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Abstract
1. Captive breeding programmes are key to many threatened species reintroduc-

tion strategies but could potentially be associated with adaptations to captivity 
that are maladaptive in their natural habitat. Despite the importance of sensory 
ecology to biological fitness, few studies explore sensory system adaptations to 
captivity. Captive environments are devoid of predators and provide ready access 
to food sources and potential mates, thus reducing the need for individuals to use 
signals and cues to identify and locate resources or detect potential threats. With 
reduced complexity of the signalling environment, relaxation of selective pres-
sures may favour reduced investment in sensory organs in captivity.

2. We test this prediction in an iconic critically endangered invertebrate, the Lord 
Howe Island stick insect Dryococelus australis, which was extirpated from the is-
land in the 1920s/30s and rediscovered on a nearby volcanic stack, Ball's Pyramid, 
in 2001.

3. Using historical specimens from these populations and specimens from the   
8– 10th and 14th generations of a long- term conservation captive breeding pro-
gramme, we examine differences in behaviourally relevant morphological traits of 
the compound eyes (visual organs) and antennae (olfactory organs).

4. We find that captivity is associated with smaller compound eye size, smaller eye 
ommatidia and reduced density of antennal odour receptors. These morphologi-
cal changes are indicative of reduced sensitivity to visual and olfactory signals and 
cues, and therefore are likely to have fitness implications when reintroducing a 
captive population into the wild.

5. Synthesis and applications. We observe differences in sensory organ morphology 
between wild and captive- bred populations of the critically endangered Lord Howe 
Island stick insect. Our results emphasise the importance of incorporating evolution-
ary biology and sensory ecology into conservation programme design: to minimise the 
potential for captive breeding environments to compromise sensory systems that sup-
port appropriate behaviours upon reintroduction of populations into a natural habitat.
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1  | INTRODUC TION

We are amidst the Earth's sixth mass extinction event (Barnosky 
et al., 2011), with an unprecedented number of species being driven 
to extinction via rapid environmental change resulting from an-
thropogenic activities (Dirzo et al., 2014). The increasing number 
of threatened species (IUCN, 2021) has encouraged a multitude 
of conservation strategies, one of the more important of which is 
captive breeding programmes for species reintroductions (Seddon 
et al., 2007). Such breeding programmes, established with individ-
uals from wild populations of threatened species, provide insurance 
against extinction (Jakob- Hoff et al., 2015) and are commonly used 
to reinforce existing wild populations or to provide a founding pop-
ulation to reintroduce the species once threats are removed (IUCN/
SSC, 2013; Jakob- Hoff et al., 2015). Captive breeding programmes 
provide an environment typically free from extinction drivers and 
provide the opportunity for programme managers to regulate re-
production to retain genetic diversity, and thus increase the like-
lihood of the successful establishment of new wild populations 
(Frankham, 1995; Weeks et al., 2015). While most often used for ver-
tebrate species, captive breeding programmes are increasingly used 
as conservation strategies for invertebrates (Dojnov et al., 2012; 
Holwell & Andrew, 2015; Honan, 2007; Leather et al., 2008; Pearce- 
Kelly et al., 1998; Stringer & Chappell, 2008).

Captive breeding programmes typically create benign living en-
vironments that can result in selection for survival in environments 
that have little resemblance to natural habitats (Frankham et al., 2010; 
Lacy, 1987; Williams & Hoffman, 2009). This can have significant fitness 
consequences for individuals subsequently released into the wild, with 
adaptations to captivity in these contexts typically being non- adaptive 
in the natural environment (Lewis & Thomas, 2001; Sutherland, 1998) 
and often resulting from the relaxation of natural selection pressures 
in captivity. Invertebrates are vulnerable to such effects (Dojnov 
et al., 2012; Frankham & Loebel, 1992; Lewis & Thomas, 2001; 
Woodworth et al., 2002), especially due to their comparatively short 
generation times (Lewis & Thomas, 2001). Studies of adaptation 
to captivity focus mostly on anti- predator responses (Kraaijeveld- 
Smit et al., 2006) and reproductive traits (Frankham & Loebel, 1992; 
Heath et al., 2003; Joron & Brakefield, 2003; Lewis & Thomas, 2001; 
Woodworth et al., 2002), with other morphological traits usually ana-
lysed only in the context of life- history trade- offs with reproductive 
investment (Lewis & Thomas, 2001). Despite the importance of consid-
ering sensory ecology when designing and implementing conservation 
strategies (Lim et al., 2008), sensory system adaptations to captivity 
have not been investigated in a conservation context.

