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to move off the substrate quicker to avoid risks of 
overheating/desiccation at higher temperatures; and/
or higher body temperature facilitates locomotion. 
Stimulus type also influenced recovery rate back to 
the original seedling, with aphids generally recover-
ing after the standardized stimulus quicker than after 
dropping triggered by a real predator. Considering 
cases of instant recovery onto lower-reaches of the 
host seedling, seedling height influenced the likeli-
hood of re-clinging, with aphids that managed to 
instantly recover dropping from, on average, taller 
seedlings than aphids that dropped to the substrate. 
Plant architecture could mitigate the costs of drop-
ping for aphids, but further studies quantifying under-
story foliage cover are needed.

Keywords Aphididae · Dropping behavior · 
Predator-prey interactions · Recovery · Tonic 
immobility

Introduction

Dropping is an important antipredator behavior, 
wherein a prey individual releases itself from a sub-
strate (or ceases powered flight), passively or actively, 
such that gravity, wind or water currents power its 
subsequent escape from a perceived threat (reviewed 
in Humphreys and Ruxton  2019). Although a taxo-
nomically widespread defense, dropping by insects 
has received by far the most attention (Humphreys 
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and Ruxton 2019). But while considerable research 
efforts have developed understanding of on-plant trig-
gers of dropping in insects, the behaviors individuals 
exhibit afterwards are comparatively neglected. When 
an insect drops from a plant onto the underlying sub-
strate to avoid predation, it is exposed to many costs 
and risks associated with being off the plant, such as: 
lost feeding time, risk of desiccation, and potential 
exposure to new predators (Losey and Denno 1998a, 
b; Nelson 2007; Agabiti et al. 2016; Humphreys and 
Ruxton 2019). Yet, previous studies have observed 
insects behaving in ways that prolong the time spent 
off plants after dropping (see later). This explora-
tory study aims to investigate under-explored links 
between dropping and post-dropping behaviors.

Tonic immobility (hereafter referred to as TI) is 
one behavior that animals can exhibit post-dropping. 
TI describes the unlearned adoption of a motionless 
posture (sometimes a posture that resembles a dead 
individual, hence the alternative term “death-feign-
ing”) by prey individuals that is triggered by the pres-
ence of a perceived threat (Humphreys and Ruxton 
2018). In insects, decreased ventilatory movements 
and the maintenance of a stiff posture are common 
during TI (Rogers and Simpson 2014); the adaptive 
function of this for individuals following an escape 
drop in response to a foliar-foraging predator may be 
reduced localization by other predators, such as birds 
or ground-foraging beetles that have detected the 
dropping movement (Wohlers 1981; Miyatake et  al. 
2009; Humphreys and Ruxton 2018). A few studies 
have found that the duration of TI in dropped insects 
can vary depending on a range of factors, including 
the nature of the stimulus that triggered dropping 
(Wohlers 1981), height dropped from (Niku 1975), 
and ambient temperature (Miyatake et al. 2008); but 
much remains unexplored. Following TI, normal 
behavior can rapidly resume (Rogers and Simpson 
2014), but the mode of recovery of dropped insects 
back to host plants shows variation. For example, 
some aphids (family Aphididae) undertake different 
characteristic movements after post-drop TI: indi-
viduals either run slowly but show a high turning rate 
(deemed “searchers”) or run quickly but show a low 
turning rate (deemed “runners”) (Niku 1975, 1976; 
Roitberg et al. 1979; Ben-Ari et al. 2015). A limited 
number of studies exploring post-drop recovery sug-
gest that the nature of the stimulus that prompted 
dropping may influence the type of movement shown 

during recovery (Phelan et al. 1976; Wohlers 1981), 
but this requires further study and the influence of 
other factors on the rate at which dropped insects 
return to plants is poorly understood. For any insect 
that has dropped to the substrate from a plant, the 
nature of any TI and recovery behaviors it exhib-
its will have important consequences for the costs 
it experiences, its survival likelihood, and overall 
fitness.

Of course, the most effective way of mitigating 
the costs of dropping is to avoid falling all the way 
to the substrate in the first instance. Many flightless 
insects exhibit an “aerial righting” reflex, wherein 
they change their body posture in such a way - after 
releasing from a substrate - that their ventral side and 
any adhesive organs are directed downwards (Yano-
viak et al. 2009; Jusufi et al. 2011; Ribak et al. 2013; 
Meresman et  al. 2014; Zeng et  al. 2017). This ena-
bles re-grasping of plant material underlying the posi-
tion they dropped from, so that they do not fall to 
the ground after dropping (Nelson 2007; Ribak et al. 
2013); we also refer to this as “instant recovery” back 
to the host plant. Individuals’ reaction to detachment 
from plants and aerial righting take time, and so it is 
unsurprising that the vertical position on the plant 
from which an insect drops appears to influence the 
likelihood of re-clinging (Ribak et  al. 2013; Meres-
man et al. 2017). Additionally, several characteristics 
of host plants have been found to relate to the success 
of dropped insects in re-clinging, including leaf archi-
tecture (Matsubara and Sugiura 2018), foliage den-
sity, and full plant height (Meresman et al. 2017), but 
the link between dropping and this important cost-
mitigating behavior remains under-explored.

