composition is, among others,
affected by family-specific combinations of morphological traits. However, even within
species, variation in nectar quality is high. As nectar quality can strongly affect visitation patterns of pollinators and thus pollination success, this intra- and interspecific
variation requires more studies to fully elucidate the underlying causes and the consequences for pollinator behaviour.

INTRODUCTION
Many flowering plant species need flower-visiting insects for
pollination. They often provide rewards (mostly nectar and
occasionally pollen) to attract pollinators (Agthe 1951; Baker
1963; Kearns et al. 1998; Klein et al. 2007; Ollerton et al. 2011).
Although most macronutrients, which are essential for organisms, are located in pollen (in particular protein and fat) (De
Groot 1953; Roulston & Cane 2000; Keller et al. 2005; Weiner
et al. 2010), nectar represents the main source of carbohydrates
and additionally contains variable concentrations of amino
acids (Heinrich 1981; Wcislo & Cane 1996; Carter et al. 2006;
Venjakob et al. 2020). In fact, some pollinators, e.g. butterflies,
even entirely depend on nectar as sole nutrient source (Erhardt
& Rusterholz 1998) and rely on its amino acid content to compensate for nitrogen deprivation during larval development
(Mevi-Sch€
utz & Erhardt 2005). In other groups, e.g. parasitoid
wasps, nectar can increase longevity, fecundity and mobility
(Winkler et al. 2006). Nectar was therefore considered the most
important floral reward for attracting pollinators (Simpson &
Neff 1983; Somme et al. 2015; Parachnowitsch et al. 2019).
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From the pollinators’ perspective, nectar needs to meet
nutritional requirements, outbalance foraging costs (Pyke et al.
1977; Waddington 1982) and provide sufficient energy for
mobility and thermoregulation (herein McCallum et al. 2013;
Hendriksma et al. 2014). From the plants’ perspective, nectar
needs to attract pollinators at minimum production costs
(Pyke 1991; Nepi & Stpiczy
nska 2008), deter non-mutualists,
e.g. nectar robbers and micro-organisms, from stealing or
degrading nectar (Adler 2000; Gonzalez-Teuber & Heil 2009;
Escalante-Perez & Heil 2012) and ideally manipulate pollinator
behaviour to their advantage (Pyke 2016). These different
requirements render the nutritional composition of nectar
(henceforth referred to as nectar quality) a multifunctional
trait, which can be subject to conflicting interests (Parachnowitsch et al. 2019; van der Kooi et al. 2021). For example, different flower-visiting and pollinating species (henceforth all
referred to as pollinators) prefer different sugar concentrations,
i.e. bees prefer nectar with 50–60% sugar concentration and
butterflies and birds prefer nectar with 35% sugar concentration, likely due to different ways of consumption (i.e. dipping
versus suction) (Kim et al. 2011). Also, nectar sugar
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concentration negatively correlates with yeast abundance (Herrera et al. 2009) which may in turn affect pollinator preferences
(Vannette & Fukami 2016; Schaeffer et al. 2017). Consequently,
nectar quality can directly and indirectly affect visitation patterns of pollinators.
Several biotic and abiotic factors were found to be related
to variation in nectar quality, including age and damage to
flowers (Gottsberger et al. 1990), soil conditions (Baude
et al. 2011; Becklin et al. 2011), genetic relatedness (i.e. phylogeny) (Baker & Baker 1976; Nicolson & Van Wyk 1998;
Perret et al. 2001), flower morphology (Gusman & Gottsberger 1996; Torres & Galetto 2002), microbial communities
(Vannette et al. 2013), selection by specific pollinators (Petanidou et al. 2006; Willmer 2011; Chalcoff et al. 2017; Tiedge
& Lohaus 2017; Silva et al. 2020) and various interactive
effects [see Parachnowitsch et al. (2019) for a complete
review of factors affecting nectar quality]. For example, phylogenetically related plant species, i.e. belonging to the same
tribe or family, can show similar chemical characteristics of
nectar, such as a clear dominance of hexose or sucrose (Percival, 1961; Bernardello et al. 1994; Wolff 2006) and similar
amino acid profiles (Baker & Baker 1986). However, so far,
only a few studies have investigated heritability and evidence
for selection in nectar traits, such as sugar concentration and
content (Parachnowitsch et al. 2019). Similarities in nectar
quality may alternatively be due to similar morphological
traits, e.g. shape of flower tubes, and thus similar requirements for protection against evaporation (Witt et al. 2013).
For example, plant species with long tubular flowers typically
contain sucrose-rich nectar (high sucrose proportion),
whereas plant species with more open flowers typically contain hexose-rich nectar (high hexose proportion) to reduce
evaporation via increased osmolality (Percival 1961; Bernardello 2007; Witt et al. 2013), because the loss of water in
nectar leads to increased viscosity, which decelerates nectar
uptake or even prevents pollinators from consumption
(K€
ohler et al. 2010; Kim et al. 2011). In fact, several studies
found a strong preference of long-tongued pollinators, such
as butterflies, moths and long-tongued bees, for sucrose-rich
nectar, and of short-tongued bees and flies for hexose-rich
nectar (Baker & Baker 1983; Petanidou et al. 2006;
Gonzalez-Teuber & Heil 2009), indicating that floral morphology and nectar quality interact with pollinator preferences. Despite its importance as floral reward and source of
nutrients for pollinators, the precise factors driving variation
in nectar quality, such as the partial roles of phylogenetic
relatedness, pollinator preferences and floral morphology, are
still largely unclear (Parachnowitsch et al. 2019).
To contribute to a better understanding of the parameters
which affect variation in nectar quality, we analysed potential
correlations between the phylogenetic relatedness and morphology of plants and the amino acid and carbohydrate composition of their nectar for 34 grassland species. We
hypothesized that: (i) plant species generally differed both
qualitatively and quantitatively in their amino acid and carbohydrate composition, but that (ii) related plant species (i.e. species within the same families) would show a more similar
nectar composition (with regard to concentrations and proportions of sugars and amino acids as well as their ratios) than
plant species from different families due to phylogenetic and/
or morphological constraints.