Animals depend on their ability to detect information from their 
environment, including the location of appropriate food sources, 
potential mates or approaching predators. Insects have diverse and 
complex sensory organs to achieve this (Elgar et al., 2018): the om-
matidia (facets) of the compound eye are the primary sensory recep-
tors for detecting visual cues, and the sensilla on the antennae are 
used to detect odours, movement and tactile information. Elaborate 
sensory systems require considerable energetic resources to develop 

and maintain, due largely to the associated neural circuitry (Niven & 
Laughlin, 2008), and sensory organ morphology is optimised to de-
tect salient signals and cues from the background noise in the sig-
nalling environment (Elgar et al., 2018; Endler, 1992). For example, 
insects living in environments characterised by low ambient light 
levels have larger compound eye ommatidia to enhance sensitivity to 
light (Freelance, Tierney, et al., 2021) while halictid bees that evolved 
from a social to solitary lifestyle, and thus no longer need to fre-
quently detect diverse social odours, have a lower density of anten-
nal sensilla (Wittwer et al., 2017). Captive breeding environments, 
typically characterised by ready access to suitable food sources, 
proximity of potential mates and an absence of predators, effectively 
simplify the sensory environment and thus may relax natural selec-
tion pressures on sensory morphology that would be present in the 
wild. Accordingly, selection should favour changes to the morphol-
ogy of sensory organs such that they are optimised (sufficiently but 
not unnecessarily sensitive) and/or adapted to the signal detection 
requirements of this new, sensory depauperate, environment.

To test this prediction, we explored differences in sensory organ 
morphology between wild and captive- bred populations of a critically 
endangered insect for which a captive conservation breeding pro-
gramme has been ongoing since 2003. The iconic Lord Howe Island 
stick insect (LHISI), Dryococelus australis (Phasmatodea: Phasmatidae), 
is a large, black, flightless phasmid that was historically endemic 
to Lord Howe Island off the coast of New South Wales, Australia 
(31°33′15″S, 159°05′06″E; Lea, 1916). Rats were accidentally intro-
duced to the island in a 1918 shipwreck, leading to the supposed ex-
tinction of the insect in the 1920s (Priddel et al., 2003). However, a 
small population of the LHISI was rediscovered some 80 years later 
on a nearby volcanic stack, Ball's Pyramid (31°45′15″S, 159°15′06″E; 
Priddel et al., 2003). Recent genetic studies confirmed that the stick 
insects on Ball's Pyramid are the LHISI (Mikheyev et al., 2017). In 
2003, two adult breeding pairs were removed from Ball's Pyramid to 
start a captive conservation breeding programme at Zoos Victoria's 
Melbourne Zoo (Parkville, Victoria, Australia) and at Insektus (Sydney, 
New South Wales, Australia; Carlile et al., 2009; Honan, 2007). The 
Melbourne Zoo population, currently maintained free ranging in 
glasshouses, reached its 14th captive- bred generation in 2018. This 
captive population is intended to be the source of LHISI for reintro-
duction to Lord Howe Island (Bower et al., 2018) following a rodent 
eradication programme in 2019 (Lord Howe Island Board, 2020).