This present study aims to highlight often-under-
appreciated post-dropping behavior as an important 
aspect of predator-prey interactions. Potato aphids 
(M. euphorbiae), our study species, are one of many 
commercially-important aphid species that use drop-
ping as a significant component of their antipredator 
behavioral repertoire (Humphreys et  al. 2021). They 
can colonize potato plants at an early developmen-
tal stage, and the colony can go through a number of 
generations during the life cycle of the plant (AHDB 
2015). Here, we explored potato aphids’ post-drop-
ping behavior (TI, recovery, and re-clinging ability 
or “instant recovery”) using additional data collected 
during a study exploring responses to foraging preda-
tors on live, immature potato plants (which we refer 
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to as “seedlings” throughout, for ease of writing). In 
examining TI, our interest was its duration rather the 
specific form exhibited. When considering recovery, 
we did not focus on the mechanism of recovery (i.e., 
the movements or walking routes of aphids), rather 
on time taken. These design decisions were taken 
because we are interested in investigating dropping 
from a behavioral-ecology framework (instead of its 
mechanics), by considering the benefits - i.e. survival 
– against the time spent off-plant, which can be pre-
sumed to correlate with associated costs; such as lost 
feeding time, risk of desiccation, and time exposed 
to other potential risks on the substrate (Losey and 
Denno 1998a, b; Nelson 2007; Agabiti et  al. 2016; 
Humphreys and Ruxton 2019). Potato aphids’ TI and 
recovery rates were opportunistically explored in 
relation to a range of different factors: stimulus type; 
substrate; maximum height of seedlings; distance 
dropped from original host seedling; and ambient 
temperature. Some of these variables have been previ-
ously explored in other insect species, but not potato 
aphids; and no study in any species has systematically 
explored them in concert. The ability of potato aphids 
to re-grasp underlying plant material after dropping 
was explored in relation to several plant-related fac-
tors: the position on seedlings that aphids dropped 
from (that is, the type of plant section an aphid was 
located on, e.g. stem, petiole, leaf upperside, leaf 
underside); seedling age; and the maximum height of 
seedlings (similar to the “field height” measure used 
by Meresman et  al. 2017). Because this exploratory 
study considers many factors for each post-dropping 
behaviour, we detail our specific predictions and the 
rationale behind them in Table 1.

Materials and Methods

Post-dropping behavior of 8–9 d old 3rd-4th instar 
potato aphids was recorded following encounters 
with lacewing larvae (Chrysoperla carnea) and 
adult ladybirds (Adalia bipunctata) on live, potted 
seedlings 2–3  weeks from planting (as a reminder, 
although these immature potato plants were techni-
cally grown from tubers, we use the term “seedlings” 
throughout for ease of writing). The experiment took 
place in a glasshouse at the James Hutton Institute 
(Dundee, UK), during July 2019. Half of the pots in 

the experiment were left with sand–perlite–peat com-
post mix (referred to as “soil” throughout) as the sub-
strate and half had a thin top layer of fine white Sca-
lare river sand (grains <0.5 mm) added, determined 
randomly for any given assay. The maximum height 
of the seedlings in any given pot was recorded to the 
nearest 0.5 cm, as well as the seedlings’ age since pot-
ting (in days). Pots were then infested in the late after-
noon and left overnight with 16 wingless immature 
potato aphids. Assays were then conducted, wherein a 
predator was introduced to forage on the seedlings in 
a pot for 30 min; this predator was replaced as needed 
but there was only ever one predator present on a pot 
(see Supplementary Material S1 for details of insect 
rearing and the experimental protocol). The tempera-
ture (to within 0.5°C) was recorded using a Brannan 
“Push button Minimum/Maximum” thermometer, 
immediately before the first predator was introduced 
during filming. The predator’s foraging period was 
filmed from overhead with a camcorder fixed to a tri-
pod. As the predator moved about seedlings, details 
of any dropping behavior exhibited by aphids appar-
ently in response to the predator’s presence were dic-
tated to the camera by the experimenter; this included 
drops from the predator’s current seedling section and 
on nearby sections. When an aphid dropped, the fol-
lowing additional metrics were recorded, if observed: 
which predator type triggered the drop, what seedling 
position the aphid dropped from (considered as stem, 
petiole or petiolule or lateral stem, leaf upperside, 
or leaf underside), the time the aphid dropped, the 
horizontal distance the aphid landed from the stem 
of its original host seedling (to the nearest 0.1  cm, 
measured either with a flexible paper ruler during 
trials or calculated from the planar view of record-
ings post-trials), the time the aphid moved again after 
any period of TI, and the time when the aphid subse-
quently had all its legs back onto a seedling following 
recovery. Any cases of aphids re-clinging to underly-
ing plant parts after dropping, rather than falling to 
the substrate, were also observed and their occur-
rence dictated to the camera by the experimenter. The 
filmed period described above constituted Part 1 of 
data collection.

To further explore the post-dropping tendencies of 
potato aphids, two additional parts followed Part 1 of 
assays. Following the removal of the predator, filming 
continued and temperature was recorded for a second 
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time. For Part 2 of trials, then, each individual aphid 
remaining on the seedlings – that is those that had 
either not left their original host seedling during the 
predator foraging period, or those that had left (either 
via walking or dropping) but had then re-settled on 
one of the seedlings prior to the end of Part 1 – was 
subjected to an initial bout of standardized mechani-
cal stimulus. The standardized stimulus consisted of 
a brief and gentle stroke from a small, fine paintbrush 
(similar to Wohlers  1981) running from head-to-tail 
and just making contact with the individual. If any 
aphids dropped in response to this contact, the rel-
evant metrics listed above were recorded, so long as 
the associated behaviors occurred within 5 min of the 
standardized stimulus (after this time the recording 
was stopped). After Part 2, pots were left for 30 min 
in order to allow the aphids to recover. After this 
time, the video camera was set to record again and the 
temperature was recorded for a final time. Part 3 then 
consisted of a second bout of standardized stimulus 
and recording of dropping responses and post-drop-
ping behaviors, carried out on any aphids that were 
still settled or had re-settled on seedlings in the same 
way as in Part 2.

Thirty-two assays, 16 with each predator type in 
Part 1, took place with 8–9 d old 3rd-4th instar potato 
aphid nymphs using pots each with two 2–3-week-
old potato cv. Desirée seedlings (see Supplementary 
Material S1 for more details of methods). Behavioral 
Observation Research Interactive Software (BORIS) 
(Friard and Gamba 2016) was used to watch the 
video footage, code behaviors, record their timings, 
and measure some distances aphids dropped from 
their original host seedling. From the time and dis-
tance measures, post-dropping TI durations and (only 
where aphids returned to their original host seedlings) 
recovery rates (cm/s) were calculated. All statistical 
analyses were conducted using R version 4.0.3 (R 
Core Team 2020).

