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Aphids are economically and ecologically important herbivorous insects.
A critical step in their life cycle is the visually guided host finding behaviour.
To elucidate the role of colour in host finding of aphid spring migrants we
conducted large colour trap experiments in the field and analysed aphid
catch data, using trap spectral reflectance data as input. Based on known
and putative photoreceptor sensitivities we developed and optimized a
simple empirical colour choice model for spring migrants of different
aphid species which confirmed and explained the yellow preference of
these insects. In a further step, we applied multivariate statistical methods
to behavioural and reflectance data, but without data on photoreceptor
sensitivities, to find the wavelengths of greatest importance for the aphids’
behavioural responses. This analysis confirmed the position of the green
photoreceptor peak previously obtained independently with electrophysio-
logical methods. In a final step, we applied the colour preference model
to a dataset of leaf spectra. This showed that aphid visual preference
would be dependent on the plants’ nutritional status, with lower nitrogen
input being associated with stronger preference, despite known benefits of
high nitrogen levels for aphid reproduction and fitness. Ecological and
evolutionary implications of these results are discussed.

This article is part of the theme issue ‘Understanding colour vision:
molecular, physiological, neuronal and behavioural studies in arthropods’.
1. Introduction
Many aphid species are important pest insects, and after decades of research tar-
geted at improving aphid control, plant damage caused by aphids still remains a
challenge in various agricultural and horticultural cropping systems [1]. Aphids
also serve as model species for the investigation of fundamental ecological ques-
tions, e.g. in the areas of endosymbiosis [2], multitrophic interactions [3],
population dynamics [4], or climate change biology [5]. Aphid life cycles are
highly diverse, with some species alternating between different host plant species,
and many alternating between periods of sexual and asexual reproduction [6].
Aphids are also characterized by sophisticated polymorphism systems, e.g. with
wingless individuals specialized in maximizing reproduction, and winged
morphs contributing to dispersal [7].

When winged aphids are searching for new host plants, colours play an
important role [8]. This was mainly concluded from field experiments in
which landing aphids reliably responded to varied artificial colours [9,10].
With a series of field experiments Moericke [9] demonstrated that pure
yellow without reflectance in the ultraviolet (UV) attracted the highest
number of winged aphids and that fewer aphids responded to orange,
yellow-green and green; still lower landing rates were observed on red, blue,
purple, white, grey and black. The preference of aphids for the green-yellow
wavelength band (around 550 nm) was later confirmed regarding target
approaches by walking [11] and flying aphids in the laboratory [12].
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Despite the large number of studies on aphid responses to
colours, themechanisms underlying these responses have only
in the last two decades begun to be explored. Without under-
standing the mechanisms, however, it is difficult to predict
the response of aphids to a given colour unless exactly this
colour is tested for the aphids’ behavioural response. This is
so because human and insect colour vision are fundamentally
different, and colour classification by humans (e.g. into colour
categories like ‘yellow’ or ‘green’) is unlikely to coincide with
insect colour perception [13].

The first study reporting behavioural responses of aphids
to colours [14] provides some of the deepest insights into the
underlying mechanisms. In an ingenious experiment, Moer-
icke [14] showed that green peach aphids (Myzus persicae),
whenwalking on grey paper, did not respondwith probing be-
haviour, i.e. extending their proboscides and trying to insert
their stylets into the paper; however, when walking from a
blue paper onto a grey one, grey did elicit the probing response,
thereby proving that the aphids’ behaviour followed a succes-
sive contrast effect. This, in turn, provides indirect but strong
evidence that the response of this aphid species to colours is
linked to a colour opponent mechanism (COM) [10,13]. Such
a COM would be represented by neurons that are excited
by the input from one type of photoreceptor (e.g. a green recep-
tor), and are inhibited by the input from another photoreceptor
type (e.g. a blue receptor).

Electrophysiological experiments investigated the spectral
sensitivity ofM. persicae [15] and the cabbage aphid Brevicoryne
brassicae [16], revealing thewavelength position of themaximal
sensitivity of the aphids’ green receptors (around 530 nm), and
the existence of two further receptors, a blue and aUV receptor.
Intracellular recordings from the green receptor of the pea
aphid Acyrthosiphon pisum showed the green receptor to peak
at 518 nm [17]. Combining this physiological information and
knowledge on COMs promised to be a powerful tool for
analysing the behavioural response of aphids to coloured
stimuli. We, therefore, aimed to repeat the field experiments
pioneered by Moericke, now using modern colour measure-
ment techniques, more systematic variation of colours, and
new analytical tools. In a previous study, we had set out
water traps painted in 70 different colours in a large-scale
field experiment during the autumn and showed that a COM
pitting the input of the green against the blue photoreceptor
can be used to predict landing responses of aphid autumn
migrants to colours [18]. In that experiment we further used
reflectance spectra of a large number of plant species to show
that, despite lacking a red receptor, aphids would respond
differently to colours called ‘red’ and ‘green’ by humans.
While this experiment focused on questions of colour prefer-
ence of aphids that migrate to their winter hosts, and on the
preference for green versus red leaves of autumnal trees, we
were also curious to know more about colour choice in
spring migrants, particularly because the host finding behav-
iour of these morphs is of much more direct importance in
many agricultural crops than that of the autumn migrants.

In particular, we asked: (i) can the landing response of
aphids to colour serve to provide evidence for a colour
opponent mechanism in these insects, especially for species
other than M. persicae? (ii) would a colour-choice model
based on the spring migrant catch generally differ from the
one derived from the autumn trapping experiment? (iii) do
aphid species differ in their behavioural response to colours,
as suggested by previous experiments [19]? Further, we
wanted to know (iv) whether aphid and reflectance data
alone, i.e. without making assumptions about photoreceptor
sensitivities, would be sufficient to reveal any mechanisms
underlying the aphids’ landing behaviour. Finally (v), we
asked what consequences the colour choice behaviour would
have for aphid host selection, in particular given that plant
leaf colour is associated with the plant’s nitrogen status.