The Lord Howe Island, Ball's Pyramid and captive environments 
differ in the complexity of the sensory environment. Firstly, Lord 
Howe Island has diverse vegetation with which the LHISI historically 
interacted, including both food and non- food plants (Honan, 2008; 
McGrath et al., 2017), while the LHISI on Ball's Pyramid is known 
to associate only with the Lord Howe Island Melaleuca Melaleuca 
howeana. This plant is also one of only a few host (food and shel-
ter) plant species provided to the Melbourne Zoo captive population 
(Honan, 2008; McGrath et al., 2017), meaning that both the Ball's 
Pyramid and the captive populations rarely use odours to differen-
tiate among food and non- food plants. Secondly, the captive breed-
ing environment is devoid of potential predators in contrast to Lord 
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Howe Island (spiders, birds and small mammals) and Ball's Pyramid 
(seabirds), and so captive- bred individuals are not disadvantaged if 
they lose sensitivity to predator- related cues. Thirdly, while there 
is evidence of gregarious living from both the wild (Lea, 1916) and 
captive (Honan, 2008) populations, the maximum possible distance 
between two individuals in the captive breeding environment is sig-
nificantly reduced, thereby reducing reliance on location- revealing 
sex pheromones to locate a mate.

The complexity of the sensory environment is evidently greater 
on Lord Howe Island than on Ball's Pyramid and is least for popula-
tions bred in captivity. Accordingly, we predicted that (a) individu-
als from the Lord Howe Island wild population (pre- extirpation) will 
have morphology indicative of greater sensitivity of the compound 
eyes and antennae compared to individuals from the Ball's Pyramid 
wild population and (b) captive breeding will be associated with mor-
phology indicating reduced sensitivity of the compound eyes and 
antennae compared to both wild populations.

2  | MATERIAL S AND METHODS

2.1 | Study populations

We accessed, from the Australian Museum entomology collection 
(Sydney, Australia), ethanol- preserved historical specimens from 
both the Lord Howe Island (LHI) and Ball's Pyramid (BP) wild popula-
tions. Seven specimens (n = 4 females; 3 males) had been collected 
from Lord Howe Island in the late 1800s pre- extirpation, and we 
examined the only two available specimens (n = 1 female; 1 male) of 
the four individuals collected from Ball's Pyramid in 2003 to estab-
lish the captive populations (Honan, 2007). The latter pair is believed 
to be the individuals provided to the Insektus organisation: We were 
unable to locate the breeding pair which founded the Melbourne 
Zoo captive population in any museum or zoo collections.

We examined the effects of long- term captive breeding on 
sensory morphology over generations by accessing representative 
specimens from two generations of the Melbourne Zoo captive 
population. These specimens had been preserved by freezing from 
2011 to 2013, providing us with individuals (n = 10 females; 5 males) 
from generations 8– 10 of captive breeding (MZ generations 8– 10) 
since the establishment of the population with wild stock from Ball's 
Pyramid. In late 2018 when this study was initiated, the invertebrate 
keepers collected and froze all naturally deceased individuals until 
the end of that year, providing us with six females and nine males 
from the 14th captive- bred generation (MZ generation 14). Only 
adult stick insects were included in the study. Our study did not re-
quire animal research ethics approval.

2.2 | Data collection

Eye ommatidia is positively associated with sensitivity to light (Jander 
& Jander, 2002; Land, 1997; Warrant, 2017) and eye size can indicate 

investment in photic sensitivity versus visual acuity, as a larger com-
pound eye with smaller but more numerous ommatidia theoretically 
has greater visual acuity (Jander & Jander, 2002). Antennal sensilla 
density is a behaviourally relevant indicator of sensitivity to olfac-
tory and tactile cues (Elgar et al., 2018; Gill et al., 2013; Spaethe 
et al., 2007). Therefore, we used these three metrics of sensory ca-
pacity to compare across the study populations. Only undamaged 
eyes or antennae were analysed.