Results

Post-Drop Tonic Immobility (TI) Duration

Data from Part 1 of the experiment, during the preda-
tor foraging period, were used to explore whether dif-
ferent variables affect the duration of TI potato aphids 
undergo post-dropping. Only drops where either a 

ladybird adult or lacewing larva was considered to be 
the stimulus were included, as the focus of the study 
is behavior following antipredator dropping. The 
only exception to this was when stimulus type more 
broadly – rather than predator type alone – was con-
sidered and, in this case, data from Parts 2 and 3 of 
the experiment were also utilized. For all analyses 
concerning TI, cases of instant recovery and cases 
where aphids fell off plant pots entirely were excluded 
(though see Supplementary Material S2 for details of 
TI in cases of instant recovery).

Stimulus Type

During Part 1 of trials, the duration of TI was 
recorded for 48 of the 51 cases where ladybird adults 
appeared to trigger potato aphids to drop onto the 
underlying substrate. TI durations were recorded 
for all 22 of the cases where lacewing larvae caused 
aphid drops to the substrate. Comparing the mean 
durations of TI, no significant difference was found 
between aphids that dropped in response to lady-
birds (mean ± standard deviation [hereafter sd]: 
11.5 ± 25.1  s) and those that dropped in response 
to lacewings (mean ± sd: 4.7 ± 5.1  s) (Welch two-
sample t-test: t = 1.8, df = 54.9, P = 0.078). The 
same was true in a comparison of median TI dura-
tion (median ± interquartile range [hereafter IQR] for 
ladybird-induced drops: 2.1 ± 4.6  s, median ± IQR 
for lacewing-induced drops: 2.8 ± 5.0  s, Wilcox test 
W = 549, P = 0.80).

Parts 2 and 3 of trials were then considered in 
order to test whether the duration of TI differed sig-
nificantly depending on whether aphids were faced 
with natural predators or standardized stimuli. Both 
predator types were combined for this analysis, due 
to the lack of significant difference in TI duration 
reported above, and compared with the TI durations 
recorded following drops caused by the first standard-
ized stimulus (immediately after the predator foraging 
period in Part 1) and the second standardized stimu-
lus (following a 30-min recovery period after Part 
2) separately. Post-drop TI durations were recorded 
for: 70 of the 73 times aphids dropped in response 
to predators, 108 of the 111 times aphids dropped 
in response to the first standardized stimulus, and 
89 of the 92 times aphids dropped in response to the 
second standardized stimulus. A one-way ANOVA 
found no significant difference in the mean duration 
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of TI of aphids dropping as a result of the different 
stimuli (mean ± sd for predator: 9.3 ± 21.1  s, first 
standardized stimulus: 6.7 ± 12.4 s, second standard-
ized stimulus: 14.5 ± 43.2 s, F = 1.69, num df = 2.00, 
denom df = 129, P = 0.19). Similarly, a Kruskal-Wal-
lis rank sum test found no significant difference in the 
median durations either (medians ± IQR for preda-
tor: 2.1 ± 4.8 s, first standardized stimulus: 2.3 ± 6.7 s, 
second standardized stimulus: 2.6 ± 7.8  s, Kruskal-
Wallis chi-squared = 0.22909, df = 2, P = 0.8918). 
Any such comparisons must be interpreted cautiously, 
since individuals were of course not randomized to 
stimulus type, and thus confounding factors may be 
important.

Substrate

TI duration was recorded for 35 of the 37 of the 
predator-induced drops that resulted in aphids land-
ing on sand as the underlying substrate, and 35 of the 
36 cases where aphids landed on soil. A Welch two-
sample t-test found no significant difference (t = 1.28, 
df = 41.0, P = 0.21) in the mean duration of TI of 
dropped aphids on sand (mean ± sd: 12.5 ± 28.3  s) 
compared to those that dropped on soil (mean ± sd: 
6.1 ± 9.1 s). Similarly, a Wilcox test found that there 
was also no significant difference (W = 468, P = 0.09) 
in median duration of TI of dropped aphids on sand 
(median ± IQR: 1.4 ± 4.5  s) compared to those that 
dropped on soil (median ± IQR: 3.3 ± 5.5 s).

Maximum Height of Seedlings

Previous studies have reported contrasting findings 
that height dropped from does (Niku 1975) and does 
not influence aphid TI duration (Roitberg et al. 1979), 
and so height was explored further here in another 
context where plant height was not experimentally 
manipulated. The relationship between the height of 
seedlings and the duration of aphid TI post-dropping 
was explored for the 70 cases where TI duration 
was recorded (73 drops were observed across Part 
1). The maximum height of seedlings ranged from 
9.0–30.0 cm (mean: 15.1 cm, median: 11.0 cm), and 
TI durations ranged from 0.4–133.9  s (mean: 9.3  s, 
median: 2.1  s). A Pearson’s product-moment corre-
lation test found no significant correlation between 
maximum height of seedlings and aphids’ post-drop 
TI durations (t = 0.08, df = 68, P = 0.94).

Horizontal Distance Dropped from Original Seedling

The relationship between the horizontal distance 
dropped aphids landed from their original host seed-
ling and the duration of their subsequent TI was 
explored for the 67 cases where both the distance and 
TI duration were recorded. The distance landed from 
host seedling stems ranged from 0.2–9.0  cm (mean: 
3.0  cm, median: 3.0  cm), and TI durations ranged 
from 0.4–133.9  s (mean: 9.7  s, median: 2.4  s). A 
Pearson’s product-moment correlation test found no 
significant correlation between distance landed from 
original host seedling and subsequent TI durations 
(t = −0.21, df = 65, P = 0.84).

Temperature

The relationship between the glasshouse tempera-
ture at the start of Part 1 and the duration of aphid TI 
post-dropping was explored for the 70 cases where TI 
duration was recorded. Temperatures ranged from 22 
- 40°C (mean: 29.9°C, median: 29.5°C); descriptive 
statistics for TI durations are given in the “Maximum 
Height of Seedlings” section above. A Pearson’s prod-
uct-moment correlation test found a significant nega-
tive correlation between the temperature recorded 
at the beginning of the predator foraging period and 
the duration of aphids’ TI post-dropping (t = −2.2, 
df = 68, P < 0.05). At higher glasshouse temperatures, 
aphids appeared to spend less time motionless on the 
substrate (Fig. 1).

