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Abstract

Bioluminescent glow-worms (Arachnocampa spp.) capture prey in glue-coated silk
capture threads hung from their nests on damp cave and wet forest substrates. In a
dry environment, these animals are very susceptible to desiccation as their bodies
can become life threateningly dry and their silk has been anecdotally observed to
become non-sticky. Water has a plasticizing effect on the structural proteins of sev-
eral invertebrate silks, including those used in caddisfly nets, mussel byssus and
spider webs. Moreover, water facilitates interfacial adhesion by spreading adhesive
biomolecules in functionally analogous velvet worm slime and spider silk glue. We
tested the effects of water on the mechanics and adhesion of Arachnocampa tas-
maniensis capture threads sampled within damp caves. We found that threads
tested at high humidity were three times more compliant and over 10-fold more
extensible than those tested at low humidity (30% RH). We also found the threads
to be significantly more adhesive in high humidity with force at detachment
increasing two orders of magnitude and work of adhesion increasing by five orders
of magnitude compared to threads tested at low humidity. Our results unequivo-
cally demonstrate that A. tasmaniensis capture thread functionality is dependent
upon exposure to high humidity. Our results both confirm previous reports and
indicate that the foraging habitat of these animals is restricted to caves and cave-
like environments, such as wet forests.

Introduction

The larval stage of cave-dwelling insects of the genus Arach-
nocampa (Diptera: Keroplatidae) or ‘glow-worms’ produce a
bioluminescent light from their abdomens that attracts insect
prey in an attempt to capture them in their silken nests (Fig. 1;
Pugsley, 1984; Broadley & Stringer, 2001; Willis, White &
Merritt, 2011). These nests are composed of sticky capture
threads secreted by the glow-worm that hang from a tubular
retreat on the cave ceiling or other suitable substrates within
damp caves or nearby wet forests (Meyer-Rochow, 2007; Mer-
ritt & Patterson, 2017). In their native high humidity environ-
ment (90–100% RH), the threads are highly extensible,
consisting of two or more silk fibers coated in a sticky, vis-
cous glue (Meyer-Rochow, 2007; Von Byern et al., 2016).
However, anecdotal observations (Meyer-Rochow, 2007;
Walker et al., 2015; Von Byern et al., 2016) report extreme
susceptibility of the glow-worm capture threads, as well as

their bodies, to desiccation. These studies observed silk strands
to become brittle and non-adhesive in dry environments, allud-
ing to the possibility that their prey catching functionality is
dependent upon water.
Many amorphous biomolecules, such as silk and biofilm

proteins (Blasi et al., 2005; Vollrath & Porter, 2006), and
numerous sugars like maize starch (Mathew & Dufresne,
2002) and trehalose (Cordone, Cottone & Giuffrida, 2007),
undergo a glass-to-rubber transition above a certain temperature
(Tg). The presence of water can greatly reduce Tg as water is a
known plasticizer and promotes molecular mobility (Sperling,
2005). Not surprisingly, many invertebrate silks, such as silk-
worm cocoon silk (P�erez-Rigueiro et al., 2000; Plaza et al.,
2008), lacewing silk egg stalks (Bauer et al., 2012), caddisfly
net silk (Tsukada et al., 2010) and various spider silks (Gos-
line, Denny & DeMont, 1984; Shao, Young & Vollrath, 1999)
as well as mussel byssus (Smeathers & Vincent, 1979; Tron-
coso, Torres & Grande, 2008), become rubberized when
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exposed to water, as stiffness (Young’s modulus) is reduced
and extensibility (breaking strain) is increased. This softening
effect is believed to be the result of water molecules disrupting
intermolecular hydrogen bonds (Termonia, 1994; Bauer et al.,
2012). In spider and silkworm silks, this disruption also causes
fiber shrinkage, a phenomenon known as supercontraction, of
up to 50% in some cases, as the protein structures conform
into a lower energy state (Grubb & Ji, 1999; Jelinski et al.,
1999; Plaza et al., 2008; Fu, Porter & Shao, 2009; Boutry &
Blackledge, 2010). In determining precisely how water influ-
ences the tensile performance of Arachnocampa capture
threads it is also important to identify whether water induces a
contraction response to provide a first step toward understand-
ing the molecular mechanisms underpinning the performance
of this fascinating biomaterial.
Arachnocampa capture threads are coated in an aqueous