To answer these questions, we used a dataset from spring
2007—a field experiment similar to the one conducted in
autumn 2007 [18]—and a similar trial from spring 2008, for
which data from the pollen beetle Meligethes aeneus had
already been analysed [20]. We exposed a large number of
coloured traps to flight activity of aphids in the field, and
used the reflectance spectra of the traps to analyse the trap
catch, with or without using data on spectral sensitivities of
photoreceptors. Using the resultant colour choice model, we
then predicted aphid responses to wheat leaves sampled
from different plots with contrasting nutrient supply.
2. Material and methods
(a) Insect trapping
Two insect trapping experiments were performed in the field
during aphid spring migration, on days without precipitation.
Experiment 1 was conducted over three trapping periods in
May 2007 (5–10, 15–18, and 22–24 May) at Silwood Park near
Ascot, Berkshire, UK (51.4151 N, −0.6536 E, 66 m a.s.l.) with 140
traps painted in 70 different colours. Experiment 2 was set up in
May 2008, over three trapping periods (7–9 May, 12–14 May and
19–21 May) at Rothamsted, Harpenden, UK (51.8053 N, −0.3666
E, 130 m a.s.l.), with 100 traps painted in 50 different colours; of
the latter experiment, only data from 98 traps could be included
in the analysis. In both experiments, Petri dishes (14 cm diameter)
were used as trapping devices; thesewere fixed to awooden stand
and were placed ca 30 cm above the bare soil. Further details on
trap design are given elsewhere [18].

The colours were various mixtures of base water-based
masonry paints, in particular, yellow, blue, white and black in
experiment 1, and additional green and red paints in experiment 2,
thereby obtaining several colour series ranging in hue (from red to
yellow to green to blue), as well as in saturation and brightness (by
mixingwhite or black to the pure hues). In experiment 2, additional
colours with high UV reflectance were created by mixing barium
sulfate powderwith yellowand greenmasonry paint and a binder.

The traps were set out in the field in a 2 m× 2 m grid, resulting
in four rows of 35 traps and four rows of 25 traps, in experiments 1
and 2, respectively. The experimental layout was a completely ran-
domized design in experiment 1 and a randomized complete block
design in experiment 2. The traps were filled with water and an
odourless detergent (Lipsol from Bibby Sterilin Ltd., UK) to
reduce surface tension.

All winged aphids from 2007 were collected from the traps,
stored in 70% ethanol and identified to species levelwhenever poss-
ible, using appropriate taxonomic identification keys [21–23].
Aphids collected in the 2008 experimentwere not further identified.

(b) Plant sampling
Leaves of winter wheat plants (cultivar Primus, sown on
2 October 2013; 300 seeds m−2) were sampled for spectral charac-
terization on 6 May 2014 from the International Organic
Nitrogen Fertilization Long-Term Trial at Humboldt University
Berlin (52.4656 N, 13.2977 E, 51 m a.s.l). The trial, following its
German name, is abbreviated as IOSDV [24] and was established
in 1984. This long-term static field trial is based on a three-course
rotation with potatoes, winter wheat (electronic supplementary
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material, figure S1) and spring barley, with all three crops grown
each year. The soil type is an albic luvisol formed from silty sand
above loamy sand, with the pre-trial top soil properties being
characterized by low organic carbon content (0.656% Corg), and a
strongly acidic pH (5.4) [24]. The climate is intermediate between
oceanic and continental, with annual averages (1971–2000) of
9.6°C air temperature and 540 mm precipitation. In an incomplete
factorial design, the trial investigates the interactive effects of
organic and mineral fertilization. Factor A (organic fertilization)
comprises three levels (without organic fertilization; application
of farmyard manure; and crop residue application, i.e. straw and
green manuring). Factor B (mineral N fertilization) comprises
four levels. Winter wheat receives 0, 60, 110 and 160 kg N ha−1 at
the four different levels, respectively. Factor levels are combined
to obtain 10 fertilization treatments (electronic supplementary
material, table S1). With three field replications, there are 30
plots per crop species each year. From each of the 30 winter
wheat plots (size: 30 m2), six plants were randomly selected and
a single leaf lamina was cut from the plant and stored in paper
bag until measurement within approximately 2 h.
.B
377:20210283
(c) Spectral measurements
Reflectance spectra of the water-filled traps of experiments 1 and 2
and the respective background soils were measured with a
RAMSES-ARC spectrophotometer (from TriOS GmbH, Olden-
burg, Germany) in the range of 320–950 nm in 5 nm steps
against a BaSO4 white standard. Reflectance spectra of 70 of the
140 traps of experiment 1 are displayed in the electronic sup-
plementary material, figure S2a-d; selected reflectance spectra
from experiment 2 have been published previously [20]. Data of
all reflectance spectra are given in the electronic supplementary
material, table S2.

Reflectance spectra of the upper sides of wheat leaves from the
long-term field experiment were measured against a spectralon
white standard with an AvaSpec spectrometer (ULS2048X-USB2-
UA50 from Avantes, Apeldoorn, the Netherlands, bandwidth:
200–1150 nm, 2.4 nm spectral resolution) connected to a Xenon
pulse lamp (AvaLight-XE). Reflectance spectra were determined
on six leaves per plot with one measurement per leaf; the spec-
trometer measured the diffuse reflectance of the sample at an
angle of 45° on an area of ca 1.7 cm2. Reflectance data from the
AvaSpec was smoothed using a moving average of 2.4 nm
width. Subsequent calculations were performed with data in
5 nm steps between 300 and 700 nm.
(d) Colour choice modelling and statistical calculations
To build the colour-choice model we first calculated the response
variable y as the number of aphids nt in a trap t relative to the
average number of aphids nref that had been caught per trap in
two identical yellow reference traps, y = nt/nref. (Trap codes of
reference traps were ‘00a’ and ‘00a’ in experiment 1, and
‘Y01A’ and ‘Y01B’ in experiment 2; electronic supplementary
material, table S2.) To find the best explanatory variables we con-
verted the colour measurements (reflectance spectra) of the traps
into photon catch values for each trap. We calculated the photon
catch P that a trap t elicits in a photoreceptor R as

PR(t) ¼
Ð
It(l)SR(l)D(l) dl

Ð
Ib(l) SR(l)D(l) dl

,

where It(λ) is the reflectance spectrum of the trap t; SR(λ) the sen-
sitivity function of the photoreceptor R, with the sensitivity peak
of R varying between 320 nm and 610 nm in 10 nm steps; D(λ)
the illumination spectrum (standard sunlight D65); and Ib(λ)
the reflectance spectrum of the background b against which the
trap stimulus appears [25], in this case, bare soil from the
experimental area. Photoreceptor sensitivity curves SR(λ) were
generated using model templates [26], with a fixed ratio between
the half-max bandwidth Δλ and the peak wavelength λmax (Δλ/
λmax = 0.18), and with no beta peak [18].