Post-Drop Recovery Rates Back to Original Host 
Seedlings

The recovery of aphids considered in these analyses 
refers to activity occurring subsequent to any period 
of TI recorded post-dropping. The rate of recovery 
(cm/s) was calculated for all aphids that returned 
to their original seedling after landing on the sub-
strate, using the time they started moving again after 
any TI, the time they had all their feet back on their 
original seedling, and the approximate horizontal 
distance they landed at from the stem of their origi-
nal seedling. Importantly, the path the aphid fol-
lowed - whether it was straight or torturous - was not 
recorded. Therefore, while distance was measured as 
a straight line and rate of recovery was calculated as 
distance over time, this does not guarantee that the 
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aphid moved directly back to its original host seed-
ling. An aphid may have moved quickly across the 
substrate, but looped around on the substrate before 
its return, so although its speed across the substrate 
might have been great its rate of recovery may have 
been relatively slow. We focus on recovery rate as an 
informative measure regarding the relative time and 
energy costs we can assume aphids suffer from being 
off plants not feeding. As with the TI analyses, data 
from exclusively Part 1 of the experiment was used 
to explore whether different variables affect aphid 
recovery rate post-dropping, with the exception of the 
broader stimulus analyses; for which, data from Parts 
2 and 3 of the experiment were also utilized. Also, 
cases of instant recovery and cases where aphids fell 
off plant pots entirely were again excluded.

Stimulus Type

For Part 1, the rate of recovery was calculated for all 
23 instances where aphids dropped in response to a 
foraging ladybird adult, and for eight of the nine 
instances where aphids dropped in response to a for-
aging lacewing larva. No significant difference was 
found (Welch two-sample t-test: t = − 1.06, df = 8.6, 
P = 0.32) between the mean (mean ± sd for ladybird-
induced: 0.071 ± 0.060  cm/s, lacewing-induced: 
0.114 ± 0.107  cm/s) or median (median ± IQR for 

ladybird-induced: 0.063 ± 0.065  cm/s, lacewing-
induced: 0.101 ± 0.167  cm/s, Wilcox test W = 76, 
P = 0.49) recovery rate of aphids dropping in response 
to the different predatory stimuli.

Parts 2 and 3 of trials were then considered to 
explore whether aphids’ recovery rate back to their 
original host seedlings significantly differed depend-
ing on whether dropping had been provoked by a 
foraging predator (as with the TI analyses, data for 
ladybird adults and lacewing larvae were combined), 
a first standardized stimulus (Part 2), or a second 
standardized stimulus (Part 3). Subsequent recovery 
rates (cm/s) were calculated for 31 of the 32 drops in 
response to predators that were followed by a return 
to the original host seedling, 24 of the 25 drops in 
response to the first standardized stimulus that were 
followed by a return to the original host seedling, and 
all 25 drops in response to the second standardized 
stimulus that were followed by a return to the original 
host seedling. A Kruskal-Wallis rank sum test found 
a significant difference in the median recovery rate 
of aphids dropping in response to different stimuli 
(median ± IQR for predator: 0.068 ± 0.078 cm/s, first 
standardized stimulus: 0.121 ± 0.085  cm/s, second 
standardized stimulus: 0.123 ± 0.108  cm/s, Kruskal-
Wallis chi-squared = 9.2981, df = 2, P < 0.01). Addi-
tionally, a one-way ANOVA found a significant dif-
ference in the mean recovery rate of aphids dropping 
in response to different stimuli (mean ± sd for preda-
tor: 0.082 ± 0.075  cm/s, first standardized stimulus: 
0.141 ± 0.081  cm/s, second standardized stimulus: 
0.141 ± 0.124  cm/s, F = 4.5672, num df = 2.000, 
denom df = 45.641, P < 0.05). A post-hoc Games-
Howell test (suitable for unequal variances) then 
found a significant difference between recovery rate 
following drops triggered by predators and drops 
triggered by the first standardized stimuli (P < 0.05). 
Potato aphids appeared to recover back to their origi-
nal host seedling at a slower rate when their drop 
from that seedling had been provoked by the presence 
of a natural predator, compared to when their drop 
had been triggered by contact from the standardized 
stimulus (Fig. 2).

Substrate

Recovery rate was recorded for all 13 cases in Part 
1 where aphids recovered back to their original 
seedlings after dropping to sand as the underlying 

Fig. 1  As the glasshouse temperature recorded at the begin-
ning of Part 1 increased, the duration of dropped potato aphids’ 
tonic immobility (TI) on the underlying substrate appeared to 
decrease (n = 70)
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substrate, but for only 18 of the 19 cases where the 
underlying substrate was soil. No significant dif-
ference (Welch two-sample t-test: t = −1.5663, 
df = 28.025, P = 0.1285) was found in the mean 
(mean ± sd for sand: 0.060 ± 0.051  cm/s, soil: 
0.099 ± 0.087  cm/s) or median (median ± IQR for 
sand: 0.041 ± 0.061  cm/s, soil: 0.072 ± 0.115  cm/s, 
Wilcox test W = 92, P = 0.3318) recovery rate of 
aphids dropping onto the different substrates.

Maximum Height of Seedlings

The relationship between the height of seedlings and 
the recovery rate of aphids was explored for the 31 
cases where aphids returned to their original host 
seedlings following antipredator dropping and all 
necessary time and distance measures were recorded 
(32 drops where aphids returned to their original host 
seedlings were observed in total across Part 1). The 
maximum height of seedlings in these trials ranged 
from 9.0–25.0 cm (mean: 13.7 cm, median: 11.0 cm), 
and recovery rates ranged from 0.004–0.305  cm/s 
(mean: 0.082  cm/s, median: 0.068  cm/s). A Pear-
son’s product-moment correlation test found no sig-
nificant correlation between maximum height of 

seedlings and aphids’ post-drop recovery rates back 
to their original host seedlings (t = −1.0235, df = 29, 
P = 0.3146).

