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Patterns of floral nectar standing
crops allow plants to manipulate
their pollinators

Graham H. Pyke®%*, John R. M. Kalman?, Dayanne M. Bordin3, Lucas Blanes®* &
Philip A. Doble®?

‘Pollination syndromes’ involving floral nectar have eluded satisfactory evolutionary explanation. For
example, floral nectars for vertebrate-pollinated plants average low sugar concentrations, while such
animals prefer high concentrations, perplexing pollination biologists and arousing recent controversy.
Such relationships should result from evolutionary games, with plants and pollinators adopting
Evolutionarily Stable Strategies, and nectar manipulating rather than attracting pollinators. Plant
potential to manipulate pollinators depends on relationships between neighbouring flowers within
plants, for all nectar attributes, but this has not been investigated. We measured nectar volume,
concentration and sugar composition for open flowers on naturally-growing Blandfordia grandiflora
plants, presenting classic bird-pollinated plant syndrome. To evaluate potential pollinator manipulation
through nectar, we analysed relationships between neighbouring flowers for nectar volume,
concentration, proportion sucrose, log(fructose/glucose), and sugar weight. To evaluate potential
attraction of repeat-visits to flowers or plants through nectar, we compared attributes between
successive days. Nearby flowers were positively correlated for all attributes, except log(fructose/
glucose) as fructosexglucose. Most relationships between nectar attributes for flowers and plants

on successive days were non-significant. Nectar-feeding pollinators should therefore decide whether
to visit another flower on a plant, based on all attributes of nectar just-obtained, enabling plants to
manipulate pollinators through adjusting nectar. Plants are unlikely to attract repeat pollinator-visits
through nectar production. Floral nectar evolution is conceptually straightforward but empirically
challenging. A mutant plant deviating from the population in attributes of nectar-production per flower
would manipulate, rather than attract, nectar-feeding pollinators, altering pollen transfer, hence
reproduction. However, links between floral nectar and plant fitness present empirical difficulties.

That floral nectars for plants pollinated by vertebrates typically have relatively low sugar concentrations, while
such animals prefer high sugar concentrations, has perplexed pollination ecologists for some time'™, and been
the subject of recent controversy>~’. Nachev et al.” argue that bats are less likely to respond to a certain absolute
difference in nectar sugar concentration between available sources when average sugar concentration is high
rather than low, which leads to bats selectively visiting plants with nectar of intermediate sugar concentration,
and hence evolution of plants with lower nectar sugar concentration than what the bats prefer. They suggest that
this is a general phenomenon explaining observed low levels of nectar sugar concentration®. However, Pyke and
Waser® point out that plants cannot be expected to evolve traits that necessarily benefit their pollinators, argue
that the approach of Nachev et al.” is unrealistic and unable to explain observed nectar sugar concentrations, and
encourage an alternative approach, which involves incorporating an optimal foraging approach to understanding
the behaviour of nectar-feeding pollinators into models of plant-pollinator co-evolution.
Here we expand upon this view and present a starting point and direction for pursuing this approach.
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Background

Correlations between attributes of plants and their pollinators, known as ‘pollination syndromes, have been
detected for all aspects of floral nectar (volume, concentration, composition), but these have so far eluded sat-
isfactory evolutionary explanation®!°. Nectar is predominantly a solution in water of three sugars (fructose,
glucose and sucrose) generally characterised based on volume, sugar concentration (% wt/vol) and sugar com-
position, though it may contain other chemicals, usually in very low concentrations''2. Here we focus on nectar
sugar concentration and sugar composition, and do not consider other possible nectar constituents, though they
may also be important!>!4.

The rates of nectar volume and energy production per flower are positively correlated with pollinator body
size, leading some to suggest that this is expected simply because large pollinators require more energy than
smaller pollinators'**. However, this premise would either require that plants evolve to benefit pollinators, which
is not the way evolution generally works'**, or would require that relatively large pollinators respond more
strongly to higher-than-average encountered nectar volumes than smaller pollinators, which is neither expected
nor observed'.

It is even more difficult to explain observed negative correlations between nectar sugar concentration and
body size of pollinators, separately for vertebrate and invertebrate pollinators!~*!>16, especially as pollinators of
all sizes prefer relatively concentrated nectar®!”.

Nectar sugar composition has been related to pollinator type (e.g., bats, birds, bees, flies), supposedly reflect-
ing dietary preferences of these different kinds of pollinator'®!?. However, observed dietary preferences exhibited
by nectar-feeding animals for sucrose, glucose and fructose are often inconsistent with the prevalence of these
sugars in floral nectar of the plants they pollinate®*0-22,

Quantitative explanations for nectar attributes are almost non-existen

Understanding such plant-pollinator relationships requires viewing them as outcomes of an evolutionary
game which leads to plants and pollinators adopting an Evolutionarily Stable Strategy (ESS). Plants and animals
are involved in an evolutionary game because the fitness for an individual plant or animal will generally depend
on the behaviour of other individuals, both plant and animal, of the same or other species’**. When this game
reaches equilibrium, any individual deviating slightly from the population average should have lower than aver-
age fitness and hence be selected against, and this, by definition, would constitute an ESS?*. This ESS approach,
when applied just to pollinator behaviour, is identical to Optimal Foraging Theory"*+2*25,

Floral nectar can potentially act as either ‘attractant’ or ‘manipulant’ of a plant’s pollinators'. If nectar affects
pollinator initial visitation or revisitation frequency, independent of other cues, then it can be considered to act
as an ‘attractant’ (positive or negative)'>%. If pollinator behaviour during or immediately following a plant visit is
affected by encountered nectar, the plant can be considered to be ‘manipulating’ its pollinators'>*".

However, plant attraction of pollinators through nectar®!® is likely a rare occurrence for the following reasons:

t1,15,23

o floral nectar is rarely detectable by a pollinator at a distance;

« nectar concentration and composition cannot be perceived from a distance;

o itis generally difficult for a nectar-feeding animal to predict its future nectar yield, should it decide to return
to its current plant at a later time;

« apollinator would usually have difficulty to identify, remember and preferentially visit individual plants; and

« itisinefficient for it to bypass other plants to forage in this manner'>.