Interspecific variation in floral nectar quality

MATERIAL AND METHODS
Experimental field site
The study was conducted within the framework of the Jena
Experiment, which is a grassland biodiversity experiment in
Thuringia, Germany (50°550 N, 11°350 E; 130 m a.s.l.) established in 2002, comprising 60 native plant species of the plant
association Arrhenatherion, with 16 grass species and 44 flowering herb species (Roscher et al. 2004). The study field is situated near the river Saale and encompasses 82 plots containing
different plant species mixtures, forming a plant species richness gradient. We collected nectar of 34 flowering plant species
from 22 of those plots, preferentially from species’ monocultures, but also from plots with higher levels of plant species
richness, when monocultures comprised insufficient numbers
of flowering individuals. We selected all flowering plant species
for which we could access a minimum of 1 µl, i.e. 34 out of 41
species. For more details on the design of the Jena Experiment,
see Roscher et al. (2004).
Nectar sampling
In 2011, we sampled nectar of a total of 34 flowering plant species on sunny to cloudy days. Flowers were bagged in cotton
gauze 1 day before nectar sampling (mesh size 0.80–1.00 mm) to
exclude pollinators (Klein et al. 2003) and ensure that nectar was
not depleted by insects prior to sampling. Accumulated nectar
was collected in the morning using a microcapillary pipette (1 µl
holding volume) equipped with a pipetting aid (for more details
see Corbet 2003; Venjakob et al. 2020). We aimed to collect a
minimum of 1 µl nectar per sample. When 1 µl could not be
obtained from one flower, additional flowers were sampled. We
collected samples from at least seven plant individuals per species. Exceptions with less samples for carbohydrate analysis were
Geranium pratense L. (6 samples), Trifolium fragiferum L. (6),
and Trifolium pratense L. (3). Six plant species (Anthriscus sylvestris Hoffm., Campanula patula L., Glechoma hederacea L., Primula veris L., Ranunculus repens L. and Veronica chamaedrys L.)
were re-sampled in 2012 because nectar was too dilute due to
heavy rain during the flowering period or because of insufficient
amounts of nectar. Microcapillaries for nectar sampling were
stored in Eppendorf tubes (see Venjakob et al. 2020) and kept at
20 °C until analyses.
Nectar preparation
Prior to analysis, microcapillaries (32 mm) with nectar were
rinsed with 100 µl 99.8% ethanol and centrifuged for 5 min to
remove nectar from capillaries into 2-ml Eppendorf tubes (see
Venjakob et al. 2020). Eppendorf tubes with nectar were kept
in a DURANâ desiccator to evaporate ethanol, and nectar was
subsequently re-dissolved in 50 µl ultra-pure water and centrifuged for 3 min (Venjakob et al. 2020). Finally, 48 µl of the
supernatant were transferred into 1-ml glass vials equipped
with 250 ll pulled-point glass inserts and stored at 20 °C (for
details see Venjakob et al. 2020).
Amino acid and carbohydrate analysis
Analyses of amino acids and carbohydrates were performed
with high performance liquid chromatography (HPLC: Agilent
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Technologies 1260 Series; Agilent, B€
oblingen, Germany). The
LC was equipped with an Agilent 1260 Infinity Quaternary
Pump (G1311C, Agilent), an Agilent 1260 Infinity Standard
Autosampler (G1329B) and an Agilent 1260 Infinity Thermostatted Column Compartment (G1316A). Oven temperature was 40 °C for amino acids and 30 °C for carbohydrates.
Of each nectar extract, 8 µl (amino acids) and 30 µl (carbohydrates) were injected into the system. Prior to analysis,
amino acids were derivatized using either orthophthalaldehyde (OPA; Agilent, for primary amino acids) or 9fluorenylmethyl chloroformate (FMOC; Agilent, for secondary
amino acids, e.g. proline). Separation of amino acids was
achieved on an Extend-C18 column (Zorbax: 3.0 9 150 mm,
3.5 µm; Agilent) preceded by an Extend-C18 guard column
(Zorbax: 2.1 9 12.5 mm, 5 µm; Agilent). We used a solvent
gradient to separate amino acids with a buffer (1 l ultra-pure
water, 10 mM Na2HPO4, 10 mM Na2B4O7, 0.5 mM NaN3, pH
8.2) as polar and acetonitrile–methanol–water (45%, 45%, 10%
[vol/vol], all CHROMASOLVâ; Sigma-Aldrich, Taufkirchen,
Germany) as non-polar phase. A Diode Array Detector (DAD;
Agilent 1260 Infinity System, G4212B) was used for detection.
Each run started with a 2–98% non-polar to polar phase. The
ratio was then gradually changed to 57% to 43% over 13 min
and finally to 100% non-polar phase, which was kept for about
2 min. Solvent flow rate was constant at 0.75 ml min1.
Carbohydrates were eluted on a NH2 column (Zorbax:
4.6 9 250 mm, 5 µm; Agilent) preceded by a NH2 guard column (Zorbax: 4.6 9 12.5 mm, 5 µm; Agilent) under isocratic
conditions. We used an elution buffer containing 78% [vol/vol]
acetonitrile and 22% [vol/vol] ultra-pure water at a constant
flow rate of 1.5 ml min1. Detection was achieved with a Refractive Index Detector (RID; Agilent 1260 Infinity, G1362 A).
After every five samples, we ran an external standard containing 17 amino acids (Amino Acid Standard solution; SigmaAldrich) or three carbohydrates (sucrose, fructose and glucose,
HPLC grade; Sigma-Aldrich) in four different concentrations.
Using the Agilent ChemStation software for LC 3D systems
(Agilent), amino acids and carbohydrates were identified and
quantified by matching retention times and areas of calibrated
standard compounds with retention times and areas of compounds found in nectar samples. Note that we cannot measure
glutamine, arginine and tryptophan with our method due to
either their destruction during acid hydrolysis (tryptophan) or
a lack of standards (asparagine, glutamine).
Statistical analysis
We investigated whether nectar from the 34 plant species and
the four most abundant plant families differed in the composition of carbohydrates and/or amino acids using permutation
tests (PerMANOVA, using 10,000 permutations), which were
based on Bray-Curtis distances between substances (R package:
vegan; Adonis command). Separate permutation tests were
performed for concentrations (in mg ml1) and proportions of
all carbohydrates and amino acids. We obtained proportions of
individual compounds by dividing the concentration of each
individual carbohydrate/amino acid by the total concentration
of all carbohydrates/amino acids analysed.
We tested for plant species-specific differences in total carbohydrate and amino acid concentrations (i.e. the sum of all
individual compounds), the total concentration and
136

proportion of all essential amino acids and the total concentrations of all non-essential amino acids, as well as the ratio of all
carbohydrates to all amino acids. Due to the nested plot design
from which the samples were taken, we always tested first
whether sample plot influenced the explained variance by composing both a generalized linear model (GLM) and generalized
linear mixed effect models (GLMMs), with plant species
entered as fixed factor and the plot from which the sample was
taken as random factor. Due to the lack of a phylogenetic signal
for all nutrient groups (see Table 1) we did not use GLMMs
corrected for phylogenetic relatedness. Models were compared
using the Akaike information criterion (AIC) and likelihood
ratio tests (R package: lme4; anova command; following Zuur
et al. 2009). We always provide results for the GLM if it did not
have a significantly higher AIC value than the GLMM. For tests
on plant species-specific differences, GLMs were always better
than GLMMs, which renders the application of permutation
tests for plant species-specific differences in compound compositions valid despite the nested plot design.
All analyses were repeated for plant family-specific differences between Asteraceae, Apiaceae, Fabaceae and Lamiaceae,
as well as for different morphological flower traits. We confined family analyses to these four plant families, because they
were the only families with sufficient numbers of plant species
sampled per family (N ≥ 3). Information on floral traits composed for the same plots was obtained from Fornoff et al.
(2017) and included flower symmetry (binomial: actinomorphic or bilateral), nectar access (binomial: open or hidden),
inflorescence area (mm2) and flower height (mm). All morphological traits were obtained as mean per plant species. We
therefore also calculated mean per plant species for amino acid
and carbohydrate concentrations and proportions when analysing the effect of family and traits on nectar chemistry and
for the equivalent permutation tests. We again used generalized
linear (mixed effect) models (GL(M)Ms) and compared GLMs
with GLMMs, with plot included as random factor. GLMMs
often had significantly higher AIC values than GLMs, indicating that a high proportion of the observed variance was
explained by plot identity. We additionally extracted marginal
R2 values for the different models to compare the variance
explained by morphological traits and by plant family.
Following Junker et al. (2017) and Ruedenauer et al. (2019),
we tested for a phylogenetic signal in the total, essential and
non-essential content of amino acids, as well as the content of
sugars and the carbohydrate (C) to total, essential and nonessential amino acid (AA) ratios (i.e. C:AA ratios) using

Table 1. Results of Blomberg’s K tests for a phylogenetic signal within total/
essential/non-essential amino acid and carbohydrates content, as well as the
carbohydrate to amino acid ratios of 34 plant species.
nutrient