Further, using the datasets from the two years, the relation-
ships between the spectral reflectance of different coloured water
traps and the number of trapped aphids were investigated using
a multivariate approach, without any data on spectral sensitivity
entering the statistical models. Relative reflectance from 310 nm
to 700 nm in 5 nm steps of the coloured water traps were used as
explanatory variables (X ). The total number of the trapped
aphids in each of the coloured water traps was used as response
variable (Y ). The two years were analysed separately. For this
analysis, we selected partial least square regression (PLSR) [27]
as a reliable technique handling strongly collinear datasets [28].
The optimum number of components was found by visually
inspecting plots of root mean squared error of prediction against
the number of components in the model.

The program R, v. 4.0.3 was used for all statistical calcu-
lations [29]. Nonlinear modelling (i.e. for Gompertz functions)
was performed with the nls function. PLSR was conducted
with the pls package [27]. Data from the IOSDV experiment
were subjected to ANOVA with subsequent comparison of
means with Tukey’s HSD test.
3. Results
(a) Aphid catch: species composition
In experiment 1, a total of 17 383 winged aphid individuals
from 98 aphid taxa was found. The catch was dominated by
B. brassicae (40.4%) andM. persicae (23.9%). A minority of indi-
viduals (12.8%) could only be identified to genus level (mainly
Aphis sp. and Brachycaudus sp.), and a further 207 individuals
remained unidentified. The majority of taxa (63 out of 98)
and individuals (90.8%) belonged to the tribus Macrosiphini.
Seven species, contributing 30.6% of individuals to the trap
catch, were very polyphagous species (feeding on more than
three plant families), whereas 26 species (2.3% of individuals)
were strictly monophagous (feeding on one plant species
only). Themaximal catch per trap (summed over the three trap-
ping periods) was 527 individuals in a yellow trap. In 2008, a
total of 1732 aphids were caught; here, the maximal catch per
trap over the three trapping periods was 79 individuals in a
yellow trap.

(b) Landing behaviour follows a colour opponent
mechanism

To test whether the aphid landing behaviour in the trap
experiment follows a COM, we performed the data analysis
in the following two steps:

(i) when yellow paint is mixed with varied amounts of
black paint (i.e. colours ranging from pure yellow to
pure black), the reflectance is very low in the UV and
blue (electronic supplementary material figure S2). This
means that traps painted in the colours of this ‘yellow-
to-black’ series will almost exclusively excite the green
receptor, whereas the two other receptors (with sensi-
tivity peaks in the UV and blue) will not be excited.
Available electrophysiological data [15,16] shows that
M. persicae and B. brassicae, i.e. the two dominant species
in the trap catch, possess a green receptor with a peak
sensitivity around 530 nm. If the landing behaviour is
linked to the green receptor input,we expect a correlation
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between aphid numbers and photon catch of the 530 nm
green receptor. Importantly, we would expect this to be
the case both with or without a COM, because whether
or not the input from the blue or UV receptor feeds
into a COM, in both cases the contribution will be negli-
gibly small. What we found was indeed a strong
correlation between aphid catch and the photon catch
of a green photoreceptor with peak sensitivity at
530 nm, for this subset of traps. When all aphid species
were pooled, the relationship followed a sigmoidal
curve and could be modelled with a Gompertz function
(y = 0.987 exp(−8.12 exp(−0.733 G)), where G is the
photon catch of the green receptor (residual standard
error 0.069; d.f. = 17, p < 0.0001) (figure 1). Table 1
(upper half) gives the respective functions for all aphid
taxa with a total catch of more than 500 individuals; and

(ii) in a second step we applied the Gompertz model of step
(i), derived from theyellow-to black subset of traps, to all
traps, i.e. to predict the aphid catch that the input from
the green receptor alone would generate. If the aphids’
behaviour followed the input from their green receptor
only, we would expect that for all traps the resulting
model would be more or less the same as in the
yellow-to-black series subset; the residuals of the
regression function would be small, i.e. the differences
et between ŷG, the number of aphids predicted from
the yellow-to-black series model, and yt the actually
observed number of aphids (et = yt – ŷG). Particularly,
these residuals et would not correlate with any further
spectral information of the traps, i.e. with the input
from any other photoreceptor.
If, on the other hand, a COM was responsible for the aphids’
landing behaviour, we would expect the residuals et to
be negatively correlated with the input from a blue or UV
receptor (or both). As can be seen in figure 2, the residuals
showed a significant negative correlation with the input
from a blue receptor (with a peak sensitivity chosen at
450 nm), thereby providing evidence for a COM driving the
aphids’ behaviour. When all species are considered together,
the correlation coefficient for a linear model of this relation-
ship is r = –0.862 ( p < 0.001, d.f. = 138). Although the
relationship is curvilinear, we chose a linear model for the
sake of simplicity; alternative curvilinear models do not
result in a different sign of the relationship. For all seven
species with more than 500 individuals the relationship
between the residuals et and the blue receptor input B is
significantly negative (table 1, bottom half).

Currently, the position (peak sensitivity) of the blue recep-
tor in aphids is unknown, as intracellular recordings have not
been performed in aphid blue receptors. Thus, the correlation
exemplified in figure 2 and table 1 between the residuals (of
the model built with the green receptor input alone) and the
input from the blue photoreceptor is only one possible case.
Therefore, the respective correlation was calculated for all
photoreceptors, i.e. for receptors with their peak sensitivity
ranging between 320 and 610 nm (in 10 nm steps). When the
correlation coefficient is displayed against the peak sensitivity
of the receptor, the resulting correlogramm shows that the
negative relationship between residuals and photon catch is
most marked with input from photoreceptors that peak
between 380 and 470 nm, i.e. mainly in the blue, (figure 3),
whereas the correlation is weaker with input from photo-
receptors that have peaks at larger (greater than 480 nm) or
smaller (less than 370 nm) wavelengths.