For example, experiments demonstrating that pollinators can remember and preferentially return to locations
offering high nectar rewards have generally had to rely on a small number of rewarded locations, extraordinary
and unnaturally high nectar energy at reward locations, and distinct or extreme separation between reward and
non-reward locations?®-2. One study reports that nectar-feeding bats can remember and avoid up to 40 visited
and non-replenished flowers in a square grid of 64 artificial flowers®, but this study fails to consider foraging
strategies adopted by the bats, including directionality and distances of successive inter-flower movements, that
could reduce, even minimise, flower revisitation3*-37.

On the other hand, manipulation of pollinator behaviour through nectar is likely to be common because nec-
tar standing crops in neighbouring flowers on the same plant should tend to be similar, through similar produc-
tion and similar history of pollinator visitation'®. Furthermore, an efficiently-foraging nectar-feeding pollinator
will be influenced, whether to probe another flower on the current plant, on the basis of nectar obtained at the
present flower's. Such manipulation of pollinator behaviour will affect subsequent pollen transfer, hence plant
reproduction'®, and consequently nectar evolution, as nectar attributes are generally heritable’*.

To evaluate the potential for plants to manipulate the behaviour of their nectar-feeding pollinators through
floral nectar, it is therefore necessary to determine relationships between all attributes of nectar standing crops
for neighbouring flowers within plants, but this has not been done. Nectar-feeding pollinators can detect and
respond to differences in volume, composition and concentration of nectar, with varying consequences in terms
of energy and nutrition®, and so should respond to variation within and between plants with respect to all three
nectar parameters'>. Many studies have found correlations between nectar standing crop volumes for flowers
from the same plant**-*, very few have reported similar correlations in terms of nectar sugar concentration*® or
nectar composition'*4’, and none has simultaneously considered all three attributes. The situation is the same
for nectar production, except for one study in which volume, sugar concentration and sugar composition were
simultaneously measured for nectar produced over a 24 h period, resulting in significant correlations between
flowers from the same plant for these nectar attributes*®. These attributes may co-vary, such that omission of one
attribute or another may bias results and conclusions.
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To evaluate the potential for plants to attract their nectar-feeding pollinators through floral nectar, it is sim-
ilarly necessary, except in rare situations where nectar can be perceived at a distance, to determine relation-
ships between attributes of nectar standing crops (i.e., volume, concentration, composition) for successive times
when nectar-feeding visits to plants are likely and, between which, significant nectar production is likely to have
occurred. Suppose, for example, that nectar production is mostly overnight, nectar-feeding tends to occur at
dawn each day, and nectar standing crops on successive mornings are correlated either for individual flowers
or individual plants. Then, given sufficient mental ability and priority access to particular rewarding flowers or
plants, nectar-feeders might enhance their foraging success by preferentially revisiting these particular flowers or
plants on successive mornings.

Hypotheses and Aims

For any particular plant species, our major hypothesis is that there will be:

« Significant positive correlations, for all nectar attributes (i.e., nectar volume, concentration and composition),
between nectar standing crops for neighbouring flowers on the same plant;
In addition, our secondary hypothesis is that:
 Significant correlations between nectar standing crops for flowers or plants sampled at different times (e.g.,
same time of day, successive days) are possible, but unlikely.

This secondary hypothesis is more difficult to test than our major hypothesis, and proper testing it will require
multiple studies similar to ours.

These hypotheses address the likelihoods of nectar attraction and manipulation through floral nectar, through
evaluation of the opportunities for each, and we do not attempt here to consider what nectar attributes would be
expected under nectar attraction vs manipulation. As we explain below, development of such further hypothe-
ses will depend on how nectar-feeding pollinators respond to encountered nectar and this must await further
investigation.

We evaluated the above hypotheses through sampling nectar from naturally-visited flowers on plants of
Blandfordia grandiflora, a species that exhibits fire-stimulated flowering®, is visited primarily by birds, and fits
the classic bird-pollinated plant syndrome, as it has relatively few large, predominantly-red flowers (Fig. 1) that
produce and contain moderate volumes of relatively dilute nectar. At our study site (see below), plants of this
species generally produce a single flowering stalk with about 7 total flowers on average, flowers generally have
corollas that are red with yellow tips Fig. 1°°, and flowers produce about 24 ul of nectar per day at an average total
sugar concentration of about 17% wt/vol (unpubl.; Supplementary material, Fig. S2), all typical attributes for
bird-pollinated plants?*. Plants were not bagged, or otherwise covered, because we wished to sample flowers as
birds would encounter them.

To consider the potential for our subject plants to manipulate their pollinators through floral nectar, and thus
test our major hypothesis, we sampled nectar from all open flowers on a plant and compared nectar attributes
for flowers that were vertically adjacent and hence likely to be probed successively by nectar-feeding birds. We
determined nectar volume for each sample, nectar sugar concentration for samples with sufficient volume, and
sugar composition for as many samples as possible (see below).

To consider the potential for birds to profitably revisit particular flowers and/or plants on the basis of nec-
tar obtained at them, and thus test our secondary hypothesis, we compared nectar samples taken on one early
morning with nectar samples from the same flowers and plants taken the following early morning. This would
correspond to when the nectar-feeding birds might reasonably choose to revisit flowers or plants, as their
nectar-feeding is restricted each day to a short early-morning interval, during which little nectar is produced and
available nectar is depleted (unpubl.).

Methods

Nectar was collected in an area of natural vegetation containing abundant flowering by B. grandiflora during
November 2015, when peak flowering occurs, and during the early morning when birds were observed feeding
at flowers of this species. Plants were growing on private land (Kara Plantation) adjacent to Limeburner’s Creek
National Park, about 11km north of Port Macquarie, NSW, Australia. This property is divided into blocks measuring
150m x 150 m and burnt on a rotational basis such that there is almost always at least one block that has been burnt
within the previous 1-2 years and thus supports high densities of flowering plants of B. grandiflora. In this area, B.
grandiflora flowers mostly during the period November to January. Plants were selected within one such block by
walking through areas of relatively high densities of flowering plants and choosing plants as encountered that had
at least two open flowers on a single flower stem, and for which no flowers (including buds) exhibited any apparent
deformity. Nectar was sampled between 06:00 and 09:00 which coincided with the daily times when birds (i.e.,
white-cheeked honeyeater Phylidonyris niger) were observed visiting flowering plants and probing flowers (Fig. 1).
During this period air temperatures generally ranged from about 17 to 21 °C. When the same plants were sampled
on successive days, they were sampled in the same order and hence at close to the same times each day.

Nectar was sampled from each open flower on a plant, leading to estimates of nectar volume, sugar concen-
tration and sugar composition for each flower. We sampled an average of 3.1 flowers per plant (i.e., 223 flowers
across 73 plants). As flowers occur at distinct locations along a vertical stem (Fig. 1) and open successively from
bottom to top, we numbered flowers successively on each plant starting with the lowermost and proceeding
upwards. Birds generally approach flowers from below, probing successively higher flowers (Fig. 1). Nectar was
sampled by probing each flower with a 30 ul micro-capillary tube (total length 78 mm), measuring the lengths of
nectar in the tube in order to determine nectar volumes (n=223). Nectar sugar concentration (wt g sugar/100g
nectar) was measured by placing a small amount of nectar (i.e., about 1-2 ul) in a hand-held refractometer
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Figure 1. White-cheeked Honeyeater (Phylidonyris niger) about to begin probing flowers of Christmas Bells
(Blandfordia grandiflora) at Kara Plantation, near Port Macquarie, N.S.W., Australia.

(Bellingham & Stanley, adjusted for low volumes) and converting these measurements to wt g/100 ml using the
formula Y =0.226 4 0.937X + 0.00585X? see! where X is wt g sugar/100 g nectar and Y is wt g sugar/100 ml nec-
tar, which is equivalent to wt mg sugar/100 ul nectar. Given the relatively small range in air temperatures during
nectar sampling, any effect of temperature on estimated sugar concentration would be small and no more than
about 0.3 wt g sugar/100 g nectar®. Nectar volume was sufficient for sugar concentration to be determined in 207
of the 223 cases. The remaining nectar from each flower was transferred to a small, sealed vial which was kept cold
in a container with ice for about 2 hr, then moved to a freezer for 1-2 weeks, then transported on ice for about
7hr to another freezer, where it awaited chemical analysis. Total nectar volume for each flower was determined by
adding together all the capillary lengths and converting the resulting length into volume.

The concentrations of fructose (F), glucose (G) and sucrose (S) in 203 nectar samples were determined using
a recently optimised method involving capillary electrophoresis and indirect UV detection. This method sep-
arated these three sugars in less than 15 minutes per sample using an electrolyte solution (i.e., 15 mM of sorbic
acid, 0.5mM CTAB and 36 mM NaOH, at pH 12). Sample preparation was made by dilution and addition of an
internal standard (galactose). Calibration curves ranging between 0.1 to 4 mM were constructed to quantify all
samples. Further details of this methodology will be presented elsewhere.

We characterised nectar composition for each nectar sample as the proportion by weight of sucrose (i.e., S/
[F + G+ S], hereafter prop S) and the logarithm of the ratio of fructose to glucose by weight (i.e., log F/G). These
measures encompass all three sugars, are generally considered the most relevant ones to describe variation in nec-
tar composition, and are identical or equivalent to those commonly adopted in other studies (see Supplementary
Material).

To determine relationships between nectar attributes in adjacent flowers on the same plant, we then analysed
relationships with all nectar attributes (i.e., nectar volume, sugar concentration, prop S, log F/G) for each sam-
pled flower as independent variables, and each of these nectar variables for the next higher flower (if sampled) as
dependent variable. Such assignment of independent and dependent variables is appropriate as we are interested
in the potential ability of a nectar-feeding animal, that has just sampled the nectar from one flower, to estimate

SCIENTIFIC REPORTS |

(2020) 10:1660 | https://doi.org/10.1038/s41598-020-58102-7


https://doi.org/10.1038/s41598-020-58102-7

www.nature.com/scientificreports/

Nectar volume in next higher flower

()

heee® | I | | I I |
0

0 10 20 30 40 5 60 70
Flower nectar volume (pl)

Figure 2. Plotted against sampled flower nectar volume (ul) is nectar volume (ul) obtained from the next higher
flower on the same plant. Smooth line is fitted to these data using the General Linear Model and has equation
y=>5.8+0.6x (R*=0.56).

its likely nectar yield at its next flower on the same plant. We used a forward stepwise General Linear Model,
with a threshold probability for significance of 0.015 (see Supplementary Material), and then tested for nor-
mality of residuals using the Kolmogorov-Smirnov test. We employed one-tail tests whenever the independent
and dependent nectar attributes were the same (e.g., nectar volume in a flower vs nectar volume in next higher
flower), since we expected and observed all such relationships to be positive. Because we used repeated data from
flowers within the same plants, we included plant ID as an independent categorical variable in analyses. We car-
ried out analyses using the software package SYSTAT®?.

We similarly compared nectar attributes between successive sampling days for each flower and plant. In this
case, the nectar per flower or per plant on one day was the independent variable and the corresponding nectar
on the next day was the dependent variable. As above, this assignment of independent and dependent variables is
appropriate as we are interested in the potential ability of a nectar-feeding animal, that has just sampled the nectar
from a flower or plant, to estimate its likely nectar yield at the same flower or plant on the next day. However,
when considering successive days for each plant, we omitted log F/G as F/G was generally close to 1 for each
flower. We included plant ID as an independent categorical variable when considering successive days for indi-
vidual flowers, but did not do so when considering successive days for plants.

Because birds might respond to amounts of sugar encountered, and not separately to nectar volume and sugar
concentration, we also considered possible relationships between flowers and plants in terms of weight of sugar
per nectar sample, which is simply the product of nectar volume and sugar concentration (wt/vol). As above, we
included plant ID as an independent categorical variable where appropriate.

Results

Nectar attributes for nearby flowers on the same plant were highly and positively correlated for nectar vol-
ume, sugar concentration, proportion sucrose, and weight of sugar, but not significantly correlated for log F/G
(Supplementary Material, Table S1; Figs. 2—-4). Otherwise, nectar attributes for a flower were not significantly
related to any of the other attributes in the next lower flower (Supplementary Material, Table S1). In all cases, the
model residuals did not depart significantly from a normal distribution (Supplementary Material, Table S1). In
all cases, plant ID was not significant.

For nectar attributes for the same flowers on successive days, none of the relationships was significant
(Supplementary material, Table S2). Additionally, in all cases plant ID was not significant.

For average nectar attributes across flowers for the same plants on successive days, there were significant
positive relationships for average nectar sugar concentration on day 2 and both the average sugar concentration
on day 1 and the average prop S on day 1, but none of the other relationships was significant (Supplementary
material, Table S3).

Discussion

We confirmed our major hypothesis that there will be significant positive correlations, for all nectar attributes
(i.e., nectar volume, sugar concentration, sugar composition and sugar weight), between nectar standing crops
for neighbouring flowers on the same plant.

Our study therefore reveals, for the first time, that based on nectar obtained at its present flower, a
nectar-feeding pollinator could predict all nectar attributes (i.e., volume, sugar concentration, sugar composition,
sugar weight) at its next flower on the same plant. In general, the next flower that it visits on its current plant will
most likely be one that is relatively nearby>*-*. In our situation, nectar-feeding birds mostly probed successively
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Figure 3. Plotted against sampled flower nectar concentration (% wt/vol) is nectar concentration (% wt/vol)
obtained from the next higher flower on the same plant. Smooth line is fitted to these data using the General
Linear Model and has equation y=9.0+ 0.5x (R?>=0.60).

higher flowers, for which the nectar contents were highly and positively correlated in terms of volume, sugar
concentration, sugar composition (i.e., prop S in our case), and sugar weight.

Furthermore, the lack of significant correlation in terms of log F/G was not surprising, given the generally very
similar concentrations of F and G, and consequently low variance in the F/G ratio. In addition, this low variance
in F/G would still mean that a nectar-feeding pollinator could accurately predict the F/G ratio at its next flower,
and we expect that this will also be true in situations where the ratio varies more.

A nectar-feeding pollinator that has just probed a flower, especially if foraging optimally, should therefore
base its decision, whether to visit another flower on the same plant or leave for a new plant, on all attributes of
the nectar just obtained. Such pollinator decisions, repeated over one or more foraging bouts, will influence how
much nectar is accumulated and its sugar concentration, and hence overall energy gain for the animal, as well as
the composition of this nectar. These attributes of accumulated nectar, acting in combination, are likely to influ-
ence biological fitness of nectar-feeding animals and this combination would thus be the ‘currency’ by which the
outcomes of alternative decision-rules are determined. A nectar-feeding pollinator, if foraging optimally, would
be expected to adopt decision rules that maximise this currency, subject to constraints.

Indeed, there is ample evidence that the foraging behaviour of nectar-feeding animals while visiting natural
plants is affected by nectar volume, sugar concentration and sugar composition, but little attempt to distinguish
the effects of these attributes, and little or no indication regarding how they combine to influence such behaviour.
For example, many studies have demonstrated that a nectar-feeding animal is more likely to probe another on a
plant with increasing nectar volume obtained from the present flower*"*>*’, but no similar study has considered
nectar concentration or composition. Furthermore, many studies have also considered the effects on pollinator
behaviour or plant reproduction of artificially increasing floral nectar volume with sucrose solution of a particular
concentration®*-, but few have considered possible synergistic effects of different nectar volumes and concen-
trations®!, and none has attempted to maintain constant nectar composition or varied nectar composition in any
particular way. Few studies have considered effects on pollinator behaviour of nectar removal®. Apparently, no
study has considered possible interactive effects on pollinator behaviour at natural plants of nectar volume, con-
centration and composition. However, some studies have considered how nectar volume, sugar concentration and
sugar composition may combine to affect nectarivore feeding at artificial flowers!7216,

Regardless of how nectar-feeding pollinators respond to nectar volume, concentration or composition, or
some combination of these attributes, it is clearly possible for a plant to manipulate such pollinators through
adjusting its nectar attributes. Floral nectar volume will be determined by rates of nectar secretion and resorption,
and removal by flower visitors. Nectar concentration will be determined by concentration of nectar as secreted
and subsequent changes through resorption and evaporation. Nectar composition will be similarly determined
by what is secreted and any post-secretion changes, such as hydrolysis of sucrose to form glucose and fructose. In
other words, a plant has significant, though not complete, control over all attributes of its floral nectar. Because of
the positive correlations between adjacent flowers for these nectar attributes, they are all likely to influence, and
thus manipulate, pollinator behavior.

However, to evaluate the extent to which plants are manipulating pollinator behaviour through nectar produc-
tion, further quantitative research will be necessary on how plant nectar production influences the nectar encoun-
tered by pollinators and how the pollinators respond to variation in encountered nectar. As mentioned above, the
nectar encountered by pollinators should depend, at least in part, on aspects of its production. In addition, for
example, experimentally modifying the nectar encountered by pollinators and observing pollinator responses
should indicate how plants influence pollinator behaviour through their nectar. It should similarly be possible to
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Figure 4. Plotted against proportion sucrose for nectar sampled from a flower is proportion sucrose obtained
from the next higher flower on the same plant. Smooth line is fitted to these data using the General Linear
Model and has equation y=0.32+0.41x (n =38; R?=0.20).

determine how pollinator behaviour affects pollen transfer and hence plant fitness. Combining these processes
should link variation in nectar production with variation in pollinator behaviour and hence plant fitness, thus
quantifying pollinator manipulation by the plants.

Our results were also consistent with our secondary hypothesis that significant correlations between nec-
tar standing crops for flowers or plants sampled at different times (e.g., successive days, same time of day) are
possible, but unlikely. Nectar attributes for the same flowers on successive days were not significantly related.
Average nectar attributes for plants sampled on successive days were significantly related only for average nectar
sugar concentration across flowers on the second day, which was positively correlated with both average sugar
concentration and average prop S on the first day. Other relationships for plants between successive days were not
significant, including that involving sugar yield per flower, which might be the most significant variable from a
pollinator’s perspective.

Consequently, as expected, the plants in our study demonstrated little potential to influence repeat visits to
flowers or plants, even if this were beneficial to pollinators and they could remember individual flowers or plants.
As nectar attributes for the same flowers on successive days were not significantly related, there is no apparent rea-
son for pollinators to preferentially revisit individual flowers, even if they could. As most relationships for plants
between successive days were not significant, there would be little to no benefit for pollinators to preferentially
revisit particular plants.

This lack of significant positive relationships between successive days, both for individual flowers and averages
across flowers within plants, suggests that levels of variability in nectar production between different days, for
all attributes, generally overwhelm variation in nectar production between adjacent flowers on the same plant.
Further research will be necessary to evaluate these different sources of variation.

Furthermore, a plant is unlikely to attract repeat pollinator visits through its nectar attributes, as nectar-feeding
pollinators would be unlikely to benefit from such behaviour and to be capable of the necessary mental gymnas-
tics'®, and our results were consistent with this expectation. The nectar obtained by a pollinator during a repeat
visit to a flower or plant would have predictably low volume if the interval between visits were short, or be poorly
correlated in terms of nectar attributes with nectar obtained initially, if the inter-visit interval were long'. In our
case, nectar attributes exhibited little to no significant relationships between successive early mornings, which
would correspond to when the nectar-feeding birds might reasonably choose to revisit flowers or plants. In other
words, a honeyeater would achieve negligible apparent benefit through preferentially revisiting particular flowers
or plants based on encountered nectar. It would also be very difficult for a honeyeater to remember the identi-
ties and locations of individual plants from one day to the next, given the large numbers of plants available and
utilised, their changing appearance from day to day as flowers open and age, and lack of landmarks. Similarly,
preferential visitation by honeyeaters of individual flowers would surely be impossible.

We have therefore confirmed our expectation that, through nectar production, there is ample opportunity for
individual plants to manipulate pollinator behaviour, no opportunity for them to attract initial pollinator visits,
and scant opportunity for them to attract revisits.

Similar results seem likely for other plant species, including those with more flowers and more complicated
flower arrangements, as nectar attributes are likely to be positively correlated for flowers that are close to one
another e.g.,*! and pollinators are similarly likely to move between nearby flowers e.g.,*. These topics warrant
further research.

However, as indicated above, we did not aim to develop and test predictions in terms of patterns of nectar dis-
tribution under pollinator manipulation and attraction scenarios. Instead, as explained below, we have established
a base for understanding how nectar attributes might evolve.
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It is now possible to see how attributes of floral nectar might evolve, thus pointing towards steps necessary
to understand pollination syndromes involving floral nectar. For example, a mutant plant that deviated from the
population average in terms of any attributes of the nectar it produces per flower would alter (through manipula-
tion, rather than or more than attraction) the behaviour of its nectar-feeding pollinators, which would lead in turn
to altered patterns of pollen transfer, and hence to altered reproduction. These would combine with changes in
costs or trade-offs experienced by the plant, resulting in changes to net biological fitness. Under an ESS hypothe-
sis, floral nectar would evolve to the point that the net biological fitness would be lower for any deviating mutant'.

Evolutionary explanations of plant pollination syndromes involving floral nectar will therefore hinge on
understanding links between plant variation in nectar, pollinator responses during visits to plants, pollen transfer
and plant reproduction, as well as on how responses to nectar by pollinators affects their biological fitness!1>23.

However, developing these concepts will not be easy as there are several links between floral nectar and plant
fitness, each one of which presents empirical challenges. It will be necessary, for example, to determine the abil-
ities of nectar-feeding pollinators to detect differences across flowers in nectar volume, concentration and com-
position, how they respond to these differences, and consequent effects on their biological fitness'. A few studies
have made assumptions or estimates concerning some of the links®*-%, but only one study has attempted to con-
sider all links?, and none has fully evaluated all of them®.

The present study does not explain the paradox of dilute floral nectar nor other pollination syndromes involv-
ing nectar, but it provides the first demonstration that nectar in nearby flowers on the same plant is correlated
in terms of all nectar attributes (i.e., volume, sugar concentration and sugar composition), leading to a basis
for understanding the evolution of these attributes through plant manipulation of pollinator behaviour, though
requiring much further work.

Statement of human and animal rights.  This article does not contain any studies with human partici-
pants or animals performed by any of the authors.

Received: 19 August 2019; Accepted: 3 January 2020;
Published online: 03 February 2020

References
1. Pyke, G. H. Plant-pollinator co-evolution: It’s time to reconnect with Optimal Foraging Theory and Evolutionarily Stable Strategies.
Persp. Plant Ecol. Evol. Syst. 19,70-76 (2016).
2. Pyke, G. H. & Waser, N. M. The production of dilute nectars by hummingbird and honeyeater flowers. Biotropica 13, 260-270
(1981).

. Pyke, G. H. In Encyclopedia of Animal Behavior (eds. Breed, M. D. & Moore, J.) 596-600 (Academic Press, 2010).

. Pyke, G. H. In Encyclopedia of Animal Behavior 2nd edition Vol. 2 (ed. Choe, J.C.) 209-216 (Elsevier, Academic Press, 2019).

5. Nacheyv, V. et al. Cognition-mediated evolution of low-quality floral nectars. Science 355, 75-80, https://doi.org/10.1126/science.
aah4219 (2017).

6. Pyke, G. H. & Waser, N. M. Comment on “Cognition-mediated evolution of low-quality floral nectars”. Science, 358, https://doi.
org/10.1126/science.aa01962 (2017).

7. Nachev, V. & Winter, Y. Response to Comment on “Cognition-mediated evolution of low-quality floral nectars”. Science, 358, https://
doi.org/10.1126/science.aa02622 (2017).

8. Fleming, P. A, Bakken, B. H., Lotz, C. N. & Nicolson, S. W. Concentration and temperature effects on sugar intake and preferences
in a sunbird and a hummingbird. Func. Ecol. 18, 223-232, https://doi.org/10.1111/j.0269-8463.2004.00818.x (2004).

9. Del Rio, C. M., Schondube, J. E., McWhorter, T. J. & Herrera, L. G. Intake responses in nectar feeding birds: Digestive and metabolic
causes, osmoregulatory consequences, and coevolutionary effects. Amer. Zool. 41, 902-915 (2001).

10. Nachev, V., Thomson, J. D. & Winter, Y. The psychophysics of sugar concentration discrimination and contrast evaluation in
bumblebees. Animal Cognition 16, 417-427, https://doi.org/10.1007/s10071-012-0582-y (2013).

11. Gijbels, P., Van den Ende, W. & Honnay, O. Landscape scale variation in nectar amino acid and sugar composition in a Lepidoptera
pollinated orchid species and its relation with fruit set. J. Ecol. 102, 136-144, https://doi.org/10.1111/1365-2745.12183 (2014).

12. Witt, T, Juergens, A. & Gottsberger, G. Nectar sugar composition of European Caryophylloideae (Caryophyllaceae) in relation to
flower length, pollination biology and phylogeny. Journal of Evolutionary Biology 26, 2244-2259, https://doi.org/10.1111/jeb.12224
(2013).

13. Palmer-Young, E. C. et al. Secondary metabolites from nectar and pollen: a resource for ecological and evolutionary studies. Ecol.
100, €02621-€02621, https://doi.org/10.1002/ecy.2621 (2019).

14. Nepi, M., Grasso, D. A. & Mancuso, S. Nectar in Plant-Insect Mutualistic Relationships: From Food Reward to Partner Manipulation.
Frontiers in Plant Science, 9, https://doi.org/10.3389/fpls.2018.01063 (2018).

15. Pyke, G. H. Floral Nectar: Pollinator Attraction or Manipulation? Trends in Ecology &-. Evolution 31, 339-341, https://doi.
org/10.1016/j.tree.2016.02.013 (2016).

16. Nicolson, S. W. & Fleming, P. A. Drinking problems on a ‘simple’ diet: physiological convergence in nectar-feeding birds. J. Exp. Biol.
217, 1015-1023, https://doi.org/10.1242/jeb.054387 (2014).

17. Cnaani, J. C., Thomson, J. D. & Papaj, D. R. Flower choice and learning in foraging bumblebees: Effects of variation in nectar volume
and concentration. Ethology 112, 278-285 (2006).

18. Stpiczynska, M., Nepi, M. & Zych, M. Nectaries and male-biased nectar production in protandrous flowers of a perennial umbellifer
Angelica sylvestris L. (Apiaceae). Plant Systematics and Evolution 301, 1099-1113, https://doi.org/10.1007/s00606-014-1152-3
(2015).

19. Pender, R. J., Morden, C. W. & Paull, R. E. Investigating the pollination syndrome of the Hawaiian lobeliad genus Clermontia
(Campanulaceae) using floral nectar traits. Amer. J. Bot. 101, 201-205, https://doi.org/10.3732/ajb.1300338 (2014).

20. Rodriguez-Pena, N. et al. Factors affecting nectar sugar composition in chiropterophilic plants. Revista Mexicana De Biodiversidad
87, 465-473, https://doi.org/10.1016/j.rmb.2016.03.002 (2016).

21. Rodriguez-Pena, N. et al. Effects of sugar composition and concentration on food selection by Saussure’s long-nosed bat
(Leptonycteris curasoae) and the long-tongued bat (Glossophaga soricina). Journal of Mammalogy 88, 1466-1474, https://doi.
org/10.1644/06-mamm-a-353r1.1 (2007).

22. Herrera, L. G. Preferences for different sugars in neotropical nectarivorous and frugivorous bats. J. Mammal. 80, 683-688 (1999).

23. Pyke, G. H. Optimal nectar production in a hummingbird pollinated plant. Theor. Pop. Biol. 20, 326-343 (1981).

24. Hines, W. G. S. Evolutionary Stable Strategies: A review of basic theory. Theor. Pop. Biol. 31, 195-272, https://doi.org/10.1016/0040-
5809(87)90029-3 (1987).

(LN}

SCIENTIFIC REPORTS |

(2020) 10:1660 | https://doi.org/10.1038/s41598-020-58102-7


https://doi.org/10.1038/s41598-020-58102-7
https://doi.org/10.1126/science.aah4219
https://doi.org/10.1126/science.aah4219
https://doi.org/10.1126/science.aao1962
https://doi.org/10.1126/science.aao1962
https://doi.org/10.1126/science.aao2622
https://doi.org/10.1126/science.aao2622
https://doi.org/10.1111/j.0269-8463.2004.00818.x
https://doi.org/10.1007/s10071-012-0582-y
https://doi.org/10.1111/1365-2745.12183
https://doi.org/10.1111/jeb.12224
https://doi.org/10.1002/ecy.2621
https://doi.org/10.3389/fpls.2018.01063
https://doi.org/10.1016/j.tree.2016.02.013
https://doi.org/10.1016/j.tree.2016.02.013
https://doi.org/10.1242/jeb.054387
https://doi.org/10.1007/s00606-014-1152-3
https://doi.org/10.3732/ajb.1300338
https://doi.org/10.1016/j.rmb.2016.03.002
https://doi.org/10.1644/06-mamm-a-353r1.1
https://doi.org/10.1644/06-mamm-a-353r1.1
https://doi.org/10.1016/0040-5809(87)90029-3
https://doi.org/10.1016/0040-5809(87)90029-3

www.nature.com/scientificreports/

30.
31.
32.
33.

34.
35.

41.
42.
43.
44.
45.
. Canto, A. & Herrera, C. M. Micro-organisms behind the pollination scenes: microbial imprint on floral nectar sugar variation in a

47.

48.

49.
50.

51.

58.
59.
60.
61.
62.
63.
64.
65.

66.

. Cohen, D. & Shmida, A. The evolution of flower display and reward. Evol. Biol. 27, 197-243 (1993).

. Heil, M. Nectar: generation, regulation and ecological functions. Trends in Plant Sciences 16, 191-200 (2011).

. Bailey, S. E. et al. Empty flowers as a pollination-enhancement strategy. Evol. Ecol. Res. 9, 1245-1262 (2007).

. Hurly, T. A. Spatial memory in rufous hummingbirds: Memory for rewarded and non-rewarded sites. Anim. Behav. 51, 177-183 (1996).
. Klinkhamer, P. G. L., de Jong, T. . & Linnebank, L. A. Small-scale spatial patterns determine ecological relationships: An

experimental example using nectar production rates. Ecology Letters 4, 559-567 (2001).

Thomson, J. D. Effects of variation in inflorescence size and floral rewards on the visitation rates of traplining pollinators of Aralia
hispida. Evolutionary Ecology 2, 65-76 (1988).

Rose, A., Kolar, M., Tschapka, M. & Knornschild, M. Learning where to feed: the use of social information in flower-visiting Pallas’
long-tongued bats (Glossophaga soricina). Animal Cognition 19, 251-262, https://doi.org/10.1007/s10071-015-0930-9 (2016).
Flores-Abreu, I. N., Hurly, T. A., Ainge, J. A. & Healy, S. D. Three-dimensional space: locomotory style explains memory differences
in rats and hummingbirds. Proc. Roy. Soc. B-Biol. Sci., 281, https://doi.org/10.1098/rspb.2014.0301 (2014).

Winter, Y. & Stich, K. P. Foraging in a complex naturalistic environment: capacity of spatial working memory in flower bats. J. Exp.
Biol. 208, 539-548, https://doi.org/10.1242/jeb.01416 (2005).

Cody, M. L. Finch flocks in the Mohave Desert. Theor. Pop. Biol. 2, 142-158 (1971).

Mueller, T., Fagan, W. F. & Grimm, V. Integrating individual search and navigation behaviors in mechanistic movement models.
Theoretical Ecology 4, 341-355 (2011).

. Pyke, G. H. Are animals efficient harvesters? Anim. Behav. 26, 241-250 (1978).
. Pyke, G. H. Understanding movements of organisms: it's time to abandon the Lévy foraging hypothesis. Methods Ecol. Evol. 6,1-16

(2015).

. Kaczorowski, R. L., Juenger, T. E. & Holtsford, T. R. Heritability and correlation structure of nectar and floral morphology traits in

Nicotiana alata. Evol. 62, 1738-1750, https://doi.org/10.1111/j.1558-5646.2008.00400.x (2008).

. Mitchell, R. J. Heritability of nectar traits: Why do we know so little? Ecol. 85, 1527-1533 (2004).
. Nakamura, S. & Kudo, G. Foraging responses of bumble bees to rewardless floral patches: importance of within-plant variance in

nectar presentation. AoB PLANTS, 8, https://doi.org/10.1093/aobpla/plw037 (2016).

Dreisig, H. How long to stay on a plant: the response of bumblebees to encountered nectar levels. Arthropod-Plant Interactions 6,
315-325, https://doi.org/10.1007/s11829-011-9169-9 (2012).

Keasar, T., Sadeh, A. & Shmida, A. Variability in nectar production and standing crop, and their relation to pollinator visits in a
Mediterranean shrub. Arthropod-Plant Interactions 2, 117-123 (2008).

Pyke, G. H. Honeyeater foraging: A test of optimal foraging theory. Anim. Behav. 29, 878-888, https://doi.org/10.1016/S0003-
3472(81)80024-3 (1981).

Pyke, G. H. Optimal foraging in hummingbirds: Testing the marginal value theorem. Amer. Zool. 18, 739-752 (1978).

Gill, E B. & Wolf, L. L. Nonrandom foraging by sunbirds in a patchy environment. Ecol. 58, 1284-1196 (1977).

tropical plant community. Ann. Bot. 110, 1173-1183, https://doi.org/10.1093/aob/mcs183 (2012).

Herrera, C. M., Perez, R. & Alonso, C. Extreme intraplant variation in nectar sugar composition in an insect-pollinated perennial
herb. Amer. J. Bot. 93, 575-581, https://doi.org/10.3732/ajb.93.4.575 (2006).

Canto, A., Herrera, C. M., Garcia, I. M., Perez, R. & Vaz, M. Intraplant variation in nectar traits in Helleborus foetidus
(Ranunculaceae) as related to floral phase, environmental conditions and pollinator exposure. Flora 206, 668-675, https://doi.
org/10.1016/j.flora.2011.02.003 (2011).

Pyke, G. H. Fire-Stimulated Flowering: A Review and Look to the Future. Crit. Rev. Plant. Sci. 36, 179-189, https://doi.org/10.1080
/07352689.2017.1364209 (2017).

Ramsey, M. W,, Cairns, S. C. & Vaughton, G. V. Geographic variation in morphological and reproductive characters of coastal and
tableland populations of Blandfordia grandiflora (Liliaceae). Plant. Syst. Evol. 192, 215-230 (1994).

Carrion-Tacuri, J. et al. Nectar Production by Invasive Lantana camara and Endemic L. peduncularis in the Galapagos Islands.
Pacific Science 66, 435-445, https://doi.org/10.2984/66.4.2 (2012).

. Bellingham & Stanley. (Bellingham & Stanley, Tunbridge Wells, Kent, UK, 2013).
. Wilkinson, L. SYSTAT: The system of statistics. (SYSTAT, 1990).
. Pyke, G. H. Optimal foraging in bumblebees: rule of movement between flowers within inflorescences. Anim. Behav. 27,1167-1181,

hitps://doi.org/10.1016/0003-3472(79)90064-2 (1979).

. Valtuena, E J., Ortega-Olivencia, A., Rodriguez-Riano, T., Perez-Bote, J. L. & Mayo, C. Behaviour of pollinator insects within inflorescences

of Scrophularia species from Iberian Peninsula. Plant Biology 15, 328-334, https://doi.org/10.1111/j.1438-8677.2012.00644.x (2013).

. Zimmerman, M. Optimal Foraging Random Movement by Pollen Collecting Bumble Bees. Oecol. 53, 394-398 (1982).
. Cresswell, J. E. How and why do nectar-foraging bumblebees initiate movements between inflorescences of wild bergamot Monarda

fistulosa (Lamiaceae)? Oecol. 82, 450-460 (1990).

Johnson, S. D., Peter, C. I. & Agren, J. The effects of nectar addition on increased pollen removal and geitonogamy in the non-
rewarding orchid Anacamptis morio. Proc. Roy. Soc. Lond. Series B Biol. Sci. 271, 803-809 (2004).

Salguero-Faria, J. A. & Ackerman, J. D. A Nectar Reward: Is More Better? Biotropica 31, 303311, https://doi.org/10.1111/.1744-7429.1999.
tb00142.x (1999).

Mitchell, R. J. Adaptive significance of Ipomopsis aggregata nectar production - observation and experiment in the field. Evol. 47,
25-35(1993).

Burd, M. Pollinator behavioural responses to reward size in Lobelia deckenii: No escape from pollen limitation of seed set. J. Ecol. 83,
865-872 (1995).

Brandenburg, A. & Bshary, R. Variable responses of hawkmoths to nectar-depleted plants in two native Petunia axillaris (Solanaceae)
populations. Arthropod-Plant Interactions 5, 141-148, https://doi.org/10.1007/s11829-011-9122-y (2011).

Mitchell, R. J. & Paton, D. C. Effects of nectar volume and concentration on sugar intake rates of Australian Honeyeaters
(Meliphagidae). Oecol. 83, 238-246 (1990).

Smithson, A. & Gigord, L. D. B. The evolution of empty flowers revisited. Amer. Nat. 161, 537-552, https://doi.org/10.1086/368347
(2003).

Thakar, J. D., Kunte, K., Chauhan, A. K., Watve, A. V. & Watve, M. G. Nectarless flowers: ecological correlates and evolutionary
stability. Oecol. 136, 565-570, https://doi.org/10.1007/s00442-003-1304-6 (2003).

Sakai, S. A model for nectar secretion in animal-pollinated plants. Evolutionary Ecology 7, 394-400 (1993).

Acknowledgements

This research was made possible through generous hospitality, encouragement and support provided by Gordon
Dick and Beverley Brownhall, owners of Kara Plantation, near Port Macquarie, where our field research was
carried out. Support was also provided by University of Technology Sydney. Dayanne Bordin was also supported
by Fundagdo de Amparo a Pesquisa do Estado de Sdo Paulo (FAPESP) (grant #2013/25601-7) and Coordenagao
de Aperfeigoamento do Ensino Superior (CAPES). Philip Doble is the recipient of Australian Research Council

SCIENTIFICREPORTS|  (2020) 10:1660 | https://doi.org/10.1038/s41598-020-58102-7


https://doi.org/10.1038/s41598-020-58102-7
https://doi.org/10.1007/s10071-015-0930-9
https://doi.org/10.1098/rspb.2014.0301
https://doi.org/10.1242/jeb.01416
https://doi.org/10.1111/j.1558-5646.2008.00400.x
https://doi.org/10.1093/aobpla/plw037
https://doi.org/10.1007/s11829-011-9169-9
https://doi.org/10.1016/S0003-3472(81)80024-3
https://doi.org/10.1016/S0003-3472(81)80024-3
https://doi.org/10.1093/aob/mcs183
https://doi.org/10.3732/ajb.93.4.575
https://doi.org/10.1016/j.flora.2011.02.003
https://doi.org/10.1016/j.flora.2011.02.003
https://doi.org/10.1080/07352689.2017.1364209
https://doi.org/10.1080/07352689.2017.1364209
https://doi.org/10.2984/66.4.2
https://doi.org/10.1016/0003-3472(79)90064-2
https://doi.org/10.1111/j.1438-8677.2012.00644.x
https://doi.org/10.1111/j.1744-7429.1999.tb00142.x
https://doi.org/10.1111/j.1744-7429.1999.tb00142.x
https://doi.org/10.1007/s11829-011-9122-y
https://doi.org/10.1086/368347
https://doi.org/10.1007/s00442-003-1304-6

www.nature.com/scientificreports/

Discovery Grants DP170100036 and DP190102361. The research was carried out under Scientific Licence
from NSW National Parks & Wildlife Service. As this research did not involve observing or handling animals,
no Animal Care & Ethics Approval was required. Comments regarding earlier drafts were provided by Bruce
Anderson, Paul Ehrlich, Caroline Gross, Randy Mitchell, Vladislav Nachev, and Nick Waser. For all this
assistance, we are most grateful.

Author contributions

G.P. conceived the ideas, analysed the data, and led the writing; G.P. and J.K. designed methods for nectar
sampling and collected the nectar samples; J.K., D.B., L.B. and P.D. designed methods for chemical analysis of
nectar; D.B. carried out chemical analyses of nectar; All authors contributed critically to the drafts and gave final
approval for publication.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-58102-7.

Correspondence and requests for materials should be addressed to G.H.P.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:1660 | https://doi.org/10.1038/s41598-020-58102-7


https://doi.org/10.1038/s41598-020-58102-7
https://doi.org/10.1038/s41598-020-58102-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Patterns of floral nectar standing crops allow plants to manipulate their pollinators

	Background

	Hypotheses and Aims

	Methods

	Results

	Discussion

	Statement of human and animal rights. 

	Acknowledgements

	Figure 1 White-cheeked Honeyeater (Phylidonyris niger) about to begin probing flowers of Christmas Bells (Blandfordia grandiflora) at Kara Plantation, near Port Macquarie, N.
	Figure 2 Plotted against sampled flower nectar volume (µl) is nectar volume (µl) obtained from the next higher flower on the same plant.
	Figure 3 Plotted against sampled flower nectar concentration (% wt/vol) is nectar concentration (% wt/vol) obtained from the next higher flower on the same plant.
	Figure 4 Plotted against proportion sucrose for nectar sampled from a flower is proportion sucrose obtained from the next higher flower on the same plant.