glue that forms droplets that intersperse along the fiber in a
way that superficially resembles the spiral threads of spider orb
webs (Meyer-Rochow, 2007; Walker et al., 2015). This glue
appears to be highly responsive to atmospheric water as dro-
plets dry out at humidities of <80% RH but can be rehydrated
when exposed to 100% RH (Von Byern et al., 2016). By com-
parison, spider glue utilizes organic and inorganic salts to
uptake and maintain atmospheric water, which facilitates disso-
lution and spreading of adhesive glycoproteins (Sahni et al.,
2014; Amarpuri et al., 2015). The gluey silk of several species
of orb web spiders appears to have adhesive properties that are
optimized for the specific native humidity within their natural
habitats (Opell, Karinshak & Sigler, 2013; Baba et al., 2014;
Amarpuri et al., 2015). While the specific chemical composi-
tion of Arachnocampa capture glue likely differs from that of
spider glue (Von Byern et al., 2016), it is possible that their
adhesive performance is optimized to the high humidity (90–
100% RH) of its native cave or wet forest environment.

Here, we tested the hypothesis that glow-worm capture
threads are functionally optimized to the high humidity cave
environment by performing mechanical and adhesion tests on
capture silk threads of the glow-worm Arachnocampa tasman-
iensis at high (>90% RH) and low (30% RH) humidities. We
also tested whether the glow-worm silks contracted when
exposed to high humidity to indirectly test for evidence of the
presence of intermolecular bonds that may be responsible for
differences in mechanical performance in different humidities.

Materials and methods

Collection, transportation and
characterization of glow-worm larvae
capture silk

We collected adhesive capture silk threads from glow-worm
nests from the ceilings of Mystery Creek and Bradley Chester-
man caves, in Southwest National Park, Tasmania, Australia,
in September 2015 and October 2017. Collection was con-
ducted as permitted by the Tasmanian Department of Primary
Industries, Parks, Water and the Environment (permit No.
FA15189 and FA17188, respectively). We cut clean capture
threads hanging vertically from the nest, using scissors, and
attached them to strips of paper with 10 9 10 mm square gaps
so that all segments collected measured 10 mm in length. The
naturally adhesive properties of the capture threads provided
temporary attachment to the paper strips until they were per-
manently affixed with water-resistant wood working glue 24 h
later at the University of Tasmania, Hobart. Samples were
stored in microscope slide boxes in controlled laboratory set-
tings at ambient temperature (20°C) and humidity (60% RH).
The capture silk threads were transported to the University

of Akron, Akron, Ohio, USA in 2015 and the Industrial Tech-
nology Research Institute, Hsinchu, Taiwan in 2017, within
2 weeks of collection for laboratory testing. Contamination
was low as samples were sealed in airtight transport boxes.
Several capture threads became dry and brittle during travel to
the USA and broke easily, which were discarded. We were
careful to expose all samples to identical conditions while col-
lecting, handling, traveling with and testing the threads.
We subjected 74 thread segments from 22 individuals to polar-

ized light microscopy, adhesion and dry and wet tensile testing.
We used identical Nanobionix (MTS, Oak Ridge, TN, USA) ten-
sile testers for mechanical and adhesion testing at both institu-
tions with similarly designed environmental chambers. During
adhesion and tensile tests, threads were exposed to the highest
humidity levels (c. >90% RH, high humidity) attainable by our
chambers, and ambient humidity (30% RH, low humidity). We
pre-tested both machines and found similar performances for
standard dry and wet tensile tests. Accordingly, we combined the
datasets collected for measurements on both machines.

Polarized light microscopy

To determine the number of fibers present within a single capture
thread and their respective diameters, we adhered threads to a