Horizontal Distance Dropped from Original Seedling

The relationship between the horizontal distance 
dropped aphids landed from their original host seed-
ling and the rate of their recovery back to that seed-
ling was explored for the 31 cases where all neces-
sary time and distance measures were recorded. The 
distance landed from host seedling stems ranged 
from 0.2–6.0  cm (mean: 2.4  cm, median: 2.5  cm); 
descriptive statistics for recovery rates are given in 
the “Maximum Height of Seedlings” section immedi-
ately above. A Pearson’s product-moment correlation 
test found no significant correlation between straight 
horizontal distance landed from original host seedling 
and subsequent rate of recovery (t = 0.15257, df = 29, 
P = 0.8798).

Temperature

The relationship between the glasshouse temperature 
at the start of Part 1 and the recovery rate of aphids 
was explored for the 31 cases where aphids returned 
to their original host seedlings following antipreda-
tor dropping and recovery rate could be calculated. 
Temperatures ranged from 22 - 40°C (mean: 30.5°C, 
median: 33.0°C); descriptive statistics for recovery 
rates are given above. A Pearson’s product-moment 
correlation test found a significant positive correla-
tion between the temperature recorded at the begin-
ning of the predator foraging period and the rate of 
aphids’ recovery back to their original host seedlings 
(t = 2.6046, df = 29, P < 0.05). At higher glasshouse 
temperatures, aphids appeared to return to seedlings 
at a relatively faster rate (Fig. 3).

Mitigation of Dropping/Re-Clinging/Instant 
Recovery

Here we consider cases where aphids landed on an 
underlying section of their current seedling following 
a drop (what we deem instant recovery) across all 3 
parts of the experiment – this may be one means by 
which aphids can mitigate the costs associated with 
dropping. 31 cases of instant recovery occurred in 
total, with 7 following drops triggered by predator 

Fig. 2  The recovery rates (cm/s) of potato aphids (excluding 
any periods of tonic immobility) that recovered back to their 
original host seedling, following: drops provoked by natu-
ral predators (ladybird adults and lacewing larvae) in Part 1 
(n = 31), drops provoked by the first bought of standardized 
stimulus (SS) in Part 2 (n = 24), and drops provoked by the 
second bought of SS in Part 3 (n = 25). The SS consisted of a 
brief and gentle head-to-tail stroke from a fine paintbrush
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contact (6 by ladybird adults and 1 by a lacewing 
larva) and 24 following drops triggered by the stand-
ardized stimulus (11 by the first standardized stimulus 
and 13 by the second).

Seedling Positions Dropped from

Thirty of the 31 observed cases of instant recovery 
followed drops from leaf undersides, with the other 
one occurring following a drop from a seedling’s 
main stem.

Seedling Age and Maximum Height of Seedlings

Using data from all 31 cases of instant recovery, a 
chi-squared test for given probabilities found no sig-
nificant difference between the proportion of instant 
recovery following drops and the proportion of total 
drops that occurred on experimental pots with seed-
lings of different ages (χ2

8 = 0.28, P = 1). Seedling 
ages in this experiment, however, only ranged from 
18 to 26 d old and did not consistently reflect rela-
tive heights or foliage cover. To explore another plant 
factor, then, the maximum heights of seedlings in 
pots on which instant recovery occurred (range: 
10.0–30.0  cm, mean: 17.4  cm, median: 18.0  cm) 
were then compared with the maximum heights of 
seedlings in pots across cases of dropping where 

instant recovery did not occur and aphids fell to the 
underlying substrate (range: 9.0–30.0  cm, mean: 
15.02 cm, median: 12.0 cm). Because cases of drop-
ping occurred in all trials, all of the seedlings on 
which instant recovery occurred appeared in both 
groups (this is seen in the considerable overlap of 
value ranges in Fig. 4). But consideration of the maxi-
mum heights of seedlings in pots on which no instant 
recovery occurred and the relative frequency of cases 
of instant recovery or drops to the substrate on any 
individual pair of seedlings could still be informa-
tive, despite the measure being crude. For this rea-
son, the maximum seedling height for each given trial 
was repeated in the data for the number of times that 
instant recovery or dropping to the substrate occurred, 
so there were a total of 31 heights listed for the instant 
recovery data and 313 heights for the drops to the 
substrate data. No significant difference was found 
between the medians, though the p-value was verging 
on significance (Wilcox test W = 5876, P = 0.05), but 
a Welch two-sample t-test found a significant differ-
ence between the means (t = 2.15, df = 35.8, P < 0.05). 
The mean maximum height of seedlings in pots on 

Fig. 3  As the glasshouse temperature recorded at the begin-
ning of Part 1 increased, the post-drop rate of recovery of 
potato aphids that recovered back to their original host seed-
lings increased (n = 31)

Fig. 4  The maximum height of seedlings in pots on which 
cases of instant recovery (where aphids landed on an underly-
ing section of their current plant following a drop) occurred 
(n = 31), and the maximum height of seedlings in pots on 
which aphids dropped to the substrate (n = 313) across all three 
parts of the experiment. The maximum seedling height for any 
given trial occurred in the data the same number of times that 
instant recovery or dropping to the substrate occurred during 
that trial. Instant recovery appeared to occur more frequently 
following drops from seedlings with a greater maximum height 
compared to the maximum heights of seedlings from which 
dropping to the substrate occurred
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which instant recovery was seen to occur following 
drops was significantly greater than that of seedlings 
in pots on which instant recovery did not occur fol-
lowing dropping.

Discussion

Overall, potato aphids were found to vary in their 
post-dropping behavior, indicating that these behav-
iors occur flexibly under different conditions; they 
are an important aspect of predator-prey interactions 
where dropping is an option within aphids’ defensive 
repertoires. Over the course of the 32 assays, there 
were 17 instances of aphids being grabbed and con-
sumed by foraging predators while on seedlings; no 
aphids that dropped to the substrate were ever pur-
sued by the predator that triggered the drop. Although 
we explored the influence of a range of variables on 
post-dropping TI and recovery rates, it is unlikely 
that the significant results we detected were due to 
type I error. The effects we detect were always in 
the predicted directions and the associated p-values 
were never marginal. To the best of our knowledge, 
our study provides novel findings regarding the sig-
nificant influence of several factors on potato aphids’ 
TI and recovery rates post-dropping, as well as the 
first data collected on influencers of their re-clinging 
abilities.