The compound eyes were imaged using a Leica MZ16 A stereo-
microscope with Leica DFC500 camera (Leica Microsystems) at the 
Australian Museum (Sydney, Australia) or a Leica M205 stereomi-
croscope with Leica DFC500 camera at the BioSciences Microscopy 
Unit (The University of Melbourne, Australia). Using the images, we 
determined for each specimen the surface area of the compound eye 
(calculated as half of the surface area of a spheroid with semi- axes 
equivalent to the length and depth of the compound eye; mm2) and 
the average diameter of the ommatidia of the compound eye (diame-
ter of three ommatidium averaged; μm). As differences in ommatidia 
diameter between regions of the compound eye are not uncommon 
(Perl & Niven, 2016), for consistency we measured ommatidia from 
the dorsomedial (skyward- facing) region of the compound eyes.

To image the antennae, the left antenna was removed from each 
specimen and affixed on black matte cardboard on a scanning elec-
tron microscope stub using double- sided carbon sticky dots. If the 
left antenna was not intact for a specimen, the intact right antenna 
was used to maximise sample size. Mounted antennae were made 
conductive by gold coating using a Dynavac Xenosput gold coater 
and subsequently imaged using an FEI/Philips XL30 FEG scanning 
electron microscope (10 kV acceleration voltage, spot size 3.0) at 
the BioSciences Microscopy Unit. From the electron micrographs, 
we determined for each specimen the average density of each type 
of antennal sensilla (number of sensilla per mm2 of antenna) on the 
apical (1st) and eighth- most apical antennal segments (antennom-
ers). As the antennal sensilla of the LHISI have not been previously 
examined, we first had to identify and describe the sensilla present 
before we could calculate sensilla density to compare across popu-
lations. Antennal sensilla were classified into four categories: olfac-
tory/chemoreceptive sensilla detect airborne odours and chemicals 
in solution (Slifer, 1966), hair- like mechanoreceptive sensilla (tactile 
hairs) are involved in the detection and localisation of objects in the 
near- range environment during antennation (Dürr & Krause, 2013), 
campaniform sensilla detect stretch forces due to mechanical de-
formation of the cuticle due to external forces or movement of the 
antenna initiated by the insect (Chapman, 1998; Zill et al., 2011), and 
hygro-  and thermoreceptive sensilla (sensory pores) detect changes 
in humidity and temperature. Antenna length was not measured as 
meaningful comparison of this metric was precluded by the anten-
nae having an inconsistent number of antennomers and by the in-
consistent length of antennomers.

Using a Canon 6D DSLR with Canon EF- L 100 mm f2.8 macro lens 
(Canon), we took digital images of the femurs of each individual, with a 
ruler included as a scale, as a measure of body size. All image analyses 
were performed using the software package Fiji (Schindelin et al., 2012).
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2.3 | Statistical analysis

One sensory trait, the density of campaniform sensilla, required nat-
ural log transformation to normalise the distribution for an ANOVA. 
For each sensory trait, we fitted a linear model including popula-
tion (LHI, BP, MZ generations 8– 10, MZ generation 14), sex (female, 
male) and body size as fixed effects with variance partitioned using 
ordinary least squares. In the event of a significant ANOVA (type 
III) F test for population, four planned pairwise comparisons were 
performed with any significant differences reported: LHI against BP 
to explore differences between the two wild populations; BP against 
MZ generations 8– 10 to explore differences between the source 
population and the closest available generations of the derived 
captive population; MZ generations 8– 10 against MZ generation 
14 to explore changes across generations in captivity; MZ genera-
tion 14 against LHI as MZ generation 14 represents the most recent 
studied generation of the captive population which may be intro-
duced onto Lord Howe Island. Statistical analysis was performed 
using the car (version 3.0- 11; Fox & Weisberg, 2019), effectsize (ver-
sion 0.4.5; Ben- Shachar et al., 2020) and multcomp (version 1.4- 17; 
Hothorn et al., 2008) packages in R version 4.1.0 for Windows (R 
Core Team, 2021).