Figure 1 Flying insect caught in sticky capture thread of

Arachnocampa tasmaniensis as the glow-worm larvae hauls its prey

up for consumption. Copyright: SIXTEEN LEGS/Bookend Trust,

photo credit: Joe Shemesh. [Colour figure can be viewed at

zslpublications.onlinelibrary.wiley.com]
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glass slide and dispersed the droplet coating surrounding the
internal fibers using water to acquire an undistorted or magnified
image via polarized light microscopy (Blackledge, Cardullo &
Hayashi, 2005). Our methods were identical to those described
by Swanson, Blackledge & Hayashi (2007), who determined
diameters of spider gluey silk. We observed seven samples, one
each from different individual larvae, and determined that the
capture threads have two adjacent fibers in all samples (see
Fig. 2). Cross-sectional area was therefore calculated as A = 20.5

p(d/2)2, with d being the diameter of one fiber.
This method of measuring silk thread diameters renders sam-

ples unusable for further testing. Preliminary data indicated that
diameters of threads from individuals arbitrarily assigned to wet
and dry treatments did not differ, (95% HPD intervals = �0.26
to 0.21 lm, PMCMC = 0.88). Therefore, we established an aver-
age diameter used for samples from all other individuals (N = 7)
in an effort to maximize silk samples available for testing.

Testing for contraction at high humidity

We used five capture thread samples from different individuals to
test for the presence of contraction during exposure to high
humidity, as has been described for spider dragline silks (Agnars-
son et al., 2009; Boutry & Blackledge, 2010). Capture threads
were mounted on the tensile tester within an environmental cham-
ber at ~20°C and stretched until taut (15 lN) while restrained as
humidity was increased from ~30% to >90% RH over a period of
60–300 s to measure changes in fiber tension. The restrained fiber
was then relaxed back to its original tension (15 lN) and fiber
shrinkage was calculated as the change in fiber length. Our con-
traction testing (N = 5, n = 5) revealed weak contraction stress
(5.83 � 1.61 MPa) and shrinkage (0.72 � 0.22%) values.

Tensile testing

Mechanical properties of capture threads from A. tasmaniensis
individuals were determined by conducting tensile tests in low

(N = 11, n = 13, 30% RH, 20°C) and high (N = 14, n = 14,
>90% RH, 20°C) humidity conditions. We tested at least one
sample per treatment per individual. Our methods were similar
to those described by Swanson et al. (2007) and Blamires, Wu
& Tso (2012). Samples were mounted vertically to the upper-
most grips of the extension arm and force plate. The samples
tested at high humidity were exposed to >90% RH for 2–
5 min prior to testing, similar to previous studies as outlined
above. Load-extension data were generated for capture threads
pulled to breaking with an extension rate of 1.5% strain s�1.
True stress values were calculated from load data using the
formula, rt = F/A, where F is force applied and A is the
instantaneous cross-sectional area of the thread being tested,
assuming constant volume (Guinea et al., 2006). True strain
values were calculated from extension data using the formula,
et = ln(L/L0), where L is instantaneous gage length and L0 is
initial gage length (10 mm for all samples). Young’s modulus
was calculated as the initial linear slope of the stress–strain
curve before yield and work to break or toughness was calcu-
lated as the area under the stress–strain curves.

On-site measurement of thread extension

We performed simple extension tests on threads in caves to
assess the potential effects of drying and transit. We gently
adhered the ends of threads to the tip of a bare finger and
stretched the capture threads to breaking. We measured initial
(L0) and final (LF) lengths of 25 threads from 11 individuals

Figure 2 Polarized light microscopy image of an Arachnocampa

tasmaniensis silk capture thread affixed to a glass microscope slide

with glue dispersed by water. Two silk fibers appear in the center

surrounded by dried glue residue. Scale bar length is 15 lm. [Colour

figure can be viewed at zslpublications.onlinelibrary.wiley.com]

(a) (b)

(c) (d)

Figure 3 Mean � 95% highest posterior density intervals for tensile

properties of Arachnocampa tasmaniensis capture threads exposed

to dry (N individuals = 11, n samples = 13, ~30% RH) and wet

conditions (N = 14, n = 14, >90% RH). Significant differences

between treatments are represented by stars, *** indicating

significance level of PMCMC < 0.001 and * indicating a significance

level of PMCMC < 0.05. Points represent individual averages and are

offset horizontally for identification purposes.
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within the cave where humidity was at >95% RH. From these
values, we calculated engineering strain of the threads as:
(LF � L0)/(L0). We estimate strain rate for each test to be
between 10% and 20% s�1 as stretching lasted 10–15 s. We
found an average strain value of 0.28 (N individuals = 11, n
samples = 25), which is <0.53 strain value we measured
for thread segments in the laboratory at >90% RH (see
Results, Table 2). While direct comparison between on-site
and laboratory testing are not relevant because the methodolo-
gies used differed, it appears that the effects of transit and
drying of silk on strain are minimal since our values attained
for threads in caves did not exceed those from of the labora-
tory tests.