K

P

Total amino acids
Essential amino acids
Non-essential amino acids
Carbohydrates
Carbohydrate to amino acid ratio
Carbohydrate to essential amino acid ratio
Carbohydrate to non-essential amino acids ratio

0.101
0.094
0.132
0.112
0.304
0.306
0.160

0.325
0.476
0.177
0.331
0.107
0.097
0.265
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Blomberg’s K. The underlying phylogenetic tree was based on
the phylogeny of Zanne et al. (2014).
Response variables were always tested for normality and
homogeneity of variances using graphical tools, as suggested by
Zuur et al. (2009) and either log- or square root- (concentrations, ratios) or arcsine square root (proportions)-transformed
when these requirements were not met. Due to multiple use of
the same dataset, we only considered P < 0.01 as being significant. We finally used the mean carbohydrate and amino acid
proportions and concentrations of each plant species to visually assess similarities within plant families using cluster dendrograms (R package vegan), also based on Bray-Curtis
distances between substances. All analyses were performed in R
version 3.1.3 (R Development Core Team 2015).
RESULTS
Differences between plant species
The 34 plant species sampled showed species-specific compositions for both carbohydrates (PerMANOVA: concentrations:
R2 = 0.69, P < 0.001; proportions: R2 = 0.75, P < 0.001) and
amino acids (concentrations: R2 = 0.65, P < 0.001; proportions:
R2 = 0.82, P < 0.001) with significant differences between species in the concentrations and proportions of all individual carbohydrates and amino acids (GLMs: P-values always ≤0.001;
Tables S1, S2, Fig. 1). Intraspecific variation was also pronounced, particularly for amino acids (see standard variations
in Table S1). Interestingly, related species (i.e. species within
the same family) could be either chemically similar (e.g. Apiaceae species with regard to amino acid compositions, except
Pimpinella major) or chemically distinct (e.g. Lamiaceae species
with regard to amino acid compositions) or both (Asteraceae
species with regard to amino acid compositions) as assessed by
dendrograms and chemical distances between species (see
Table S2a–d, Fig. S1). Also, some plant species (e.g. Crepis biennis or Ajuga reptans with regard to amino acid compositions,
Ranunculus acris and Sanguisorba officinalis with regard to carbohydrate compositions) showed very distinct nutritional profiles which strongly deviated from most other plant species
(Table S2a–d, Fig. S1). None of the nutrient contents, proportions and ratios showed a phylogenetic signal (Table 1).
Nectar of the 34 plant species also differed in the concentrations of the sum of all amino acids (GLM: F = 18.93,
P < 0.001), all essential amino acids (GLM: F = 17.15,
P < 0.001) and all non-essential amino acids (GLM: F = 25.69,
P < 0.001), as well as in the proportion of all essential amino
acids (GLM: F = 35.44, P < 0.001; Table S1, Fig. 1). Crepis biennis L., Tragopogon pratensis L., Leontodon hispidus L. (all Asteraceae) and Sanguisorba officinalis L. (Rosaceae) had nectar with
the highest overall amino acid concentrations (all mean values
>20 mg ml1; Table S1, Fig. 1). Nectar of these plant species
also contained most essential amino acids, while highest concentrations of all non-essential amino acids were found in Tr.
pratensis (Asteraceae), T. campestre Schreb., T. hybridum L., T.
pratense L. (all Fabaceae) and P. veris (Primulaceae) (all mean
values >10 mg ml1; Table S1, Fig. 1). Essential amino acids
made up the highest proportion of all amino acids in C. biennis
(Asteraceae), Ajuga reptans L, and Prunella vulgaris L. (both
Lamiaceae) (all mean values ≥80%; Table S1, Fig. 1), while they
were generally low in Fabaceae (T. campestre, T. hybridum,
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T. pratense, T. repens and Vicia cracca) and in P. veris (all mean
values <40%; Table S1, Fig. 1).
The total carbohydrate amount in nectar also differed
between plant species (F = 18.95, P < 0.001), with highest overall carbohydrate concentrations in T. campestre, Lotus corniculatus L. (both Fabaceae), A. reptans (Lamiaceae) and Tr.
pratensis (Asteraceae) (all mean values >100 mg ml1;
Table S1, Fig. 1). Overall carbohydrate concentrations were
low in Daucus carota L. and Pimpinella major (L.) Huds. (both
Apiaceae) (all mean values <10 mg ml1; Table S1, Fig. 1).
Individual amino acids and carbohydrates followed similar
trends (Table S1, Fig. 1).
The C:AA ratios in nectar of the 34 plant species were generally carbohydrate-biased, but ranged from equal mean ratios of
C:AA = 1:1 [for A. sylvestris (Apiaceae) and L. hispidus (Asteraceae)] to mean ratios largely dominated by carbohydrates, C:
AA = >20:1 [for Geranium pratense L. (Geraniaceae), A. reptans
and P. vulgaris] and differed between plant species (GLM:
F = 19.17, P < 0.001; Fig. S1, Fig. 2). The same was true for the
ratio of all carbohydrates to all essential amino acids (henceforth referred to as C:EAA) (GLM: F = 17.83, P < 0.001).
Differences between plant families and related to
morphological traits
Asteraceae, Apiaceae, Fabaceae and Lamiaceae differed in the
composition of all amino acids when concentrations were considered (PerMANOVA: P2 = 0.27, P = 0.007; Fig. S2a), and
marginally when proportions were considered (R2 = 0.25,
P = 0.02; Fig. S2b). Essential amino acids also tended to show
family-specific profiles (concentrations: R2 = 0.27, P = 0.01;
Fig. S2c; proportions: R2 = 0.27, P = 0.02; Fig. S2d). However,
visual inspection of chemical similarities showed that separation by family was not strict and mostly driven by differences
between Fabaceae and Asteraceae (Fig. S2). Moreover, some
species of different families (e.g. Centaurea and Anthriscus)
were more similar to each other than to other species within
their respective plant families (Fig. S2, Table S2a–d). The proportion of all essential amino acids (proportion: GLMM:
F = 4.090, P = 0.003; Fig. 3c) also differed between the four
plant families, whereas the overall amino acid concentrations
did not (GLMM: F = 1.425, P = 0.241; Fig. 3a). Nectar of
Asteraceae and Lamiaceae generally contained the highest concentrations and proportions of essential amino acids (Fig. 3b,
c). Concentrations and proportions of 11 out of 17 single
amino acids (e.g. glutamic acid, histidine, arginine. . .) also differed or tended to differ between the four plant families
(Table S3).
When examining the effect of morphological traits of flowers, we found the concentration and proportion of lysine differed between symmetric and non-symmetric flowers
(concentration: GLMM: F = 11.329, P = 0.007; proportion:
F = 38.488, P < 0.001). The proportions of three other amino
acids also tended to differ between the two flower types, while
the remaining species were not affected by any floral traits
(Table S3).
However, variation in nectar amino acid concentrations and
proportions was always better explained by plant family than
by flower morphology (0.1 < R2 ≤ 0.92 for 32 out of 36 models
on the effect of plant family on variation in amino acid concentrations and proportions; 0.1 < R2 ≤ 0.13 for 3 out of 144
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Carbohydrate
Concentration
[mg/ml]

250
200
150
100
Sucrose
Glucose

50

Fructose

0

Proline
Alanine

20

Glycine

Amino acid
Concentration
[mg/ml]