3  | RESULTS

3.1 | Description of antennal sensilla morphology

We identified seven types of antennal sensilla (Figure 1): three types 
of chemoreceptive sensilla (sensilla basiconica, thick- walled chemo-
receptors [TWC], sensilla trichotomous), two types of tactile hairs 
(sensilla trichodea, sensilla chaetica), one type of plate- like mecha-
noreceptive sensilla (sensilla campaniforma) and one type of pore- 
like thermo-  and hygroreceptors (sensilla coeloconica). Because 
trichotomous sensilla were only identified on some specimens from 
the MZ captive population and their function is uncertain, they were 
excluded from the sensilla density analysis. Descriptions of the mor-
phological characteristics of each sensillum type identified are in 
Table S1.

3.2 | Population differences in 
sensory organ morphology

As predicted, the surface area of the compound eye was ex-
plained by population (F3,31 = 3.354, p = 0.031, �2

p
 = 0.25 (0.00, 

0.45) [partial eta squared (95% confidence intervals)]; Figure 2a): 
planned pairwise comparisons reveal that the LHI population had 
significantly larger eyes than the MZ generation 14 population 
(t = 2.235, p = 0.033). Eye size did not differ significantly by sex 
(F1,31 = 4.132, p = 0.051, �2

p
 = 0.12 (0.00, 0.35)) or with femur 

length as a measure of body size (F1,31 = 1.05, p = 0.314, �2
p
 = 0.03 

(0.00, 0.22)).

Consistent with our prediction, the diameter of the omma-
tidia of the compound eye also varied significantly by population 
(F3,32 = 4.491, p = 0.0097, �2

p
 = 0.30 (0.03, 0.49); Figure 2b): planned 

pairwise comparisons reveal that the LHI population had signifi-
cantly larger ommatidia than the wild BP population (t = 2.931, 
p = 0.006) and the captive MZ generation 14 (t = 2.056, p = 0.048). 
Females had significantly larger ommatidia than males (females: 
68.31 ± 1.316 μm (M ± SE), males: 58.38 ± 1.505 μm, F1,32 = 9.470, 
p = 0.004, �2

p
 = 0.23 (0.03, 0.45)), but ommatidia diameter was not 

explained by femur length (F1,32 = 0.381, p = 0.542).
The density of chemoreceptive sensilla on the apical antenno-

mer differed significantly by population (F3,30 = 2.984, p = 0.047, 
�
2
p
 = 0.23 (0.00, 0.44); Figure 2c), with planned pairwise compari-

sons revealing a significantly higher density in the LHI population 
compared to the captive MZ generation 14 (t = 2.925, p = 0.007). It 
should be noted that the LHI sample for this trait includes an out-
lier leveraging the result; this value may indicate the existence of 
even greater variation in the extirpated LHI population that would 
be apparent in a larger sample. Separate analyses of each type of 
chemoreceptor— TWCs and sensilla basiconica— were conducted 
to determine which type drives the pattern. The density of sen-
silla basiconica on the apical antennomer did not differ between 
populations (F3,30 = 0.574, p = 0.637), but the density of TWCs 
did (F3,30 = 2.972, p = 0.048, �2

p
 = 0.23 (0.00, 0.44); Figure 2d): 

the LHI population had a higher TWC density than MZ generation 
14 (t = 2.844, p = 0.008). The density of chemoreceptive sen-
silla on the apical antennomer was also related to sex (females: 
523.9 ± 32.93 sensilla/mm2, males: 585.5 ± 38.02, F1,30 = 6.344, 

F I G U R E  1   Electron micrograph displaying the types of 
antennal sensilla identified for the Lord Howe Island stick insect. 
Ba, sensilla basiconica (olfactory sensilla/chemoreceptors); Ca, 
sensilla campaniforma (stretch receptors); Ch, sensilla chaetica 
(mechanoreceptor/tactile hair); Po, sensory pore (thermo- /
hygroreceptors); Tr, sensilla trichodea (mechanoreceptor/tactile 
hair); TWC =thick- walled chemoreceptor (olfactory sensilla/
chemoreceptors); Tc, sensilla trichotomous (likely olfactory sensilla/
chemoreceptors)
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p = 0.017, �2
p
 = 0.17 (0.00, 0.41)), but sex did not explain the den-

sity of sensilla basiconica (F1,30 = 3.435, p = 0.074, �2
p
 = 0.10 (0.00, 

0.33)) or TWCs (F1,30 = 4.022, p = 0.054, �2
p
 = 0.12 (0.00, 0.35)) 

individually. The density of chemoreceptive sensilla, and of TWCs 
and sensilla basiconica when analysed separately, was negatively 
associated with body size: Smaller individuals had higher densities 
(chemoreceptors: β = −28.59, F1,30 = 13.26, p = 0.001, �2

p
 = 0.31 

(0.07, 0.53); sensilla basiconica: β = −10.30, F1,30 = 9.535, p = 0.004, 
�
2
p
 = 0.24 (0.03, 0.47); TWCs: β = −18.28, F1,30 = 7.278, p = 0.011, 

�
2
p
 = 0.20 (0.01, 0.43)).

The variation in the densities of no other antennal sensilla, on 
either the apical or eighth antennomer, was explained by population, 
sex or body size (Table 1). The eighth antennomer density of sen-
sory pores was positively associated with femur length (β = 24.40, 
F1,28 = 4.273, p = 0.048, �2

p
 = 0.13 (0.00, 0.37)).

4  | DISCUSSION

Our results support the prediction that the simplification of the 
sensory environment, reflected in the captive and, to a lesser ex-
tent, BP populations, selects for smaller eyes and/or ommatidia and 
for antennae with a lower density of chemoreceptors. Investment 
in sensory organs is expected to reflect a balance between the en-
ergetic costs of sensory organs (Niven & Laughlin, 2008) and their 
capacity to detect salient cues and signals against the background 
noise of the sensory environment (Endler, 1992). Investing in less 
elaborate and costly sensory organs in comparatively less com-
plex sensory environments allows individuals to redirect energetic 
resources to other fitness- related traits. These changes in sensory 
organ morphology associated with the simplified wild (BP) or cap-
tive (MZ) sensory environment could be the result of evolutionary 

F I G U R E  2   Comparison of compound eye and antennal micromorphology between populations of the Lord Howe Island stick insect. Tails 
indicate the range; box indicates the interquartile range; horizontal line within the box indicates the median; black diamonds indicate the 
mean; black capped error bars indicate standard error of the mean; black filled circles represent outliers. Sensilla densities were calculated as 
the number of sensilla per mm2 of antenna. (a) Individuals from the LHI had larger compound eyes by surface area (mm2) than the captive MZ 
generation 14. (b) Individuals from LHI had significantly larger ommatidia (μm) than the wild BP and captive MZ generation 14 populations. 
(c) Individuals from LHI had a higher density of antennal chemoreceptors on the apical antennomer compared to the captive- bred MZ 
generation 14; this pattern was driven specifically by (d), the TWC type of chemoreceptor
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change or phenotypic plasticity. Indeed, plasticity is often proposed 
to precede, and possibly facilitate, evolutionary adaptation (Levis 
& Pfennig, 2016) and is known to drive changes in insect sensory 
organ morphology (Bernays & Chapman, 1998; Chapman, 2002). 
Elucidating whether the patterns we observe are fixed or plastic 
would require experimental manipulations such as changing the com-
plexity of the captive breeding environment and assessing sensory 
organ morphology over subsequent generations; the limited captive 
population size and husbandry requirements of this highly threat-
ened species make such an experiment challenging. Regardless of 
whether the differences we observe reflect evolutionary change or 
plasticity (Hendry et al., 2008, 2017), our data are consistent with 
the notion that the complexity of the sensory environment influ-
ences sensory organ morphology and our findings regarding eye size 
in particular support growing evidence of adaptations to breeding 
in captivity (Dojnov et al., 2012; Frankham & Loebel, 1992; Heath 
et al., 2003; Joron & Brakefield, 2003; Kraaijeveld- Smit et al., 2006; 
Lewis & Thomas, 2001; Woodworth et al., 2002).