Adhesion testing

The adhesive properties of 17 capture threads from nine
different A. tasmaniensis individuals were determined using
previously described methods (Sahni, Blackledge &

Dhinojwala, 2011; Blamires et al., 2014). Capture threads were
mounted into the upper grips of the extension arm of the ten-
sile tester, while a stage made of a standard glass surface was
mounted into the lower grips. The fiber was lowered onto the
stage and a force of 50 lN was applied for 10 seconds, thus
ensuring firm and direct contact. The thread was then pulled
off the stage at a rate of 0.1 mm s�1. Load-displacement
curves were generated as the thread detached from the glass
stage and work of adhesion was calculated as the area under
these curves.
For threads tested at high humidity, the tests were conducted

within an airtight environmental chamber (see Agnarsson
et al., 2009) where relative humidity was brought to >90%
about 2 min prior to testing to ensure complete hydration of
the capture thread. Relative humidity was reduced to ~30%
within the environmental chamber for tests conducted in dry
conditions. Each sample was subjected to 1–5 replicate tests
(Wet: N individuals = 9, n replicate tests = 21, Dry: N = 8,
n = 18). The stage was shifted and cleaned with isopropyl
alcohol after every test to ensure that the contact area with the
stage was not contaminated and that no section of a thread
segment was tested twice.

Statistical analysis

We used two multivariate general linear mixed models that
used Markov Chain Monte Carlo (MCMC) methods to com-
pare the mechanical and adhesive properties between wet and
dry treatments. Two random factors were used in the mixed
model: (1) among glow-worm individuals, which compared the
differences between treatments within individuals, and (2)
within individuals, to account for pseudo-replication within
individuals and treatments. Parameters in mixed models were
tested using 95% highest posterior density (HPD) intervals as
well as MCMC P-value. Uninformative priors were specified
for intercepts and fixed effects with normal distributions
(mean = 0 and variance = 108). Uninformative priors for ran-
dom factors and residuals were specified as inverse gamma
distributions (shape parameter = 0.0001 and scale parame-
ter = 0.0001). Residual variances among treatments were
allowed to vary to account for potential heterogeneity. A total

Figure 4 Representative mechanical performance of capture thread

fragments exposed to low humidity (30% RH, black lines) and high

humidity (>90% RH, gray lines) from two A. tasmaniensis larvae (one

sample per treatment per individual). Similar line style (solid or

dashed) indicates capture thread fragments collected from the same

individual.

Table 1 Results of mixed model tests of differences in adhesion and tensile properties of Arachnocampa tasmaniensis capture silk threads

tested in high (>90% RH) versus low (~30% RH) humidity

Test Propertya Posterior modeb 95% credible interval PMCMC

Adhesion Detachment force 20.56 13.84, 28.13 <0.001

Extension 2.24 1.74, 2.69 <0.001

Work of adhesion 56.65 26.41, 88.61 0.002

Tensile True stress �16.88 �77.11, 39.40 0.55

True strain 0.47 0.39, 0.56 <0.001

Modulus �15.09 �18.96, �11.52 <0.001

Toughness 22.04 5.89, 40.77 0.01

Bold indicates significance values of P < 0.05.
aUnits of measure: detachment force (lN mm�1), extension (mm), work of adhesion (J 9 10�9) true stress (MPa), true strain ln(mm mm�1),

Young’s modulus (GPa), toughness (MJ m�3).
bValues indicate difference between property means of high versus low humidity treatments.
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of 2 600 000 MCMC iterations were simulated including ini-
tial 100 000 burn-in iterations followed by 2 500 000 itera-
tions with a 5009 thinning rate.

Results

Mechanical performance

The tensile performance of A. tasmaniensis capture threads
was significantly different in high humidity (>90% RH, N indi-
viduals = 11, n samples = 13) compared to low humidity
(~30% RH, N = 14, n = 14; Figs 3 and 4, Tables 1 and 2).
Capture threads tested in dry conditions were brittle and stiff,
showing very little extension and exhibiting only a linear stress
response to increased strain with a high modulus (Fig. 3).
Threads tested at high humidity were highly extensible and
compliant, with the stress–strain curve displaying an initially
linear slope, followed by an exponentially increasing slope,
signifying strain-hardening, before eventual failure around
134 MPa stress and 53% strain (Fig. 3).
Statistical comparison between capture threads tested in high

humidity versus low humidity showed that breaking strength did
not differ (95% HPD intervals = �77.11 to 39.40 MPa,
PMCMC = 0.55, Fig. 4b, Table 1), breaking strain increased nearly
30-fold (95% HPD intervals = 0.39–0.56, PMCMC < 0.001,
Fig. 4c, Table 1), toughness increased by an order of magnitude
(95% HPD intervals = 5.89–40.77 MJ 10�9, PMCMC < 0.001,
Fig. 4d, Table 1) and Young’s modulus decreased by two orders
of magnitude (95% HPD intervals = �18.96 to �11.52 GPa,
PMCMC < 0.001, Fig. 4a, Table 1).

Adhesive properties

We found that the adhesive properties of A. tasmaniensis cap-
ture threads improved in high humidity conditions (>90% RH,
N individuals = 9, n replicate tests = 21) compared to low
humidity (~30% RH, N = 8, n = 18) conditions (Figs 5 and 6,
Tables 1 and 3). Our adhesion tests showed that the dry cap-
ture threads tested in low humidity were mostly non-adhesive
as values for detachment extension, force and work were close
to zero (mean � SE: force of adhesion: 0.25 � 0.07 lN mm�1,
extension at detachment: 0.14 � 0.006 mm, work of adhesion:
0.006 � 0.002 J 9 10�9, Fig. 6, Table 3). However, capture
threads tested in high humidity showed much greater adhesion
(force of adhesion: 23.66 � 4.59 lN mm�1, extension at
detachment: 2.48 � 0.28 mm, work of adhesion 64.86 �
19.69 J 9 10�9, Fig. 6, Table 3) during pull-off tests. Detach-
ment extension, force, and work of adhesion of capture threads
tested in high humidity were both significantly greater than
those tested in dry conditions by multiple orders of magnitude
(Fig. 5, Table 1, force of adhesion: 95% HPD intervals =
13.84–28.13 lN mm�1, PMCMC < 0.001, extension at detach-
ment: 95% HPD intervals = 1.74–2.69 mm, PMCMC < 0.001,
work of adhesion: 95% HPD intervals = 26.41–88.61 J 9

10�9, PMCMC = 0.002).

(a) (b)

(c)

Figure 5 Mean � 95% highest posterior density intervals for force at

detachment (a), extension at detachment (b) and work of adhesion (c)

of Arachnocampa tasmaniensis capture threads exposed to dry (N

individuals = 8, n samples = 18–30% RH) and wet conditions (N = 9,

n = 21, >90% RH). Significant differences between treatments are

represented by horizontal lines with *** indicating significance level

of PMCMC < 0.001 and ** indicating significance level of

PMCMC < 0.01. Points represent individual averages and are offset

horizontally for identification purposes.
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Discussion

Rubberization of capture thread axial fibers

Our tensile experiments revealed that A. tasmaniensis capture
threads are brittle and glassy when dry but rubbery and exten-
sible when wetted by high humidity (Figs 3 and 4). This tran-
sition from glassy to rubbery mechanical behavior has been
demonstrated in many amorphous protein and sugar-based bio-
molecules (Mathew & Dufresne, 2002; Blasi et al., 2005; Voll-
rath & Porter, 2006; Cordone et al., 2007) as the material is
exposed to a temperature above the glass transition threshold
(Tg). By promoting molecular mobility, water can greatly
reduce Tg as water is a known plasticizer (Sperling, 2005).
While we did not ascertain the Tg of dried glow-worm capture
threads, we can assume exposure to high humidity reduced Tg
to at least room temperature (20°C) in our samples.
The plasticization effect of water has been previously demon-

strated in silks from several other invertebrates (Table 2). Silks
produced by animals that live underwater, such as attachment
byssus of Mytilus and Aulacomya mussels and net silk of the cad-
disfly Stenopsyche marmorata, can be an order of magnitude stif-
fer and up to an order of magnitude less extensible when dry
(Table 2). The silk of some terrestrial arthropods may also be
affected by water in a similar way. The cocoon silk of Bombyx
mori and Antheraea pernyi and minor ampullate and cribellate
axial silk of several orb web spiders display a 1–2 order of mag-
nitude decrease in initial modulus (Table 2). However, orb web
spider viscid capture silk and major ampullate silk and lacewing
(Chrysopa carnea) egg stalk silk show the greatest change in
property when exposed to water, displaying a 1–3 order of mag-
nitude increase in compliance and 1–2 order of magnitude
increase in extensibility (Table 2).
Disruption of hydrogen bonds (H-bonds) has been pro-

posed as the primary mechanism for how these silks deform
in the presence of water (Termonia, 1994; Bauer et al.,
2012). In some cases, such as lacewing silk, intermolecular
H-bonds are disrupted in the crystallite regions of the silk
(Bauer et al., 2012) causing cross-b-sheet crystals to unravel
and extend. In other cases, such as silkworm and spider
silks, the H-bond lattice within the silk’s amorphous region
is disrupted promoting molecular mobility (Work & Moros-
off, 1982; Termonia, 1994; Grubb & Ji, 1999; Eles &
Michal, 2004), facilitating fiber contraction up to 50% in
some spider silks (Boutry & Blackledge, 2010). We can only
speculate here on the role of H-bonds in A. tasmaniensis cap-
ture threads in determining its mechanical behavior. We only
detected marginal contraction of fibers exposed to high
humidity (N = 5, n = 5, 0.72 � 0.22%), which does not pro-
vide strong evidence for an interconnected H-bond lattice.
However, previous studies have revealed a complex combina-
tion of cross-b-sheet crystals, similar to lacewing silk, a low
crystal fraction, similar to spider major ampullate silk, and
the presence of a highly disordered amorphous region
(Walker et al., 2015). Further studies are clearly needed to
determine the molecular mechanisms affecting the perfor-
mance of these unique silks.

Capture thread adhesion

Biological adhesives that capture prey, such as velvet worm
slime and spider glue, utilize water to enhance interfacial adhe-
sion by facilitating the spreading of adhesive macromolecules
and preventing excessive cohesion (Haritos et al., 2010; Opell
et al., 2013; Amarpuri et al., 2015). For example, spiders use
glue-coated viscid threads, which are functionally analogous to
glow-worm capture threads, to entrap prey in their webs (Black-
ledge, Kuntner & Agnarsson, 2011; Foelix, 2011). These silks
can remain sticky in variable environments but seem to be opti-
mized for certain humidity levels (Opell et al., 2013; Baba et al.,
2014; Amarpuri et al., 2015). Several species of Cyrtarachne
spiders, specialized moth-catching orb web weavers, and Tetrag-
natha laboriosa, orb web spiders that live near water, require
very high humidity (100% RH) or face a three- to sevenfold
decrease in stickiness (Baba et al., 2014; Amarpuri et al., 2015).
Our adhesion experiments reveal that A. tasmaniensis cap-

ture threads displayed a three order of magnitude increase in
adhesive force and five order of magnitude increase in work of
adhesion when tested at high humidity (100% RH) compared
to low humidity (30% RH, Fig. 6, Tables 1 and 3). The glue
droplets from the capture threads of three species of Arachno-
campa (including A. tasmaniensis) were previously observed to
crystallize at humidity levels <80% (RH), also indicating a
strong effect of drying on the glue (Von Byern et al., 2016).
While we did not ascertain whether adhesion changes gradu-
ally or instantly at some critical value, our results clearly show
that the high humidity of caves and cave-like environments is
required to facilitate glow-worm silk adhesion.

Conclusions

We demonstrated that A. tasmaniensis capture threads were
more extensible, compliant and tougher with greater adhesive-
ness in high humidity (>90% RH) compared to lower humidity
(30% RH). We infer our results as indicative of water induc-
ing: (1) plasticization of the glow-worm silk fiber by water,
and (2) solvation and spreading of hygroscopic biomolecules
in the glue. Our results indicate that the water-facilitated
increase in thread adhesion and mechanical toughness in
A. tasmaniensis capture threads has biological consequences.
We showed that low humidity renders their sticky silk threads
ineffective for prey capture. Accordingly, we expect that these
animals are likely restricted to foraging in high humidity habi-
tats, such as wet caves and adjacent forests.
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