Aspartic acid
Glutamic acid
Serine

15

Non-essential AA

25

Cystine
Tyrosine
Valine

10

Isoleucine
Leucine
Threonine

5

Lysine
Arginine
Methionine
Histidine

Rosaceae
Scrophulariaceae

Ranunculaceae

Primulaceae

Fabaceae

Lamiaceae

Asteraceae

Geraniaceae

Apiaceae

Brassicaceae
Campanulaceae
Dipsacaceae

Anthriscus sylvestris
Daucus carota
Heracleum sphondylium
Pastinaca sativa
Pimpinella major
Centaurea jacea
Cirsium oleraceum
Crepis biennis
Leontodon autumnalis
Leontodon hispidus
Taraxacum officinale
Tragopogon pratensis
Cardamine pratensis
Campanula patula
Knautia arvensis
Lathyrus pratensis
Lotus corniculatus
Medicago varia
Onobrychis viciifolia
Trifolium campestre
Trifolium fragiferum
Trifolium hybridum
Trifolium pratense
Trifolium repens
Vicia cracca
Geranium pratense
Ajuga reptans
Glechoma hederacea
Prunella vulgaris
Primula veris
Ranunculus acris
Ranunculus repens
Sanguisorba officinalis
Veronica chamaedrys

0

Essential AA

Phenylalanine

Fig. 1. Nectar carbohydrate and amino acid concentrations in mg ml1 of 34 plant species, grouped by family in alphabetical order. Grey amino acids are
non-essential amino acids, while black amino acids are amino acids considered essential for honeybees (following De Groot 1953).

models on the effect of morphology on variation in amino acid
concentrations and proportions; Table S3).
The four plant families also had specific nectar carbohydrate
profiles with regard to compound concentrations (PerMANOVA: R2 = 0.32, P = 0.003; Fig. 4) and particularly proportions (R2 = 0.61, P < 0.001; Fig. 5). Sucrose proportions were
138

generally higher in Lamiaceae and Fabaceae and lower in Asteraceae and Apiaceae (GLMM: F = 7.580, P < 0.001; Fig. 5a).
This pattern was reversed for glucose (GLMM: F = 5.805,
P < 0.001; Fig. 5b) and fructose (GLMM: F = 3.813, P = 0.004;
Fig. 5c). Single carbohydrate concentrations did not significantly differ between plant families (Fig. 4a–c), and neither did
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Fig. 2. Mean amounts [ SE] of total carbohydrates and
amino acids in nectar of 34 plant species. Each symbol
represents one plant species, with plant species having
the same symbol belonging to the same plant family.

the total carbohydrate concentration (GLMM: F = 0.585,
P = 0.820; Fig. 4d).
The concentrations of fructose (GLMM: F = 4.347,
P = 0.045) and glucose (GLMM: F = 4.537, P = 0.041), as
well as the total carbohydrate concentration (GLMM:
F = 4.629, P = 0.039), also tended to differ between plants
with open nectar access and plants with restricted nectar
access. Proportions of glucose (GLMM: F = 4.325,
P = 0.046) and sucrose (GLMM: F = 4.276, P = 0.047) also
tended to increase with inflorescence area.
As found for amino acids, plant family explained most of the
variance in nectar carbohydrate concentrations and proportions (0.1 < R2 ≤ 0.67 for all models on the effect of plant family on variation in carbohydrate concentrations and
proportions; Table S4). Some variation was also explained by
nectar access, i.e. variation in fructose (R2 = 0.12), glucose
(R2 = 0.13) and total carbohydrate (R2 = 0.12) concentrations,
and by inflorescence area, i.e. variation in glucose (R2 = 0.12)
and sucrose (R2 = 0.12) proportions (Table S4).
Interestingly, all plant species within a specific family, i.e.
Asteraceae, Apiaceae, Fabaceae and Lamiaceae, showed similar
C:AA ratios (Fig. 2), although total amounts of carbohydrates
and amino acids per ml nectar differed between species
(Table S1). Thus, C:AA ratios were family-specific, with significant differences between families (GLMM: F = 9.16, P < 0.001;
Fig. 2). These differences could be attributed mainly to the
Lamiaceae, whose nectar contained two to four times more carbohydrates (mean C:AA = 19:1) than nectar of the other plant
families (Asteraceae 6:1, Apiaceae 5:1, Fabaceae 8:1; Fig. 2).
DISCUSSION
As expected, nectar of the 34 studied plant species and four
most abundant plant families of a mesotrophic grassland community differed in carbohydrate and amino acid composition.
However, despite significant differences between families, nectar composition was not significantly influenced by phylogenetic relatedness, indicating that additional factors affected
variation in floral nectar quality.
Interestingly, when comparing the explanatory power of
floral morphology and plant family, family continuously

explained a larger proportion of the variation in nectar
chemistry, e.g. up to 92% for the concentration of lysine,
than the investigated morphological parameters. Differences
between Apiaceae, Asteraceae, Fabaceae and Lamiaceae (all
very attractive for pollinators: Ebeling et al. 2008; Venjakob
et al. 2016) were particularly pronounced for carbohydrates,
with higher hexose concentrations and proportions in Apiaceae (open flowers) and Asteraceae, and higher sucrose concentrations and proportions in Fabaceae and Lamiaceae
(closed/tubular flowers). This finding agrees with previous
studies indicating that nectar carbohydrate composition largely correlates with floral morphology (Percival 1961; Bernardello 2007; Witt et al. 2013) and thus likely with constraints
imposed through osmolality. However, Asteraceae also have
tubular flowers (ray or disc flowers) composed in radially
symmetrical flower heads (J€ager et al. 2013), often formed as
bowl- or even parabola-shaped flower heads (Kevan 1989).
They nevertheless had mostly hexose-rich nectar, except for
three species, which had relatively similar proportions of
sucrose, fructose and glucose (Fig. 1). The hexose-rich nectar
in most Asteraceae may be explained by the stronger tendency of the flowers to heat up as a consequence of the
bowl- or parabola-shaped flower heads (Percival 1961). Different combinations of family-specific morphological aspects
of flowers determining overall inflorescence shape and structure therefore need to be taken into account when addressing
variations in nectar chemistry. The importance of such
family-specific structural characteristics and combinations of
morphological traits may also explain why ‘nectar access’ (a
parameter based on the morphology of individual flowers in
our study) had overall less explanatory power than ‘plant
family’, and why we found strong family-specific differences
in nectar chemistry but no in the phylogenetic signal. In fact,
the two differently related plant families, Fabaceae and Lamiaceae, showed similarities in nectar carbohydrate composition, likely due to structural similarities of the flowers. The
two more closely related plant families, Asteraceae and Apiaceae, also showed similarities in nectar carbohydrate composition, despite different flower structures. Moreover, within
plant families, the nectar composition of individual species
still varied independent of their relatedness.
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Fig. 3. Differences in (a) total concentrations (mg ml1) of amino acids, (b)
concentrations (mg ml1) of all essential amino acids (both datasets were
log-transformed) and (c) proportions of all essential amino acids (data were
(arcsin(sqrt(x))-transformed)).