Post-Drop Tonic Immobility (TI) Duration

A striking aspect of post-dropping behavior was that 
droppers often showed a period of stillness (akin to 
tonic immobility) prior to moving across the substrate 
to recover to a seedling. As predicted (see Table 1), 
temperature had a significant negative correlation 
with the duration for which potato aphids exhibited TI 
after dropping. As the underlying substrate gets hot-
ter, the risk of overheating and desiccation increases 
for aphids (Broadbent and Hollings 1951; Ruth et al. 
1975; Roitberg and Myers 1979; Dill et al. 1990), and 
therefore dropped aphids may be selected to reduce 
the time spent in an immobile state and increase 
activity that will result in escape from the substrate. 
Further, seed beetles have been shown to exhibit TI 
less strongly at higher ambient temperatures, a find-
ing which Miyatake et al. (2008) attributed to running 
away being a more viable energetic option under such 

conditions compared to when ambient temperatures 
were low. It is possible that lower temperatures may 
also, to some extent, reduce the viability of aphids 
running away or prevent them from reaching their 
highest possible running speeds (and thereby making 
TI a more practicable defensive alternative). How-
ever, the post-dropping response of aphids to temper-
ature is complicated by metabolic effects, the risk of 
damage at high levels, and the issue of left-censored 
data. Further studies purpose-designed to manipulate 
temperatures and test greater sample sizes of TI dura-
tions across a controlled range of temperatures are 
needed to explore the effect of temperature on potato 
aphid behaviors further.

The duration of TI exhibited by potato aphids 
did not appear to be significantly affected by the 
other variables explored in this experiment. While 
Wohlers (1981) found that pea aphids exhibited TI 
for longer when dislodged by tactile stimuli com-
pared to those which  dropped in response to an 
approaching coccinellid predator, potato aphids 
in this current study did not significantly differ in 
TI durations depending on whether they dropped 
in response to a foraging predator or the stand-
ardized stimulus (going against our prediction in 
Table 1). This difference may be due to the fact that 
in this study the vast majority of drops were trig-
gered by contact with the predator, whereas for 
Wohlers (1981) the visual and/or vibrational cues 
of an approaching coccinellid predator were suffi-
cient stimuli to trigger dropping. Perhaps the tactile 
standardized stimulus in this study was interpreted 
by aphids as being a similar threat as a predator, 
as both involved direct contact, and therefore pro-
voked similar TI durations. The contrast in findings 
might also represent a species-specific difference 
between pea and potato aphids, perhaps resulting 
from their different life histories and interactions 
with natural enemies (van Emden and Harrington 
2007; AHDB 2015). It remains uncertain why dif-
ferent TI durations on the substrate would theoreti-
cally be adaptive based on the nature of the stimulus 
experienced on the plant, given that foliar-foraging 
predators do not tend to follow dropped aphids to 
the ground (Wohlers 1981). Contrary to expec-
tations (see Table  1), the TI durations of potato 
aphids also did not significantly differ depending 
on the substrate on which they landed. Heat stress 
poses a threat of desiccation to aphids (Broadbent 
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and Hollings 1951; Ruth et  al. 1975; Roitberg and 
Myers 1979), and different substrates will heat 
up and retain moisture to varying extents; we had 
assumed here that sand may represent a drier, more 
dangerous substrate. However, as these properties 
were not measured in the sand and soil substrates 
used in this current experiment, we cannot be cer-
tain that these substrates represented significantly 
different threats to desiccation. Future studies 
quantifying the moisture content and temperatures 
of differing substrates and examining the desicca-
tion risk they pose to dropped aphids are needed in 
order to test the possible influence of substrate on 
TI duration further. The maximum height of seed-
lings dropped from also did not significantly influ-
ence the duration of time TI was exhibited, as we 
predicted (see Table 1). Niku (1975) found that pea 
aphids exhibit TI for different durations depend-
ing on height fallen, in a study that varied drops 
between 10 and 100 cm. TI duration was negatively 
correlated with the height fallen (Niku 1975), pos-
sibly resulting from the fact that it is less likely that 
predators could follow aphids’ trajectory or other-
wise pursue them if they fall a greater distance, and 
therefore there is less of a need to remain immobile 
to reduce predator localization. However, Roitberg 
et  al. (1979) did not find this correlation in their 
study where pea aphid drops varied in height – by 
chance – between 10 and 25  cm; the difference in 
these heights may not have been big enough to 
translate into significant differences in predators’ 
tracking abilities of dropped prey. In this current 
study, potato aphid drops took place from seedlings 
whose maximum heights ranged from 9 to 30  cm 
(closer to the range of Roitberg et al. 1979) and the 
specific distances fallen by individuals from par-
ticular seedling parts could not be recorded accu-
rately without disturbing the set-up during assays; 
for these reasons, it is not surprising that we also 
found no significant relationship. Finally, we found 
no significant correlation between the horizontal 
distance dropped from the original host seedling 
and the time dropped aphids spent in a state of TI. 
Although we had predicted that greater distances 
may mean aphids are selected to reduce desiccation 
risk by rapidly resuming motion towards seedlings 
again (see Table  1), more relevant variables that 
would impact how vulnerable aphids assess them-
selves as being on the substrate include horizontal 

distance from any plant (rather than their original 
host alone), light conditions and shading, and the 
detectability of plants that could be recovered to.