(c) Model development and comparison of alternative
models

Having established that the behaviour of at least seven aphid
taxa followed a COM with positive input from a green recep-
tor and negative input from a blue or UV receptor, we looked
at various mathematical representations of COMs as explana-
tory variables and tested several alternative models. Given
the sigmoidal response in both figures 1 and 2, a COM
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representation that uses the difference of two Gompertz func-
tions would be straightforward. However, this would require
as many as six parameters to model the insects’ behaviour.
Striving for a more parsimonious model, we therefore
looked at simpler models with fewer parameters.

One possible representation of a COM is the expression
log(G) – log(B) = log(G/B), i.e. the log ratio between the
photon catch G of the green photoreceptor and the photon
catch B of the blue photoreceptor [20]. When the number of
aphids relative to the reference catch is displayed against
the respective value of log(G/B) of each trap, the relationship
between the two variables can be modelled with a simple
piecewise regression, with a split point at log(G/B) = 0,
i.e. where G = B (figure 4). Here, the best fit was found for
λmax(B) = 470 nm, whereas λmax(G) was held fixed at 530 nm
again (electronic supplementary material table S3). For the
left-hand part of the model (G < B), the slope was found to
be not significantly different from 0. Thus, with y being the
number of aphids relative to the reference trap, the model
had the shape y = a log(G/B) + b, for G > B, and y = b else, with
a = 2.499 ± 0.071 and b = 0.025 ± 0.001 (mean ± s.e., r2 = 0.890,
n = 140).

Finally, we tested whether residuals ut between the values
ŷM predicted by the split linear regression model M and
the observed values yt of the aphid catch (ut = yt – ŷM) were
still correlated with the photon catch of any modelled photo-
receptors R (peak sensitivities at λmax = R). This was not
the case. The maximal correlation was r = 0.159 at 500 nm
( p = 0.06, not significant), and the minimal correlation was
r = –0.076 ( p = 0.37, not significant) at 320 nm. There was also
no significant correlation between the summed input from all
three photoreceptors together (UV (350 nm), blue (470 nm)
and green (530 nm)) and these residuals ut (r = 0.135, p =
0.112, not significant). Therefore, we conclude that the model
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is complete in terms of spectral input information and the split
regressionmodel is sufficient to explain the aphids’ response to
the coloured traps.

(d) Model validation with experiment 2
We first tested if the data from experiment 2 followed
the same general function as the 2007 data. As the electronic
supplementary material, figure S3 shows, this was the
case. With the same photoreceptor combinations as before
(G: λmax = 530 nm and B: λmax = 470 nm), the 2008 data was
modelled with a split linear regression function based on
y = a log(G/B) + b, for G > B, and y = b else, with a = 1.602 ±
0.092 and b = 0.224 ± 0.015 (mean ± s.e., r2 = 0.689, n = 100).
When the model parameters from the 2007 model (figure 4)
were used to predict relative aphid numbers from 2008
based on the spectral reflectance of the 2008 traps, the agree-
ment between predicted and observed aphid data was good,
with an r² of 0.689, though slightly biased, with the regression
function between observed (y) and predicted (x) values
following the function y = 0.711 x + 0.151.

(e) Partial least square regression
The multivariate regression outputs are presented for models
with three components; fewer components led to substan-
tially decreased percentage of explained variation, while a
higher number of components resulted in multiple peaks
across the spectrum that were inconsistent between the two
years. With three components, the r2 obtained for the PLSR
of experiment 1 was 0.730. That is, 73.0% of the total variation
in the response variable (Y, the aphid counts) was explained
by the explanatory variables (X, i.e. the reflectance spectra);
for experiment 2, this value was slightly lower (63.3%). The
contribution of individual wavelengths to the model was
assessed using PLSR coefficients; to allow direct comparisons
between the two experiments, coefficients were normalized,
i.e. for each experiment, individual coefficient values were
divided by the respective maximum coefficient of the exper-
iment. Across wavelengths, distinct local maxima of the
coefficients were located in the green region, at 525 and
530 nm for experiments 1 and 2, respectively (figure 5). For
both experiments, plateaus of negative coefficients were
found in the blue region, at 410–490 nm and 415 to 490 nm,
for experiments 1 and 2, respectively. Coefficients were
small (−0.3 < x < 0.3) in the UV (here at wavelengths
<380 nm) and in the yellow to red region (at >600 nm).
( f ) Comparison of aphid species
Because the accuracy of the colour choice model is expected
to depend on the number of individuals caught, we restricted
species comparisons to three groups: M. persicae, B. brassicae
and all other species pooled. In a covariance analysis for
the split regression model, no significant differences between
species were found in the right-hand slope (i.e. the parameter
a for the condition G > B), but the intercept was significantly
different between species. However, it can be shown that
when comparing the attractivity (i.e. the predicted y) of any
two coloured surfaces with the model, the interspecific
differences in the intercepts cancel out.

For the PLSR analysis, the general shape of the coefficient
spectra for the taxa listed in table 1 was similar to that shown
for all aphids together in figure 5; coefficients were small in
the UV, negative in the blue, peaked in the green, and were
small greater than 600 nm. Regression coefficients for all
taxa shown in table 1 were maximal at 525 nm, and were
negative between 380 and 500 nm.
(g) Application of model to plant leaf spectra
When the colour choice model developed from experiment 1
was applied to wheat leaf spectra from the fertilization field
experiment, the relative number of aphids predicted by the
model, based on the leaf spectra as input data, was found
to depend on the nitrogen fertilizer level (figure 6). In par-
ticular, with the highest nitrogen input level (160 kg ha−1),
the relative number of aphids was significantly lower than
with any of the other nitrogen input levels (Tukey HSD test).
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4. Discussion
As we have shown, it is not only possible to model the aphids’
response to coloured targets based on a COM (figure 4), but a
COM is required to explain this behaviour (figures 2 and 3). Evi-
dence for the COM in aphids has previously been presented for
one aphid species, M. persicae, based on laboratory studies [13],
as well as for autumnmigrants, based on trap catches [18]. Here,
we have shown that COM is more widespread among aphids
and that it explains the behavioural response of aphid spring
migrants of at least six more taxa to coloured targets (table 1).