Alternatively or additionally, the observed differences in nectar chemistry may be related to different pollination syndromes. In fact, morphological and/or functional traits of
specific pollinators can reliably predict the spectrum of flowering plants visited and thus specific links in pollination networks (Rosas-Guerrero et al. 2014). Besides preferences for
specific flower colours or shapes, pollinators can also show
preferences for specific nectar profiles. For example, many
flower visitors prefer sugar solutions with amino acids (i.e. nectar) over pure sugar solutions, e.g. butterflies (Alm et al. 1990;
Mevi-Sch€
utz & Erhardt 2005; Beck 2007), flies (Shiraishi &
Kuwabara 1970; Potter & Bertin 1988), honeybees (Inouye &
Waller 1984; Alm et al. 1990; Carter et al. 2006; Bertazzini et al.
2010) and solitary bees (Petanidou et al. 2006). Honeybees further prefer sugar solutions with essential amino acids over
sugar solutions with non-essential amino acids (Hendriksma
et al. 2014). Moreover, essential amino acids significantly
140

support their feeding gland and flight muscle development
(Hendriksma et al. 2019). Increasing concentrations and proportions of (essential) amino acids or of amino acids known to
be perceived by pollinators (Ruedenauer et al. 2020) may consequently be a useful tool to increase attractiveness to potential
pollinators and/or distract them from collecting pollen. In fact,
Asteraceae plants in our study tended to have the highest concentrations and proportions of all (essential) amino acids and
of the essential amino acid histidine, which may (among
others) explain why Asteraceae were frequently visited by many
different pollinators and other flower-visiting insects (Table S5;
also Ebeling et al. 2008; Venjakob et al. 2016). However, some
amino acids can also deter insects (Bell et al. 1996; Toshima &
Tanimura 2012), as can several plant secondary metabolites
(Stevenson et al. 2017). Moreover, nectar often contains additional substances in relatively low amounts, such as minerals or
fatty acids (Nicolson & Thornburg 2007), which may also affect
nectar preferences (Parachnowitsch et al. 2019). Notably, nectar of the Lamiaceae species investigated in our study did not
show as high concentrations of the essential amino acid phenylalanine as Lamiaceae nectar of plants from the Mediterranean
phryganic community (Petanidou et al. 2006), suggesting that
different selection pressures may act on the nectar amino acid
composition of related plant species growing in different habitats.
Besides individual compounds and compound groups (e.g.
carbohydrates, C, or amino acids, AA), ratios (e.g. C:AA)
between different compound groups were recently found to
correlate with pollen foraging preferences, e.g. in bumblebees
(Vaudo et al. 2016). Ratios have, to our knowledge, hitherto
not been related to phylogeny or other floral traits. We found
C:AA and C:EAA ratios in general to be carbohydrate-biased
and variable, but also to show some plant species and family
specificity. The carbohydrate-biased ratios meet the nutritional
needs of most flower visitors, e.g. adult honeybee and bumblebee workers, which typically prioritize carbohydrate over
(essential) amino acid intake, even over-consuming amino
acids to obtain sufficient carbohydrates, and perform generally
better on carbohydrate-rich diets (Paoli et al. 2014; Stabler
et al. 2015; Austin & Gilbert 2021). However, (in particular
female) butterflies prefer nectars rich in amino acids, and thus
likely having lower C:AA ratios, because amino acids increase
their fecundity (Mevi-Sch€
utz & Erhardt 2005). Nutritional
requirements of different pollinator groups (e.g. butterflies versus bees) might thus exert different selection pressures on the
nectar chemistry of insect-pollinated plants (Jervis & Boggs
2005), and might affect C:AA ratios (e.g. towards amino acids/
proteins in flowering plant species pollinated by butterflies). In
our dataset, C:AA ratios were lowest in Apiaceae and Fabaceae
and high in Lamiaceae, which might explain (among others)
why Lamiaceae (with their proportionally lower amino acid
content) were most frequently visited by bees, while Apiaceae
and Fabaceae (with their proportionally higher amino acid
content) attracted all sorts of flower visitors (including butterflies; see Tables S3, S4).
However, studies investigating the importance of various
plant traits in predicting niche partitioning in temperate interaction networks between plants and insect flower visitors found
floral phenology, morphology (e.g. tube length), scent and colour, but not nectar chemistry, to most strongly determine
choices of insect visitors (Junker et al. 2013; Rafferty & Ives

Plant Biology 24 (2022) 134–144 © 2021 The Authors. Plant Biology published by John Wiley & Sons Ltd
on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands

Venjakob, Ruedenauer, Klein & Leonhardt

Interspecific variation in floral nectar quality

Fig. 4. Concentrations of fructose (a), glucose (b),
sucrose (c) and all three (total carbohydrates) (d) (in mg
ml1) in nectar of the most abundant plant families, Apiaceae, Asteraceae, Fabaceae and Lamiaceae. Different
lowercase letters within each diagram indicate significant differences between the plant families, n.s. indicates no significance.

Fig. 5. Proportions of fructose (a), glucose (b) and
sucrose (c) in nectar of the most abundant plant families,
Apiaceae, Asteraceae, Fabaceae and Lamiaceae. Different lowercase letters within each diagram indicate significant differences between the plant families.

2013; Kantsa et al. 2018). Nevertheless, interestingly, different
floral traits can interact. For example, bee-pollinated flowers
often have a blue or yellow colour and UV marks (Wilson et al.
2004), known to be correlated with a comparatively high sugar
content (Chittka & Menzel 1992) and to match the visual
capacities of bees (Chittka & Menzel 1992). In fact, local variation in nectar sugar content might even drive selection for
innate colour preferences (Raine & Chittka 2007). In turn, nectar volume in the bumblebee-pollinated Aconitum gymnandrum was found to be under strong selection pressure by
pollinators (Zhao et al. 2016). These studies indicate that the
plant–pollinator mutualism can affect nectar chemistry, but
that directional outcomes are variable and likely depend on
specific interactions. Our results suggest that these additionally
depend on plant family-specific morphological constraints.
Finally, an increasing number of studies highlight the role of
specific microbiota in nectar (Fridman et al. 2012) and even of
the foraging behaviour of pollinators themselves (Bogo et al.
2021) in affecting nectar chemistry, providing additional factors that may determine variation in floral nectar chemistry.
More thorough investigations of nutrient amounts and ratios
found in floral resources, i.e. pollen and nectar, of plant species
differing in phylogenetic relatedness, morphological characters,
pollinator dependency and reward strategy, as well as their effect
on pollinator preferences, should enable us to better disentangle
the contributions of these various factors impacting floral

resource chemistry. This knowledge is essential for better understanding the mechanisms underlying plant–pollinator interactions (Kantsa et al. 2018; van der Kooi et al. 2021).
ACKNOWLEDGEMENTS
We thank all members of the Jena Experiment community,
who helped in maintaining the experiment throughout many
years. Especially, we would like to thank our coordinator Anne
Ebeling, our technical assistant Gerlinde Kratzsch and the gardeners, particularly Ute K€
ober and Silke Hengelhaupt, who also
helped with flower bagging. Further thanks go to Stephanie
Schr€
oder who helped with nectar sampling. M. Heil and three
anonymous reviewers provided useful input on an earlier version of the manuscript. Finally, we gratefully acknowledge
Angela Gronert for performing analyses with HPLC and
Richard Bolek for his useful advice.
CONFLICTS OF INTEREST/COMPETING INTERESTS
The authors declare no conflict of interest.
FUNDING
The German Science Foundation (DFG) funded the Jena
Experiment (DFG-FOR 1451/2) and SDL (LE 2750/1-1).