The reduced compound eye surface area in the captive pop-
ulation of the LHISI may be due to an absence of predators in 
captivity: A relatively large compound eye with many ommatidia 
theoretically confers greater visual acuity, and larger ommatidia 
provide greater photon capture ability (Jander & Jander, 2002). 
Visual acuity and visual sensitivity are likely of greater benefit in 
populations that need to detect approaching predators, such as 
birds. In contrast, individuals reared in captivity experience no se-
lection pressure to detect predators. As each ommatidium is asso-
ciated with energetically expensive neural architecture required 
to detect photons and convey this information to the brain to form 
a visual map (Agi et al., 2014; Niven & Laughlin, 2008), a simulta-
neous decrease in overall eye size reduces the energetic cost of 
the eye.

While leveraged by a statistical outlier in the extirpated LHI 
population, the between- population differences in antennal sen-
silla density are consistent with our prediction. This was driven 
by the TWC type of chemoreceptor which is associated with 

Model/parameter Statistics

Fixed effects df F ratio p > F

8th antennomer chemoreceptors

Population (LHI, BP, MZ gen 8– 10, MZ gen 14) 3,28 0.226 0.878

Sex (female, male) 1,28 2.370 0.135

Femur length 1,28 0.149 0.702

Apical antennomer tactile hairs

Population 3,30 0.038 0.990

Sex 1,30 0.003 0.954

Femur length 1,30 0.168 0.685

8th antennomer tactile hairs

Population 3,28 0.692 0.565

Sex 1,28 0.512 0.480

Femur length 1,28 0.893 0.353

Ln(Apical antennomer sensilla campaniforma)

Population 3,30 1.04 0.389

Sex 1,30 0.567 0.457

Femur length 1,30 2.93 0.097

Ln(8th antennomer sensilla campaniforma)

Population 3,28 1.890 0.154

Sex 1,28 0.067 0.798

Femur length 1,28 0.211 0.650

Apical antennomer sensory pores

Population 3,30 0.075 0.973

Sex 1,30 0.140 0.711

Femur length 1,30 0.667 0.421

8th antennomer sensory pores

Population 3,28 2.625 0.070

Sex 1,28 0.151 0.700

Femur length 1,28 4.273 0.048

TA B L E  1   Ordinary least- squares 
models for the densities of types of 
antennal sensilla for which population or 
sex did not explain a significant amount of 
variation
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detecting airborne odours and compounds in solution (Slifer, 1966) 
and is likely the predominant sensilla for the detection of plant 
volatiles and pheromones. D. australis feeds on a range of food 
plants found on LHI but clearly prefers a few species (McGrath 
et al., 2017), whereas M. howeana may be the only food plant on 
BP and is the most frequently provided in captivity (Honan, 2008; 
McGrath et al., 2017). Perhaps individuals on LHI relied on plant 
odours to identify and locate their preferred food plants, while 
those on BP and in captivity have little or no requirement to exer-
cise a choice. Dietary composition can also influence the distribu-
tion of chemoreceptors on the antennae of invertebrates (Bernays 
& Chapman, 1998; Chapman, 2002). Finally, the maximum possible 
distance between females and males in the BP and captive envi-
ronments is substantially less than that on LHI, perhaps eliminat-
ing the need for males (with a higher density of chemoreceptors 
than females) to rely heavily on location- revealing female sex 
pheromones.