(a) Comparative interpretation of models
We presented two alternative and complementary approaches
of analysing the behavioural response of aphids to coloured
targets. The first approach was to build a model using input
based on physiologically derived sensitivity data, in particular
using knowledge about the peak sensitivity of a green receptor
at or near to 530 nm [15–17]. Here, we used the expression
log(G/B), a mathematical representation of a COM, as an
explanatory variable, i.e. the log ratio of the photon catches
of the green and blue receptor. The model follows a piecewise
linear regression, with a split point at G = B (figure 4). An
alternative way of relating aphid numbers against a COM is
a logistic function of the ratio G/B [18]. Which of these math-
ematical representations is physiologically more meaningful
is currently difficult to gauge, in absence of further physiologi-
cally based information regarding the mechanisms of the
aphids’ behaviour towards colours. However, both models
have their advantages. While the logistic model may allow a
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better representation of saturation effects at high G/B-values,
the split regression model is mathematically simpler.

The second modelling approach was entirely driven by
reflectance data, i.e. did notmake use of input fromphysiologi-
cal sensitivity functions; thus, this entirely empirical approach
was blind to physiological knowledge and may therefore be
used to test if the assumptions on physiological sensitivity
functions in aphids are reasonable. In fact, the PLSR approach
showed a remarkable congruence with the physiological data
on peak sensitivities. For both years, the maximum regression
coefficient (at 525 and 530 nm, in experiments 1 and 2, respect-
ively, figure 5) was observed very close to or on the same
wavelength as the electrophysiologically determined values,
namely 530 nm forM. persicae [15] and 520–530 nm for B. bras-
sicae [16], two aphid species that dominated the 2007 catch
(table 1). Further, the PLSR confirms the antagonistic nature
of blue reflectance for the response of aphids, since coefficients
in this spectral region are negative (figure 5).

(b) The role of blue versus ultraviolet and the position
of the blue receptor

An important question open to debate is the relative impor-
tance of UV versus blue reflectance for the responses of
aphids to coloured stimuli [18,30]. In particular, it is unclear
whether UV or blue or both are contributing to the COM
underlying aphid behavioural responses to colours. This is
because UV and blue reflectance produced with the pre-
viously chosen paints [18] were strongly correlated with
each other. With the trap colours chosen for experiment 1,
strong correlation between blue and UV reflectance was also
observed, and it is therefore not surprising that model optim-
ization did not allow us to differentiate clearly between blue
and UV effects, especially at UV reflectance above 350 nm
(figure 3). However, colours in experiment 2 were chosen to
decrease correlation between UV and blue reflectance by
adding a high-UV component to some of the colour mixes.
In addition, the PLSR approach helped to tackle this problem
of collinearity [28] and revealed, for both experiments, that
blue plays a dominant role and UV is less important (figure 5).
Previously, it has been argued that it may not be essential to
disentangle effects of UV versus blue for aphids, since reflec-
tance in the UV and blue are usually strongly correlated in
leaves anyway [30]; however, this correlation is not perfect,
especially at higher reflectance values [8]. In any case, to
solve this question further experiments will be necessary
that use target colours with (almost) uncorrelated variation
of blue and UV reflectance.

Because the spectral position of the blue and UV photo-
receptors in aphids are not yet confirmed physiologically,
we attempted to find the position of a short-wavelength
photoreceptor by optimizing the model fit (electronic sup-
plementary material table S3). However, probably because
of strong collinearity within the reflectance values across
the blue region in both experiments 1 and 2, it was impossible
to determine the position of the blue receptor by model
optimization (figures 3 and 5).

(c) Comparison of aphid species
We did not find significant differences between aphid species
in their colour behaviour. This is in contrast to previous reports,
as differences between aphid species in their colour preference
have been demonstrated on several occasions. For instance,
Hyalopterus pruni was more strongly attracted to yellow when
the colour was unsaturated, i.e. when mixed with white lead
whereas this was not the case with Aphis fabae [19]. According
to [31], Rhopalosiphum padiwas more attracted to green than to
yellow, whereas Sitobion avenae, Rhopalosiphum maidis and Schi-
zaphis graminum preferred yellow over green. At present it is
difficult to explain the discrepancy between our results and
previous findings. However, both cited studies include grass
feeding aphid species, which, in our investigation were not
numerous enough for rigorous inter-species comparisons.
This is of particular relevance since grass-feeding herbivores
have already been hypothesized as a group that is distinct in
the response to colours [32]. More targeted laboratory studies
that do not depend on the aphid fauna landing in traps will
be needed to elucidate this question.

Regarding seasonal differences in aphid responses to col-
ours, the comparison of autumn catch [18] and spring catch
(this study, experiment 1) on the same sitewith almost identical
methods would have been promising. However, because of the
almost completely different species composition of the spring
and autumn catch, a direct comparison of the models regard-
ing seasonal effects was not possible. Still, the general model
shape observed in the autumn and spring model was similar,
both indicating that a colour opponent mechanism drives the
aphids’ response to colours.
(d) Ecological implications: aphids and leaf colours
Application of the aphid colour choice model to wheat leaves
sampled from different fertilization treatments revealed that
low nitrogen fertilizer levels would result in leaf colours being
more attractive to aphids than leaves from higher nitrogen
input levels (figure 6). At first sight, this is surprising, since
aphid reproductive fitness strongly responds to nitrogen [33–
35], and the colour choice behaviour would therefore lead
aphids to land on host plants with low suitability for reproduc-
tion. However, this result needs to be interpreted with caution,
for two reasons. First, wheat is a member of the grass family,
and based on the arguments presented above, the associated
specialized aphid fauna may respond differently to colours
compared to the aphid species dominating the catch in the pre-
sented colour trap experiments. Second, we did not sample
aphid populations on the wheat in the fertilization experiment
and have therefore no direct evidence on aphid performance
from this field trial. On the other hand, however, the results
obtained here (figure 6) may still be of significance, since (i)
low nitrogen levels cause yellowing in many non-cereal crop
species as well [36], i.e. spectral reflectance changes are similar
to those observed here in wheat; and (ii) the response of
aphid population growth to nitrogen is relatively robust. The
apparently non-adaptive yellow preference confirmed in our
experimental data and in the model has been interpreted as
the consequence of yellow being a ‘supernormal’ stimulus
[37]; the potential adaptive role of yellow preference, however,
still remains open.