Plant Biology 24 (2022) 134–144 © 2021 The Authors. Plant Biology published by John Wiley & Sons Ltd
on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands

141

Interspecific variation in floral nectar quality

Venjakob, Ruedenauer, Klein & Leonhardt

AUTHOR CONTRIBUTIONS
CV, AMK and SDL designed the experiment. CV collected
data; SDL and FAR performed statistical analyses. CV developed the first draft of the manuscript, and all authors contributed substantially to revisions.
AVAILABILITY OF DATA AND MATERIAL
All original data is submitted with this manuscript and will be
deposited at the Jena Experiment upon publication.
SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section at the end of the article.
Fig. S1. Ratio of total amino acids (AA) in mg to total sugar
in mg.
Fig. S2. Cluster dendrograms of the four most abundant
plant families (Apiaceae, Asteraceae, Fabaceae and Lamiaceae).
Table S1. Nectar concentration and proportion of chemical
components, such as amino acids and carbohydrates, measured
via HPLC.
REFERENCES
Adler L.S. (2000) The ecological significance of toxic
nectar. Oikos, 3, 409–420.
€
Agthe C. (1951) Uber
die physiologische Herkunft des
Pflanzennektars. Berichte Der 529 Schweizerischen
Botanischen Gesellschaft, 61, 240–274.
Alm J., Ohnmeiss T.E., Lanza J., Vriesenga L. (1990)
Preference of cabbage white butterflies and honey
bees for nectar that contains amino acids. Oecologia,
84, 53–57.
Austin A.J., Gilbert J.D.J. (2021) Solitary bee larvae prioritize carbohydrate over protein in parentally provided pollen. Functional Ecology, 35, 1069–1080.
Baker H.G. (1963) Evolutionary mechanisms in pollination biology: origins and functions of floral systems are being elucidated by genetical and ecological
studies. Science, 139, 877–883.
Baker H.G., Baker I. (1983) Floral nectar sugar constituents in relation to pollinator type. In: Jones
C.E., Little R.J. (Eds), Handbook of experimental pollination biology. Van Nostrand, New York, USA, pp
117–141.
Baker H.G., Baker I. (1986) The occurrence and significance of amino acids in floral nectar. Plant Systematics and Evolution, 151, 175–186.
Baker I., Baker H.G. (1976) Analyses of amino acids in
flower nectars of hybrids and their parents, with
phylogenetic implications. New Phytologist, 76, 87–
98.
Baude M., Leloup J., Suchail S., Allard B., Benest D.,
Meriguet J., Nunan N., Dajoz I., Raynaud X. (2011)
Litter inputs and plant interactions affect nectar
sugar content. Journal of Ecology, 99, 828–837.
Beck J. (2007) The importance of amino acids in the
adult diet of male tropical rainforest butterflies.
Oecologia, 151, 741–747.
Becklin K.M., Gamez G., Uelk B., Raguso R.A., Galen
C. (2011) Soil fungal effects on floral signals,
rewards, and aboveground interactions in an alpine
pollination web. American Journal of Botany, 98,
1299–1308.

142

Table S2. Chemical distance matrix between 34 plant species
based on Bray-Curtis distances between either: the (a,c) proportions (%) or (b,d) concentrations (conc) of amino acids
and carbohydrates.
Table S3. Statistical results of generalized linear (mixed)
models (GL(M)Ms) testing for effects of morphological factors
(flower symmetry, nectar access, inflorescence area, flower
height) and family for different single and total amino acid
concentrations and proportions.
Table S4. Statistical results of generalized linear (mixed)
models (GL(M)Ms) testing for effects of morphological factors
(flower symmetry, nectar access, inflorescence area, flower
height) and family for different single and total carbohydrate
concentrations and proportions.
Table S5. Plant species studied (Roscher et al. 2004) for their
nectar amino acid and carbohydrate composition (plant species
in italic and families in bold letters) with flower visitors
recorded at different plots of the Jena Experiment in 2011 (for
further details see Venjakob et al. 2016).
Table S6. Morphological traits of flowers and accessibility of
pollen and/or nectar.

Bell E.A., Perera K.P.W.C., Nunn P.B., Simmonds
M.S.J., Blaney W.M. (1996) Non-protein amino
acids of Lathyrus latifolius as feeding deterrents and
phagostimulants in Spodoptera littoralis. Phytochemistry, 43, 1003–1007.
Bernardello G. (2007) A systematic survey of floral nectaries. In: Nicolson S.W., Nepi M., Pacini E. (Eds),
Nectaries and nectar. Springer, Dordrecht, the
Netherlands, pp 19–128.
Bernardello L.M., Galetto L., Jaramillo J., Grijalba E.
(1994) Floral nectar chemical composition of some
species from Reserva Rio Guajalito, Ecuador.
Biotropica, 26, 113.
Bertazzini M., Medrzycki P., Bortolotti L., Maistrello
L., Forlani G. (2010) Amino acid content and nectar
choice by forager honeybees (Apis mellifera L.).
Amino Acids, 39, 315–318.
Bogo G., Fisogni A., Rabassa-Juvanteny J., Bortolotti
L., Nepi M., Guarnieri M., Conte L., Galloni M.
(2021) Nectar chemistry is not only a plant’s affair:
floral visitors affect nectar sugar and amino acid
composition. Oikos, 130, 1180–1192.
Carter C., Shafir S., Yehonatan L., Palmer R.G., Thornburg R. (2006) A novel role for proline in plant floral
nectars. Naturwissenschaften, 93, 72–79.
Chalcoff V.R., Gleiser G., Ezcurra C., Aizen M.A.
(2017) Pollinator type and secondarily climate
are related to nectar sugar composition across
the angiosperms. Evolutionary Ecology, 31, 585–
602.
Chittka L., Menzel R. (1992) The evolutionary adaptation of flower colours and the insect pollinators’ colour vision. Journal of Comparative Physiology A, 171,
171–181.
Corbet S.A. (2003) Nectar sugar content: estimating
standing crop and secretion rate in the field. Apidologie, 34, 1–10.
De Groot A.P. (1953) Protein and amino acid requirements of the honeybee (Apis mellifica L.). Physiologia
Comparata Et Oecologia, 8, 197–285.
Ebeling A., Klein A.-M., Schumacher J., Weisser W.W.,
Tscharntke T. (2008) How does plant richness affect

pollinator richness and temporal stability of flower
visits? Oikos, 117, 1808–1815.
Erhardt A., Rusterholz H.-P. (1998) Do Peacock butterflies (Inachis io L.) detect and prefer nectar amino
acids and other nitrogenous compounds? Oecologia,
117, 536–542.
Escalante-Perez M., Heil M. (2012) Nectar secretion:
its ecological context and physiological regulation.
In: Vivanco J.M., Baluska F. (Eds), Secretions and
exudates in biological systems. Signaling and communication in plants, Vol 12. Springer, Berlin, Germany,
pp 187–219.
Fornoff F., Klein A.M., Hartig F., Benadi G., Venjakob
C., Schaefer H.M., Ebeling A. (2017) Functional
flower traits and their diversity drive pollinator visitation. Oikos, 126, 1020–1030.
Fridman S., Izhaki I., Gerchman Y., Halpern M. (2012)
Bacterial communities in floral nectar. Environmental Microbiology Reports, 4, 97–104.
Gonzalez-Teuber M., Heil M. (2009) Nectar chemistry
is tailored for both attraction of mutualists and protection from exploiters. Plant Signaling & Behavior,
4, 809–813.
Gottsberger G., Arnold T., Linskens H.F. (1990) Variation in floral nectar amino acids with aging of flowers, pollen contamination, and flower damage. Israel
Journal of Botany, 39, 167–176.
Gusman A.B., Gottsberger G. (1996) Differences in floral morphology, floral nectar constituents, carotenoids, and flavonoids in petals of orange and yellow
Pyrostegia venusta (Bignoniaceae) flowers. Phyton –
Annales Rei Botanicae, 36, 161–171.
Heinrich B. (1981) The energetics of pollination. Annals
of the Missouri Botanical Garden, 68, 370–378.
Hendriksma H.P., Oxman K.L., Shafir S. (2014)
Amino acid and carbohydrate tradeoffs by honey
bee nectar foragers and their implications for
plant–pollinator interactions. Journal of Insect
Physiology, 69, 56–64.
Hendriksma H.P., Pachow C.D., Nieh J.C. (2019)
Effects of essential amino acid supplementation to
promote honey bee gland and muscle development