Post-Drop Recovery Rates Back to Original Host 
Seedlings

In line with our prediction (see Table  1), aphids 
showed a pattern of increased recovery rate back 
to the original host seedlings with higher tempera-
tures. Combined with the finding above that aphids’ 
TI durations decreased at higher temperatures, this 
strongly suggests that post-dropping behavior is 
adapted to reduce the time spent on the substrate 
when it is hotter; this makes sense given the risk of 
desiccation associated with time spent exposed on 
hot and dry substrate (Broadbent and Hollings 1951; 
Ruth et al. 1975; Roitberg and Myers 1979; Dill et al. 
1990). Alternatively, or additionally, in both cases 
higher temperatures also likely increase insect body 
temperatures, facilitating greater activity and more 
rapid locomotion. The recovery rate of potato aphids 
was also affected by stimulus type, with aphids gen-
erally recovering back from drops in response to the 
first standardized stimulus quicker than they recov-
ered after dropping from a predator, as predicted (see 
Table 1). The slower recovery rate following predator-
induced drops may be due to aphids exhibiting a dif-
ferent behavioral pattern once activity was resumed. 
Wohlers (1981) found that pea aphids dislodged by 
foraging predators exhibited longer periods of run-
ning behavior before searching for and climbing plant 
models than those dislodged by touch alone. Potato 
aphids may similarly switch to searching behav-
ior more rapidly following tactile stimulus-induced 
drops compared to predator-induced drops. In a study 
by Phelan et  al. (1976) involving several aphid spe-
cies (including potato aphids), aphids dislodged by 
mechanical stimuli oriented rapidly to vertical dowels 
while those dislodged by exposure to alarm phero-
mone increased their rate of locomotion, travelled 
greater distances and changed direction less often. As 
to the adaptive value of different recovery behaviors, 
this current study was limited by its inability to track 
specific paths of movement on the substrate and its 
consideration of only instances where aphids recov-
ered back to their original host plants. Studies such 
as those by Phelan et al. (1976) and Wohlers (1981) 
tested aphids in arenas with many plant models and 
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suggest, for example, that running behavior follow-
ing predator-induced drops may serve to divert indi-
viduals away from original hosts that are dangerously 
infested with predators. Different triggers of drop-
ping appear to have different consequences for post-
dropping locomotion, likely influencing the energetic, 
time and mortality risk costs of dropping (Losey and 
Denno 1998a, b; Nelson 2007; Agabiti et  al. 2016; 
Humphreys and Ruxton 2019) as well as which plants 
aphids eventually recover to (Ben-Ari et  al. 2015). 
However, more research is needed into the specific 
behaviors that potato aphids exhibit during their 
recovery time in order to fully understand any adap-
tive value they hold and their fitness consequences 
in different contexts. It is also interesting to note that 
while recovery rates back to host seedlings did seem 
to vary depending on the nature of the stimulus (sug-
gesting some degree of discrimination between the 
stimuli) TI duration did not significantly differ follow-
ing drops due to contact with a predator compared to 
contact from the standardized stimulus. The signifi-
cance of the different time aphids spend exhibiting TI 
and the adaptive value of the behavior under different 
circumstances is not well understood (Wohlers 1981; 
Bilska et al. 2018), and so future research investigat-
ing the relative importance of different stimuli and 
other selective pressures on variations in both TI and 
post-TI locomotion will help to unpack this.

The recovery rate of potato aphids that returned 
to their original host seedling after dropping did 
not appear to be significantly affected by any of the 
other variables explored in this experiment. In con-
trast to our prediction (see Table 1), the different tex-
tures and grain structures of the sand and soil in this 
experiment did not generate significant differences 
in recovery rate once aphids had resumed activity; 
it was predicted that the looser sand substrate would 
present a greater challenge to aphid recovery than 
the more compacted composition of soil. Through-
out assays the experimenter noted that aphids’ ease 
of mobility did not consistently vary between the two 
substrate types – both the loosely-packed sand grains 
and the compacted chunks of soil occasionally caused 
some individuals temporary issues in locomotion, 
but mostly aphids appeared to travel with few prob-
lems. Substrate may be a more significant issue for 
post-dropping recovery if younger instars of aphid 
were tested, as their locomotion is more likely to 
be impeded by features like stones or grains of soil 

(Roitberg et al. 1979). Closer study of the effects of 
the physical qualities of more varying substrates on 
aphid locomotion might be a useful avenue for future 
research. Although we did not base our prediction 
regarding the effect of substrate on recovery rate on 
its likely temperature or moisture content, it is worth 
reiterating that these features were not quantified or 
controlled for in this present study. While ambient 
temperature appeared to be a key influencer of how 
vulnerable aphids were to hot and dry conditions 
and/or how active individuals were, further work is 
needed to fully understand the contribution of dif-
ferent substrates under different conditions to both 
of these factors, and the effect of different conditions 
on the physical characteristics of the substrate itself 
as the surface over which aphids must travel. For 
example, following a spell of heavy rain a soil sub-
strate may retain a lot more moisture compared to a 
sand substrate, potentially enabling dropped aphids 
to survive for a longer period of time before return-
ing to a host plant; but interactions between substrate 
moisture content, substrate temperature, and ambient 
temperature and their influence on aphid behaviors 
and locomotion abilities need to be explored, includ-
ing for a wider range of more natural substrate types. 
Neither the maximum height of the seedlings aphids 
dropped from, nor the horizontal distance aphids 
landed from their host seedling had a significant effect 
on their recovery rate back to that seedling. Theoreti-
cally, if insects of a particular species preferred to 
feed in locations higher up plants, we might predict 
that their recovery rates would be more rapid follow-
ing drops from taller plants as it would take them 
longer to re-settle at an appropriate feeding location 
and they would be selected to minimize unnecessary 
time spent off-plant. However, in this study the range 
of maximum heights of seedlings was not controlled 
and did not vary greatly, and so we had anticipated 
that they might not affect recovery rate (Table 1). Fur-
ther, we did not record the within-plant vertical feed-
ing locations aphids dropped from. Concerning hori-
zontal distance dropped, we had predicted that aphids 
that dropped a greater distance away might experi-
ence stronger selection to decrease the length of time 
they spent exposed to the risks associated with being 
off-plant [e.g. (Losey and Denno 1998a, b; Nelson 
2007; Agabiti et  al. 2016; Humphreys and Ruxton 
2019)], as returning to the seedling would unavoid-
ably take longer (Table  1). As with the TI duration 
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findings, we think there are alternative variables than 
horizontal distance dropped that are probably more 
important to dropped individuals’ assessment of risk 
on the substrate and post-dropping behavior.

Mitigation of Dropping/Re-Clinging/Instant 
Recovery

Most drops that preceded re-clinging were triggered 
by the standardized stimulus rather than predators; 
this was likely due to the relative infrequency of con-
tact with predators (and subsequent dropping) com-
pared with the standardized stimulus. Our consid-
eration of seedling position was concerned with the 
type of plant section an aphid was located on rather 
than the vertical position up a plant, and – in agree-
ment with our prediction (see Table 1) – all but one 
case of instant recovery followed drops from the leaf 
undersides. Leaf undersides are more likely to over-
hang other plant sections than the thinner and more 
vertical structures of plants, therefore they could be 
selected by aphids in order to increase their likelihood 
of instant recovery if dropping becomes necessary; 
the relative extent of underlying foliage cover was not 
recorded as part of this experiment, though. Further, 
or alternatively, this trend may instead be accounted 
for by a general tendency of aphids to settle on leaf 
undersides, perhaps as the most productive feed-
ing sites and/or the sites most sheltered from preda-
tor detection and abiotic stress, as the vast major-
ity of aphids settled on leaf undersides (rather than 
leaf upper sides, stems or petioles) throughout the 
experiment.

Considering plant factors, the likelihood of aphids 
re-clinging was not affected by seedling age, contrary 
to our prediction (see Table  1). But age was identi-
fied by the experimenter as not being a reliable meas-
ure of foliage cover or relative seedling height across 
assays. However, maximum height of seedlings (simi-
lar to the “field height” measure used by Meresman 
et  al. 2017) did appear to influence the occurrence 
of instant recovery in potato aphids as predicted (see 
Table  1), with cases of post-drop re-clinging occur-
ring significantly more commonly on pots with taller 
seedlings than shorter seedlings. This corresponds 
with previous findings that falling from greater 
heights increases aphids’ abilities to successfully 
adopt an aerial righting posture (Ribak et  al. 2013) 
and increases the likelihood of aphids re-clinging to 

underlying plant material (Meresman et  al. 2017). 
Neither the timing of potato aphids’ aerial righting 
nor seedlings’ foliage cover as viewed in vertical 
direction from above were included in this current 
study. However, the likelihood of aphids falling from 
objectively higher positions is greater on taller seed-
lings and we would predict that foliage cover would 
be greater on taller seedlings, which have presumably 
grown more – outwards as well as upwards. Plant 
height and architecture could therefore be important 
to mitigating the costs of dropping for aphids. In pea 
aphids, for example, Meresman et al. (2017) have pre-
viously demonstrated that re-clinging success is posi-
tively dependent on the amount of underlying plant 
material available for re-clinging and plant height. 
Particular leaf shapes and plant architecture also 
appear to mitigate the costs of dropping for non-aphid 
insect species (Matsubara and Sugiura 2018). Fur-
ther studies quantifying factors such as foliage cover, 
plant architecture, and specific pre-dropping positions 
within individual plants will be valuable to under-
standing the behavioral ecology of potato aphids and 
all other species for which post-drop instant recovery 
remains a relatively new and underappreciated topic. 
Future work should also consider separating out fac-
tors such as plant age and plant height that change 
concurrently over time, to see how they relate to foli-
age cover and the likelihood of instant recovery.

Conclusion

Through exploring the post-dropping behavior of 
potato aphids, an agriculturally-important species 
that has not received much attention regarding its 
antipredator defenses, this study identified several 
factors that could have an important influence on 
tonic immobility, recovery rate, and the likelihood 
of instant recovery through re-clinging. Future stud-
ies with finer-scale measurement and control of key 
variables such as temperature might reveal even 
stronger correlations with TI duration and recovery 
rate. The heights from which aphids dropped could 
also usefully be investigated more closely in future 
work. Studies purpose-designed to control the height 
dropped by aphids [e.g., Niku (1975)] or that have 
access to sophisticated technology to track distance 
fallen – rather than using maximum height of seed-
lings in a pot as this study did – might find significant 
correlations with TI duration or recovery rate, or a 
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stronger relationship with the likelihood of re-cling-
ing. Nonetheless, despite the relatively simple meas-
ures of temperature and seedling height used in this 
study, significant correlations in the predicted effect 
directions were found. This indicates that these rela-
tionships are highly important, and likely to recur in 
future studies with more precise measures. We cer-
tainly hope that this exploratory study will inspire 
researchers to design studies to address specific 
hypotheses about post-dropping behavior, and to do 
so for a wider range of species than has been investi-
gated thus far.

Dropping is an antipredator behavior that carries 
nuanced short- and long-term consequences for prey 
and, as such, dropping is often used in a flexible way 
in order to minimize the cost (Humphreys and Rux-
ton 2019). The results of this current study, alongside 
previous work, indicate that post-dropping behaviors 
can also be complex and utilized in a nuanced way. 
For example, given that water loss, lost feeding time, 
and the risk of mortality from ground predators are 
obvious costs of slow recovery after dropping to the 
substrate (Losey and Denno 1998a, b; Nelson 2007; 
Agabiti et al. 2016; Humphreys and Ruxton 2019), it 
might be assumed that individuals would travel back 
to a plant as quickly as possible. However, the pro-
cess of falling some distance could well attract nearby 
mobile visual predators, and therefore a short display 
of TI could be important to reduce localization of 
prey (Miyatake et  al. 2009). Such TI itself, though, 
increases time off-plant and will carry a greater risk 
of desiccation when the environment is hotter and 
drier; though the humidity and moisture content of 
the environment and substrate were not explored in 
this current study, they should be considered in future, 
purpose-designed work. Immediate return to plants, 
therefore, might not always be the most adaptive 
option, but aphids must trade-off conflicting pressures 
associated with post-drop recovery. The easiest way 
for aphids to mitigate any costs of dropping (while 
still evading an approaching threat on the plant) is to 
re-cling to underlying plant material, but this is only 
possible under certain conditions. While the fitness 
of aphids in the wild will be determined primarily 
through repeated rather than one-off predator encoun-
ters, developing understanding of the behavioral vari-
ation following dropping defense under different con-
ditions will allow the prediction of longer-term and 

larger-scale consequences for both prey and predator 
populations and their broader ecologies.
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