In this context it is relevant that we investigated spring
migrants rather than autumn migrants, as well as leaf colours
in the corresponding season. Previous research on the adaptive
role of aphid colour choice has much focused on autumnal leaf
colours [38–40].While yellowing of leaves occurs at senescence,
this is not typical during the time of the year we focused on;
potential mechanisms proposed to explain yellow preference
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of aphids during autumn, such as the nitrogen re-translocation
during leaf senescence [41]may therefore not be relevant in our
case. Without a second long-wavelength receptor (i.e. a red
receptor), aphids are not able to prefer green over yellow
[18]. While potential constraints for the development of red
receptors and additional neural processing have been dis-
cussed [18], it is conceivable that other, yet unexplored
evolutionary forces may have shaped the mysterious prefer-
ence for yellow over green.

More generally, our colour-choice model predicts that
plant leaves with higher reflectance in the blue domain,
leaves with whitish wax layers, or very dark green leaves
are less attractive for aphids than leaves with higher reflec-
tance in the green spectral domain (around 550 nm) and a
lower proportion of blue reflectance. The model could there-
fore be used to optimize strategies for aphid control [37].
Further studies will be required to generalize the colour-
choice model. In particular, the presented model was devel-
oped with a constant background of bare soil, while altered
colour contrast is expected to interfere with aphid behaviour
as well [42,43]. This could then be used in plant mixtures and
dense plant stands with the direct colour effects [43].
10283
5. Conclusion
As shown, the landing response of spring migrant aphids to
colour provided evidence for a colour opponent mechanism.
Further, we demonstrated that the colour choice model based
on the spring migrant catch agreed with the one derived from
a similar trapping experiment conducted in the autumn,
which targeted a different stage in the life cycle of aphids.
Among the species found in our experiment, the behavioural
response to colours did not significantly differ. Finally,
aphid and reflectance data alone, i.e. without information
on photoreceptor sensitivities, indirectly confirmed the pos-
ition of the green photoreceptor and provided further
confirmation of the COM driving aphid landing behaviour.
This means that for taxa where photoreceptor data are
absent, the PLSR approach, together with a set of carefully
chosen colour stimuli, may help to reveal mechanisms in
response to colours.
Data accessibility. Original data are supplied in the electronic sup-
plementary material [44].

Authors’ contributions. T.F.D.: conceptualization, data curation, formal
analysis, funding acquisition, investigation, methodology, visualiza-
tion, writing—original draft, writing—review and editing; S.K.:
conceptualization, data curation, formal analysis, software,
validation, visualization, writing—review and editing.

Both authors gave final approval for publication and agreed to be
held accountable for the work performed therein.

Conflict of interest declaration. The authors declare that they have no
competing interests.

Funding. We are grateful for financial support from Deutsche For-
schungsgemeinschaft (DFG, grant no. DO 1055/3-1), and the
Entomological Fund, as well as the UK Department for Environment,
Food and Rural Affairs (Defra), the Agriculture and Horticulture
Development Board and VSN International via the Defra Sustainable
Arable LINK programme (project LK09108).
Acknowledgements. We thank Richard Harrington and Mark Taylor for
help with aphid identification, Jim Hardie and Niklas Stukenberg
for discussions on aphid behaviour, Heiko Vogel and Jörg Schmidt
for help with the IOSDV trial and Sam Cook for support during
the field trial at Rothamsted.
References
1. Van Emden HF, Harrington R. 2017 Aphids as crop
pests. Wallingford, Harpenden, UK: CAB International.

2. Wang Q, Yuan E, Ling X, Zhu-Salzman K, Guo H, Ge
F, Sun Y. 2020 An aphid facultative symbiont
suppresses plant defence by manipulating aphid
gene expression in salivary glands. Plant Cell
Environ. 43, 2311–2322. (doi:10.1111/pce.13836)

3. Vaello T, Pineda A, Marcos-García M. 2019 Role of
thrips omnivory and their aggregation pheromone
on multitrophic interactions between sweet pepper
plants, aphids, and hoverflies. Front. Ecol. Evol. 6,
240. (doi:10.3389/fevo.2018.00240)

4. Miksanek JR, Heimpel GE. 2019 A matrix model
describing host–parasitoid population dynamics: the
case of Aphelinus certus and soybean aphid. PLoS ONE
14, e0218217. (doi:10.1371/journal.pone.0218217)

5. Sheppard LW, Bell JR, Harrington R, Reuman DC.
2016 Changes in large-scale climate alter spatial
synchrony of aphid pests. Nat. Clim. Change 6,
610–613. (doi:10.1038/nclimate2881)

6. Hardy NB, Peterson DA, von Dohlen CD. 2015 The
evolution of life cycle complexity in aphids:
ecological optimization or historical constraint? Evol.
69, 1423–1432. (doi:10.1111/evo.12643)

7. Williams IS, Dixon AF. 2007 Life cycles and polymorphism.
In Aphids as crop pests (eds HF van Emden, R Harrington),
pp. 69–85. Wallingford: CAB International.
8. Döring TF. 2014 How aphids find their host plants,
and how they don’t. Ann. Appl. Biol. 165, 3–26.
(doi:10.1111/aab.12142)

9. Moericke V. 1955 Über die Lebensgewohnheiten der
geflügelten Blattläuse (Aphidina) unter besonderer
Berücksichtigung des Verhaltens beim Landen.
Z. Angew. Entomol. 37, 29–91. (doi:10.1111/j.1439-
0418.1955.tb00775.x)

10. Döring TF, Chittka L. 2007 Visual ecology of
aphids – a critical review on the role of colours in
host finding. Arthropod Plant Interact. 1, 3–16.
(doi:10.1007/s11829-006-9000-1)

11. Hodgson CJ, Elbakhiet IB. 1985 Effect of colour and
shape of ‘target’ hosts on the orientation of
emigrating adult apterous Myzus persicae in the
laboratory. Entom. Exp. Appl. 38, 267–272. (doi:10.
1111/j.1570-7458.1985.tb03529.x)

12. Hardie J. 1989 Spectral specificity for targeted flight
in the black bean aphid, Aphis fabae. J. Insect.
Physiol. 35, 619–626. (doi:10.1016/0022-
1910(89)90124-8)

13. Chittka L, Döring TF. 2007 Are autumn foliage
colours red signals to aphids? PLoS Biol. 5,
1640–1644. (doi:10.1371/journal.pbio.
0050187)

14. Moericke V. 1950 Über das Farbsehen der
Pfirsichblattlaus (Myzodes persicae Sulz.). Zeitschrift
für Tierpsychologie 7, 263–274. (doi:10.1111/j.1439-
0310.1950.tb02199.x)

15. Kirchner SM, Döring TF, Saucke H. 2005 Evidence for
trichromacy in the green peach aphid, Myzus
persicae (Sulz.) (Hemiptera: Aphididae). J. Insect.
Physiol. 51, 1255–1260. (doi:10.1016/j.jinsphys.
2005.07.002)

16. Döring TF, Kirchner SM. 2007 Preliminary
characterisation of the spectral sensitivity in the
cabbage aphid (Hemiptera: Aphididae) with
electroretinogram recordings. Entomol. Gen.
30, 233–234. (doi:10.1127/entom.gen/30/
2007/233)

17. Döring TF, Kirchner SM, Skorupski P, Hardie J. 2011
Spectral sensitivity of the green photoreceptor of
winged pea aphids. Physiol. Entomol. 36, 392–396.
(doi:10.1111/j.1365-3032.2011.00805.x)

18. Döring TF, Archetti M, Hardie J. 2009 Autumn leaves
seen through herbivore eyes. Proc. R. Soc. B 276,
121–127. (doi:10.1098/rspb.2008.0858)

19. Moericke V. 1969 Host plant specific colour
behaviour by Hyalopterus pruni (Aphididae). Entom.
Exp. Appl. 12, 524–534. (doi:10.1111/j.1570-7458.
1969.tb02550.x)

20. Döring TF, Skellern M, Watts N, Cook SM. 2012
Colour choice behaviour in the pollen beetle
Meligethes aeneus (Coleoptera: Nitidulidae). Physiol.

http://dx.doi.org/10.1111/pce.13836
http://dx.doi.org/10.3389/fevo.2018.00240
https://doi.org/10.1371/journal.pone.0218217
http://dx.doi.org/10.1038/nclimate2881
http://dx.doi.org/10.1111/evo.12643
http://dx.doi.org/10.1111/aab.12142
http://dx.doi.org/10.1111/j.1439-0418.1955.tb00775.x
http://dx.doi.org/10.1111/j.1439-0418.1955.tb00775.x
http://dx.doi.org/10.1007/s11829-006-9000-1
http://dx.doi.org/10.1111/j.1570-7458.1985.tb03529.x
http://dx.doi.org/10.1111/j.1570-7458.1985.tb03529.x
http://dx.doi.org/10.1016/0022-1910(89)90124-8
http://dx.doi.org/10.1016/0022-1910(89)90124-8
http://dx.doi.org/10.1371/journal.pbio.0050187
http://dx.doi.org/10.1371/journal.pbio.0050187
http://dx.doi.org/10.1111/j.1439-0310.1950.tb02199.x
http://dx.doi.org/10.1111/j.1439-0310.1950.tb02199.x
http://dx.doi.org/10.1016/j.jinsphys.2005.07.002
http://dx.doi.org/10.1016/j.jinsphys.2005.07.002
http://dx.doi.org/10.1127/entom.gen/30/2007/233
http://dx.doi.org/10.1127/entom.gen/30/2007/233
http://dx.doi.org/10.1111/j.1365-3032.2011.00805.x
http://dx.doi.org/10.1098/rspb.2008.0858
https://doi.org/10.1111/j.1570-7458.1969.tb02550.x
https://doi.org/10.1111/j.1570-7458.1969.tb02550.x


royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

377:20210283

11
Entomol. 37, 360–378. (doi:10.1111/j.1365-3032.
2012.00850.x)

21. Taylor LR. 1984 A handbook for aphid identification.
Harpenden, UK: Rothamsted Experimental Station.

22. Heie OE. 1980 The aphidoidea (hemiptera) of
fennoscandia and Denmark. I. General part. The
families mindaridae, hormaphididae, thelaxidae,
anoeciidae, and pemphigidae. Klampenborg,
Denmark: Scandinavian Science Press.

23. Heie OE. 1995 The aphidoidea (hemiptera) of
fennoscandia and Denmark. VI. Family aphididae:
part 3 of tribe macrosiphini of subfamily aphidinae
and family lachnidae. Leiden, The Netherlands: Brill.

24. Peschke H, Mollenhauer S. 1998 Nmin− Gehalt im
Boden, mineralische N-Düngung und N-Entzug von
Winterweizen im Internationalen Organischen
Stickstoffdauerdüngungsversuch (IOSDV) Berlin-
Dahlem. Z Pflanzenernähr. Bodenk. 161, 9–15.
(doi:10.1002/jpln.1998.3581610103)

25. Chittka L, Beier W, Hertel H, Steinmann E, Menzel
R. 1992 Opponent colour coding is a universal
strategy to evaluate the photoreceptor inputs in
hymentoptera. J. Comp. Physiol. A 170, 545–563.
(doi:10.1007/bf00199332)

26. Stavenga DG, Smits RP, Hoenders BJ. 1993 Simple
exponential functions describing the absorbance
bands of visual pigment spectra. Vision Res. 33,
1011–1017. (doi:10.1016/0042-6989(93)90237-Q)

27. Mevik B-H, Wehrens R. 2021 Introduction to
the pls package. Help section of the pls package
of R Studio software, 1–23. See https://cran.r-
project.org/web/packages/pls/vignettes/pls-
manual.pdf.
28. Carrascal LM, Galván I, Gordo O. 2009 Partial least
squares regression as an alternative to current
regression methods used in ecology. Oikos 118,
681–690. (doi:10.1111/j.1600-0706.2008.16881.x)

29. R Core Team. 2020 R: a language and environment
for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing.

30. Archetti M et al. 2009 Response to Sinkkonen:
ultraviolet reflectance, autumn leaves and un-
naming of colours. Trends Ecol. Evol. 24, 237–238.
(doi:10.1016/j.tree.2009.01.007)