Plant Biology 24 (2022) 134–144 © 2021 The Authors. Plant Biology published by John Wiley & Sons Ltd
on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands

Venjakob, Ruedenauer, Klein & Leonhardt

in cages and colonies. Journal of Insect Physiology,
117, 103906.
Herrera C.M., de Vega C., Canto A., Pozo M.I. (2009)
Yeasts in floral nectar: a quantitative survey. Annals
of Botany, 103, 1415–1423.
Inouye D.W., Waller G.D. (1984) Responses of honey
bees (Apis mellifera) to amino acid solutions mimicking floral nectars. Ecology, 65, 618–625.
J€ager E.J., M€
uller F., Ritz C.M., Welk E., Wesche K.
(Eds) (2013) Rothmaler Exkursionsflora von Deutschland.
Gef€aßpflanzen:
Atlasband.
Spektrum
Akademischer, Heidelberg, Germany, pp 8–791.
Jervis M., Boggs C. (2005) Linking nectar amino acids
to fitness in female butterflies. Trends in Ecology &
Evolution, 20, 585–587.
Junker R.R., Bl€
uthgen N., Brehm T., Binkenstein J.,
Paulus J., Martin Schaefer H., Stang M. (2013)
Specialization on traits as basis for the nichebreadth of flower visitors and as structuring mechanism of ecological networks. Functional Ecology,
27, 329–341.
Junker R.R., Kuppler J., Amo L., Blande J.D., Borges
R.M., van Dam N.M., Dicke M., D€
otterl S., Ehlers
B.K., Etl F., Gershenzon J., Glinwood R., Gols R.,
Groot A.T., Heil M., Hoffmeister M., Holopainen
J.K., Jarau S., John L., Kessler A., Knudsen J.T.,
Kost C., Larue-Kontic A.-A.-C., Leonhardt S.D.,
Lucas-Barbosa D., Majetic C.J., Menzel F., Parachnowitsch A.L., Pasquet R.S., Poelman E.H.,
Raguso R.A., Ruther J., Schiestl F.P., Schmitt T.,
Tholl D., Unsicker S.B., Verhulst N., Visser M.E.,
Weldegergis B.T., K€
ollner T.G. (2017) Covariation
and phenotypic integration in chemical communication displays: biosynthetic constraints and ecoevolutionary implications. New Phytologist, 220,
739–749.
Kantsa A., Raguso R.A., Dyer A.G., Olesen J.M.,
Tscheulin T., Petanidou T. (2018) Disentangling the
role of floral sensory stimuli in pollination networks.
Nature Communications, 9, 1041.
Kearns C.A., Inouye D.W., Waser N.M. (1998) Endangered mutualisms: the conservation of plant–pollinator interactions. Annual Review of Ecology and
Systematics, 29, 83–112.
Keller I., Fluri P., Imdorf A. (2005) Pollen nutrition
and colony development in honey bees: part 1. Bee
World, 86, 3–10.
Kevan P.G. (1989) Thermoregulation in arctic insects
and flowers: adaptation and co-adaptation in behaviour, anatomy, and physiology. In: Mercer J.B.
(Ed.), Thermal physiology. Elsevier, Dordrecht, the
Netherlands, pp 747–753.
Kim W., Gilet T., Bush J.W.M. (2011) Optimal concentrations in nectar feeding. Proceedings of the
National Academy of Sciences of the United States of
America, 108, 16618–16621.
Klein A.-M., Steffan-Dewenter I., Tscharntke T. (2003)
Pollination of Coffea canephora in relation to local
and regional agroforestry management. Journal of
Applied Ecology, 40, 837–845.
Klein A.-M., Vaissiere B.E., Cane J.H., SteffanDewenter I., Cunningham S., Kremen C., Tscharntke
T. (2007) Importance of pollinators in changing
landscapes for world crops. Proceedings of the Royal
Society B: Biological Sciences, 274, 303–313.
K€
ohler A., Leseigneur C.D.C., Verburgt L., Nicolson
S.W. (2010) Dilute bird nectars: viscosity constrains
food intake by licking in a sunbird. American Journal
of Physiology. Regulatory, Integrative and Comparative Physiology, 299, 1068–1074.

Interspecific variation in floral nectar quality

van der Kooi C.J., Vallejo-Marın M., Leonhardt S.D.
(2021) Mutualisms and (a)symmetry in plant–pollinator interactions. Current Biology, 31, R91–R99.
McCallum K.P., McDougall F.O., Seymour R.S.
(2013) A review of the energetics of pollination
biology. Journal of Comparative Physiology B, 183,
867–876.
Mevi-Sch€
utz J., Erhardt A. (2005) Amino acids in nectar enhance butterfly fecundity: a long-awaited link.
The American Naturalist, 165, 411–419.
Nepi M., Stpiczy
nska M. (2008) The complexity of nectar: secretion and resorption dynamically regulate
nectar features. Naturwissenschaften, 95, 177–184.
Nicolson S.W., Thornburg R.W. (2007) Nectar chemistry. In: Nicolson S.W., Nepi M., Pacini E. (Eds),
Nectaries and nectar. Springer, Dordrecht, the
Netherlands, pp 215–264.
Nicolson S.W., Van Wyk B.-E. (1998) Nectar sugars in
proteaceae: patterns and processes. Australian Journal of Botany, 46, 489.
Ollerton J., Winfree R., Tarrant S. (2011) How many
flowering plants are pollinated by animals? Oikos,
120, 321–326.
Paoli P.P., Donley D., Stabler D., Saseendranath A.,
Nicolson S.W., Simpson S.J., Wright G.A. (2014)
Nutritional balance of essential amino acids and carbohydrates of the adult worker honeybee depends
on age. Amino Acids, 46, 1449–1458.
Parachnowitsch A.L., Manson J.S., Sletvold N. (2019)
Evolutionary ecology of nectar. Annals of Botany,
123, 247–261.
Percival M.S. (1961) Types of nectar in angiosperms.
New Phytologist, 60, 235–281.
Perret M., Chautems A., Spichiger R., Peixoto M.,
Savolainen V. (2001) Nectar sugar composition in
relation to pollination syndromes in Sinningieae
(Gesneriaceae). Annals of Botany, 87, 267–273.
Petanidou T., Van Laere A., N. Ellis W., Smets E.
(2006) What shapes amino acid and sugar composition in Mediterranean floral nectars? Oikos, 115,
155–169.
Potter C.F., Bertin R.I. (1988) Amino acids in artificial
nectar: feeding preferences of the flesh fly Sarcophaga
bullata. American Midland Naturalist, 120, 156.
Pyke G.H. (1991) What does it cost a plant to produce
floral nectar? Nature, 350, 58–59.
Pyke G.H. (2016) Floral nectar: pollinator attraction or
manipulation? Trends in Ecology & Evolution, 31,
339–341.
Pyke G.H., Pulliam H.R., Charnow E.L. (1977) Optimal foraging: a selective review of theory and tests.
The Quarterly Review of Biology, 52, 137–154.
R Development Core Team. (2015) R: a language and
environment for statistical computing. Available from
https://www.r-project.org/ (accessed May 2015).
Rafferty N.E., Ives A.R. (2013) Phylogenetic trait-based
analyses of ecological networks. Ecology, 94, 2321–
2333.
Raine N.E., Chittka L. (2007) The adaptive significance
of sensory bias in a foraging context: floral colour
preferences in the bumblebee Bombus terrestris. PLoS
One, 2, e556.
Rosas-Guerrero V., Aguilar R., Marten-Rodrıguez S.,
Ashworth L., Lopezaraiza-Mikel M., Bastida J.M.,
Quesada M. (2014) A quantitative review of pollination syndromes: do floral traits predict effective pollinators? Ecology Letters, 17, 388–400.
Roscher C., Schumacher J., Baade J., Wilcke W., Gleixner G., Weisser W.W., Schmid B., Schulze E.-D.
(2004) The role of biodiversity for element cycling