While the patterns of sensory organ investment across the pop-
ulations are consistent with our prediction and with differences in 
the sensory environment, other variables may also be responsible. 
Firstly, museum specimens often derive from opportunistic or se-
lective collecting which may be biased towards larger specimens 
(Pyke & Ehrlich, 2010). This could explain why specimens from LHI 
possess larger eyes and higher densities of antennal sensilla com-
pared to the captive population specimens that were more repre-
sentative of the population. However, the absence of positive body 
size allometry with eye or antennal metrics suggests that such bias 
is unlikely to explain our results. Secondly, our LHI and especially 
BP sample sizes are very small and may not be an accurate rep-
resentation of the entire population. Small sample sizes for these 
populations, while generally unavoidable with critically endangered 
species, may also have impacted our ability to detect statistically 
all population differences. Thirdly, the captive population, known 
to be derived from a maximum of only four individuals, is likely to 
have been influenced by a founder effect and will have very lim-
ited genetic variation; this may also be true of the BP population, 
which has an unknown number of founders (indeed, the separation 
time between the BP and extirpated LHI populations is unknown 
(Mikheyev et al., 2017) and there is uncertainty whether differ-
ences between the BP and LHI populations result from historical 
founder effects). Consequently, through founder effects, there may 
have been insufficient genetic diversity for adaptation (as opposed 
to plasticity) to explain the differences we observe between the 
wild and captive populations. This could account for the absence 
of differences between the 8– 10th and 14th generations of the MZ 
captive population in any of the traits we examined, although it is 
also possible that the sensory morphology of the 8– 10th genera-
tions had already become optimised to the captive environment and 
thus remained unchanged in subsequent generations. Inbreeding 
depression, resulting from low genetic variation and multiple gener-
ations in captivity, could also contribute to suboptimal expression of 
morphological traits. Despite these caveats, our data provide novel 
practical insights from a real- world conservation captive breeding 

programme of a critically endangered species, and thus relate to an 
actual situation that must be managed rather than being derived 
from a laboratory experiment with a model organism.

Differences in sensory organ morphology in captive compared 
with natural populations have implications for species reintroduction 
programmes, since reintroduced individuals adapted to captivity may 
well be less equipped to respond to their new, natural, environment 
(Lewis & Thomas, 2001; Sutherland, 1998). However, captive popu-
lations, especially if added to with further founders over the course 
of the breeding programme, may retain sufficient genetic diversity 
to respond to selection pressures when reintroduced into the natu-
ral environment. Moreover, if the differences reflect plasticity rather 
than solely evolutionary change (Hendry et al., 2008), the recovery 
of visual and olfactory sensitivity following reintroduction could be 
rapid. Changes to captive population husbandry, such as increasing 
the complexity of the sensory environment by presenting a variety 
of both food and non- food plants in captivity, may facilitate changes 
in the direction of greater sensitivity before wild reintroduction be-
gins. Additionally, a dietary composition similar to that of the natural 
habitat may further favour more appropriate antennal morphology 
due to the direct influence of diet on antennal chemoreceptor den-
sity (Bernays & Chapman, 1998; Chapman, 2002). Presenting a vari-
ety of plants similar to those in the natural habitat may also facilitate 
greater expression of natural exploratory behaviours in captivity, 
which promotes general welfare (Freelance, 2019). In the case of the 
LHISI, introducing a variety of food and non- food plants is unlikely 
to compromise the fitness of the captive population, as captive indi-
viduals can thrive on a variety of food plants native to LHI (McGrath 
et al., 2017).

In conclusion, our findings from an ongoing conservation captive 
breeding programme are consistent with the prediction that long- 
term captive breeding of invertebrates may be associated with the 
adaptation of sensory organs to the captive environment. With the 
increasing use of captive breeding programmes as part of threatened 
species insurance and recovery strategies, these findings provide 
a cautionary tale: That simplified environments may compromise 
sensory systems that support efficient expression of appropriate 
behaviours in a natural habitat. These results highlight the need to 
consider invertebrate models in evaluating captive breeding and 
reintroduction programmes, emphasise the importance of employ-
ing evolutionary biology when undertaking such programmes for 
species reintroductions and echo long- neglected calls to consider 
sensory ecology when designing conservation programmes (Lim 
et al., 2008).
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