31. Kieckhefer R, Dickmann D, Miller E. 1976 Color
responses of cereal aphids. Ann. Entomol. Soc. Am.
69, 721–724. (doi:10.1093/aesa/69.4.721)

32. Kirk WD. 1984 Ecologically selective coloured traps.
Ecol. Entomol. 9, 35–41. (doi:10.1111/j.1365-2311.
1984.tb00696.x)

33. Rousselin A, Sauge MH, Jordan MO, Vercambre G,
Lescourret F, Bevacqua D. 2016 Nitrogen and water
supplies affect peach tree–green peach aphid
interactions: the key role played by vegetative
growth. Agricult. Forest Entomol. 18, 367–375.
(doi:10.1111/afe.12168)

34. Zehnder CB, Hunter MD. 2008 Effects of nitrogen
deposition on the interaction between an aphid and
its host plant. Ecol. Entomol. 33, 24–30. (doi:10.
1111/j.1365-2311.2007.00945.x)

35. Aqueel M, Leather S. 2011 Effect of nitrogen
fertilizer on the growth and survival of
Rhopalosiphum padi (L.) and Sitobion avenae (F.)
(Homoptera: Aphididae) on different wheat
cultivars. Crop Prot. 30, 216–221. (doi:10.1016/j.
cropro.2010.09.013)
36. Tucker T. 1984 Diagnosis of nitrogen deficiency in
plants. Nitrogen Crop Prod. 247–262.

37. Prokopy RJ, Owens ED. 1983 Visual detection of
plants by herbivorous insects. Annu. Rev. Entomol.
28, 337. (doi:10.1146/annurev.en.28.010183.
002005)

38. Archetti M et al. 2009 Unravelling the evolution of
autumn colours – an interdisciplinary approach.
Trends Ecol. Evol. 24, 166–173. (doi:10.1016/j.tree.
2008.10.006)

39. Holopainen JK, Semiz G, Blande JD. 2009 Life-
history strategies affect aphid preference for
yellowing leaves. Biol. Lett. 5, 603–605. (doi:10.
1098/rsbl.2009.0372)

40. Archetti MR, Leather S. 2005 A test of the
coevolution theory of autumn colours: colour
preference of Rhopalosiphum padi on Prunus padus.
Oikos 110, 339–343. (doi:10.1111/j.0030-1299.
2005.13656.x)

41. Holopainen JK, Peltonen P. 2002 Bright autumn
colours of deciduous trees attract aphids: nutrient
retranslocation hypothesis. Oikos 99, 184–188.
(doi:10.1034/j.1600-0706.2002.990119.x)

42. Döring TF, Kirchner SM, Kühne S, Saucke H. 2004
Response of alate aphids to green targets on
coloured backgrounds. Entomol. Exp. Appl. 113,
53–62. (doi:10.1111/j.0013-8703.2004.00208.x)

43. Döring TF, Röhrig K. 2016 Behavioural response of
winged aphids to visual contrasts in the field. Ann.
Appl. Biol. 168, 421–434. (doi:10.1111/aab.12273)

44. Döring TF, Kirchner S. 2022 Amodel for colour preference
behaviour of spring migrant aphids. Figshare. (doi:10.
6084/m9.figshare.c.6098636)

http://dx.doi.org/10.1111/j.1365-3032.2012.00850.x
http://dx.doi.org/10.1111/j.1365-3032.2012.00850.x
http://dx.doi.org/10.1002/jpln.1998.3581610103
http://dx.doi.org/10.1007/bf00199332
http://dx.doi.org/10.1016/0042-6989(93)90237-Q
https://cran.r-project.org/web/packages/pls/vignettes/pls-manual.pdf
https://cran.r-project.org/web/packages/pls/vignettes/pls-manual.pdf
https://cran.r-project.org/web/packages/pls/vignettes/pls-manual.pdf
https://cran.r-project.org/web/packages/pls/vignettes/pls-manual.pdf
http://dx.doi.org/10.1111/j.1600-0706.2008.16881.x
https://doi.org/10.1016/j.tree.2009.01.007
https://doi.org/10.1093/aesa/69.4.721
https://doi.org/10.1111/j.1365-2311.1984.tb00696.x
https://doi.org/10.1111/j.1365-2311.1984.tb00696.x
https://doi.org/10.1111/afe.12168
http://dx.doi.org/10.1111/j.1365-2311.2007.00945.x
http://dx.doi.org/10.1111/j.1365-2311.2007.00945.x
https://doi.org/10.1016/j.cropro.2010.09.013
https://doi.org/10.1016/j.cropro.2010.09.013
https://doi.org/10.1146/annurev.en.28.010183.002005
https://doi.org/10.1146/annurev.en.28.010183.002005
http://dx.doi.org/10.1016/j.tree.2008.10.006
http://dx.doi.org/10.1016/j.tree.2008.10.006
http://dx.doi.org/10.1098/rsbl.2009.0372
http://dx.doi.org/10.1098/rsbl.2009.0372
https://doi.org/10.1111/j.0030-1299.2005.13656.x
https://doi.org/10.1111/j.0030-1299.2005.13656.x
http://dx.doi.org/10.1034/j.1600-0706.2002.990119.x
https://doi.org/10.1111/j.0013-8703.2004.00208.x
http://dx.doi.org/10.1111/aab.12273
http://dx.doi.org/10.6084/m9.figshare.c.6098636
http://dx.doi.org/10.6084/m9.figshare.c.6098636

	A model for colour preference behaviour of spring migrant aphids
	Introduction
	Material and methods
	Insect trapping
	Plant sampling
	Spectral measurements
	Colour choice modelling and statistical calculations

	Results
	Aphid catch: species composition
	Landing behaviour follows a colour opponent mechanism
	Model development and comparison of alternative models
	Model validation with experiment2
	Partial least square regression
	Comparison of aphid species
	Application of model to plant leaf spectra

	Discussion
	Comparative interpretation of models
	The role of blue versusultraviolet and the position of the blue receptor
	Comparison of aphid species
	Ecological implications: aphids and leaf colours

	Conclusion
	Data accessibility
	Authors' contributions
	Conflict of interest declaration
	Funding
	Acknowledgements
	References