Plant Biology 24 (2022) 134–144 © 2021 The Authors. Plant Biology published by John Wiley & Sons Ltd
on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands

and trophic interactions: an experimental approach
in a grassland community. Basic and Applied Ecology,
5, 107–121.
Roulston T., Cane J. (2000) Pollen nutritional content
and digestibility for animals. Plant Systematics and
Evolution, 222, 187–209.
Ruedenauer F.A., Raubenheimer D., Kessner-Beierlein
D., Grund-Mueller N., Noack L., Spaethe J., Leonhardt S.D. (2020) Best be(e) on low fat: linking
nutrient perception, regulation and fitness. Ecology
Letters, 23, 545–554.
Ruedenauer F.A., Spaethe J., van der Kooi C.J., Leonhardt S.D. (2019) Pollinator or pedigree: which factors determine the evolution of pollen nutrients?
Oecologia, 191, 349–358.
Schaeffer R.N., Mei Y.Z., Andicoechea J., Manson J.S.,
Irwin R.E. (2017) Consequences of a nectar yeast for
pollinator preference and performance. Functional
Ecology, 31, 613–621.
Shiraishi A., Kuwabara M. (1970) The effects of amino
acids on the labellar hair chemosensory cells of the
fly. Journal of General Physiology, 56, 768–782.
Silva F.A., Chatt E.C., Mahalim S.N., Guirgis A.,
Guo X., Nettleton D.S., Nikolau B.J., Thornburg
R.W. (2020) Metabolomic profiling of Nicotiana
spp. nectars indicate that pollinator feeding preference is a stronger determinant than plant phylogenetics in shaping nectar diversity. Metabolites,
10, 214.
Simpson B.B., Neff J.L. (1983) Evolution and diversity
of floral rewards. In: Jones C.E., Little R.J. (Eds),
Handbook of experimental pollination biology. Van
Nostrand, New York, USA, pp 142–159.
Somme L., Vanderplanck M., Michez D., Lombaerde
I., Moerman R., Wathelet B., Wattiez R., Lognay G.,
Jacquemart A.L. (2015) Pollen and nectar quality
drive the major and minor floral choices of bumble
bees. Apidologie, 46, 92–106.
Stabler D., Paoli P.P., Nicolson S.W., Wright G.A.
(2015) Nutrient balancing of the adult worker bumblebee (Bombus terrestris) depends on the dietary
source of essential amino acids. Journal of Experimental Biology, 218, 793–802.
Stevenson P.C., Nicolson S.W., Wright G.A. (2017)
Plant secondary metabolites in nectar: impacts on
pollinators and ecological functions. Functional Ecology, 31, 65–75.
Tiedge K., Lohaus G. (2017) Nectar sugars and amino
acids in day- and night-flowering Nicotiana species
are more strongly shaped by pollinators’ preferences
than organic acids and inorganic ions. PLoS One, 12,
e0176865.
Torres C., Galetto L. (2002) Are nectar sugar composition and corolla tube length related to the diversity
of insects that visit Asteraceae flowers? Plant Biology,
4, 360–366.
Toshima N., Tanimura T. (2012) Taste preference for
amino acids is dependent on internal nutritional
state in Drosophila melanogaster. Journal of Experimental Biology, 215, 2827–2832.
Vannette R.L., Fukami T. (2016) Nectar microbes can
reduce secondary metabolites in nectar and alter
effects on nectar consumption by pollinators. Ecology, 97, 1410–1419.
Vannette R.L., Gauthier M.-P.-L., Fukami T. (2013)
Nectar bacteria, but not yeast, weaken a plant–pollinator mutualism. Proceedings of the Royal Society B:
Biological Sciences, 280, 20122601.
Vaudo A.D., Patch H.M., Mortensen D.A., Tooker J.F.,
Grozinger C.M. (2016) Macronutrient ratios in

143

Interspecific variation in floral nectar quality

pollen shape bumble bee (Bombus impatiens) foraging strategies and floral preferences. Proceedings of
the National Academy of Sciences of the United States
of America, 113, E4035–E4042.
Venjakob C., Klein A.M., Ebeling A., Tscharntke T.,
Scherber C. (2016) Plant diversity increases
spatio-temporal niche complementarity in plant–
pollinator interactions. Ecology and Evolution, 6,
2249–2261.
Venjakob C., Leonhardt S., Klein A.-M. (2020) Interindividual nectar chemistry changes of field scabious, knautia arvensis. Insects, 11, 75.
Waddington K.D. (1982) Honey bee foraging profitability and round dance correlates. Journal of Comparative Physiology A, 148, 297–301.
Wcislo W.T., Cane J.H. (1996) Floral resource utilization by solitary bees (Hymenoptera: Apoidea)
and exploitation of their stored foods by natural
enemies. Annual Review of Entomology, 41, 257–
286.

144

Venjakob, Ruedenauer, Klein & Leonhardt

Weiner C.N., Hilpert A., Werner M., Linsenmair K.E.,
Bl€
uthgen N. (2010) Pollen amino acids and flower
specialisation in solitary bees. Apidologie, 41, 476–487.
Willmer P. (2011) Pollination and floral ecology.
Choice Reviews Online, 49, 49-2063-49–2063.
Wilson P., Castellanos M.C., Hogue J.N., Thomson
J.D., Armbruster W.S. (2004) A multivariate search
for pollination syndromes among penstemons.
Oikos, 104, 345–361.
Winkler K., W€ackers F., Bukovinszkine-Kiss G., van
Lenteren J. (2006) Sugar resources are vital for Diadegma semiclausum fecundity under field conditions.
Basic and Applied Ecology, 7, 133–140.
Witt T., J€
urgens A., Gottsberger G. (2013) Nectar sugar
composition of European Caryophylloideae
(Caryophyllaceae) in relation to flower length, pollination biology and phylogeny. Journal of Evolutionary Biology, 26, 2244–2259.
Wolff D. (2006) Nectar sugar composition and volumes of 47 species of Gentianales from a southern

Ecuadorian montane forest. Annals of Botany, 97,
767–777.
Zanne A.E., Tank D.C., Cornwell W.K., Eastman
J.M., Smith S.A., Fitzjohn R.G., McGlinn D.J.,
O’Meara B.C., Moles A.T., Reich P.B., Royer
D.L., Soltis D.E., Stevens P.F., Westoby M.,
Wright I.J., Aarssen L., Bertin R.I., Calaminus A.,
Govaerts R., Hemmings F., Leishman M.R., Oleksyn J., Soltis P.S., Swenson N.G., Warman L.,
Beaulieu J.M. (2014) Three keys to the radiation
of angiosperms into freezing environments. Nature, 506, 89–92.
Zhao Z., Lu N., Conner J.K. (2016) Adaptive pattern of
nectar volume within inflorescences: bumblebee foraging behavior and pollinator-mediated natural
selection. Scientific Reports, 6, 34499.
Zuur A.F., Ieno E.N., Walker N., Saveliev A.A.,
Smith G.M. (2009) Mixed effects models and extensions in ecology with R. Springer, New York, USA,
574 pp.

Plant Biology 24 (2022) 134–144 © 2021 The Authors. Plant Biology published by John Wiley & Sons Ltd
on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands

