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Come rain or shine: effects of
external conditions on the
properties of linyphiid silk
Daniel Wharton1, Nicola Weston2 and Sara Goodacre1*

1School of Life Sciences, University of Nottingham, Nottingham, United Kingdom, 2Nanoscale and
Microscale Research Centre, University of Nottingham, Nottingham, United Kingdom
Spiders have adapted to a wide range of ecological niches, accompanied by the

diversification of their silk, which performs various ecological functions under

different environmental conditions. This study investigates the physical

properties of silk produced by highly mobile linyphiid spiders, whose airborne

silken “sails” enable long-distance, high-altitude windborne dispersal.

Environmental Scanning Electron Microscopy imaging demonstrated that

linyphiid silk interacts with moisture in its surroundings, leading to changes in

stiffness and increased torsion at relative humidities greater than 60%. The

estimated tensile strength under low moisture conditions is estimated to be up

to 1 GPa but drops by the order of a factor of 2 when exposed to moisture (>60%

relative humidity) or to short (30 minute) bursts of short wavelength (UV-C) light.

In contrast, storage at temperatures ranging from -18°C to 70°C had no

significant impact on tensile strength. These findings demonstrate the

resilience of linyphiid silk to low temperatures typical of high altitudes, with

important implications for understanding wind-assisted dispersal, global spider

distribution, and potential responses to climate change. We also show that the

silk can withstand exposure to ultraviolet light at intensities that would induce

damage or death to living tissue, albeit with an increased likelihood of fracture.

Together these findings provide important insights needed to understand

ecological processes and explore uses and limitations of synthetic analogues

of these biological materials in medicine and engineering.
KEYWORDS
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Introduction

Spiders play an important role in maintaining ecological balance in the numerous

ecosystems in which they are a part (Nyffeler and Birkhofer 2017). The diversity of

specialised silks that they use to fulfil a variety of ecological functions is central to their

capacity to adapt to such a wide range of different ecological niches. Spiders use their silk to

construct a diverse array of structures, each serving a specific function throughout their life

history, from protective casings for developing embryos to elaborate snares to catch prey or

delicate structures needed for successful mating (Blackledge, 2013).
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The physical properties of silken structures are explained not

only by the chemical composition of the silks themselves but by

their interaction with the external environment. Some of the most

well-characterised types of interactions between silks and their

environment are those produced by orb-weaving spiders (Hopfe

et al., 2024), but there remain substantial gaps in our knowledge of

silks produced by other taxa. In this study, the physical properties of

silk produced by a comparatively unexplored group, the linyphiids,

are examined under common environmental pressures. The ways in

which linyphiid spiders utilise their silk necessitates that the silk

withstand a multitude of environmental extremes. Investigating

these effects thus not only presents valuable insights into the ecology

of linyphiid spiders and their responses to climate change but also

offers potential to extend the range of possible templates for

synthetic biomaterials in the fields of engineering and medicine.

Linyphiids are amongst the most numerous of spiders in the

northern hemisphere (World Spider Catalogue, 2025). They

predominantly inhabit damp leaf litter low to the ground but are

also common in disturbed environments due to their tendency for

long-distance aerial dispersal through a process known as ballooning

(Schmidt and Tscharntke, 2005; Bell et al., 2005). While predicting the

exact distance travelled during ballooning is challenging (Suter, 1999),

it has been estimated that the distribution of dispersal distances is likely

to be leptokurtic and that some linyphiids may travel 30 km or more

per day in sustained optimal conditions (Thomas et al., 2003). Unlike

orb-weavers, which construct vertical orb webs, linyphiids use their silk

to produce horizontal sheet webs for prey capture (Benjamin and

Zschokke, 2004). These webs comprise a dense matrix of horizontal

sheets connected to vegetation, along with vertical capture lines (Cuff

et al., 2022). The linyphiid webs that have been studied to date

comprise fibres of different thicknesses, some of which may be

coated in external, globular-like sticky substances (Benjamin et al.,

2002; Eberhard, 2021). Unlike orb-weavers, these webs are not replaced

daily with the spider primarily remaining on the underside of the sheet

attacking prey from below once ensnared in the web. Although

linyphiids appear to have the same types of silk storage gland and

spinnerets as the orb weavers (Peters and Kovoor, 1991), the relative

sizes of these appears to be different, with glands in linyphiids used to

produce the most extensible strands (flagelliform silk), and sticky

droplets (aggregate silk) being relatively reduced in size.

External factors, such as humidity, temperature and UV

exposure are known to influence the physical properties of silk

fibres. Low humidity typically renders silk more brittle and reduces

its strain energy capacity (Blamires and Sellers, 2019). In contrast,

under high humidity conditions, some silks increase in stiffness and

can withstand a greater force than they would otherwise (Fazio

et al., 2022; Cohen et al., 2021). This characteristic of

‘supercontraction’ is thought to have evolved 225 million years

ago and is observed in many spider families, with the notable

exception of the tarantulas (Agnarsson et al., 2009; Boutry and

Blackledge, 2010). The phenomenon may have evolved to prevent

webs from sagging under the weight of water, such as is observed for

horizontal linyphiid webs, which may be more likely to naturally

accumulate water than the vertical counterparts spun by orb-

weavers (Brackenbury, 1997). Supercontraction is believed to be
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initiated when water molecules diffuse into the silk fibres, triggering

the dissociation of intermolecular hydrogen bonds, which induces

the swelling of the fibre and chain extension to accommodate the

influx of water (Cohen et al., 2021). The rate of water uptake

determines the extent of this change (Agnarsson et al., 2009). While

this process enhances the strands stiffness to prevent immediate

breakage, it also induces torsion within the fibre, generating

significant stresses on the silk strand (Greco et al., 2021) that

could ultimately adversely impact the webs capture efficiency.

Recent theoretical work suggests that these environmental

stressors, including moisture, may trigger bifurcation transitions

in the silk’s mechanical response, shifting it between elongation and

contraction under torsion, in a process known as the dual Poynting

effect (Fraldi et al., 2025). Thus, through supercontraction, spider

silk exploits bifurcation mechanics, allowing it to adapt to diverse

environmental conditions. This adaptive behaviour may enhance

the silk’s performance in processes such as wind-assisted dispersal

and web construction, where it must withstand both high tensile

forces and environmental stresses.

The breaking strain and stiffness of silk are also shown to be

affected by temperature, decreasing as temperature increases

(Maithani et al., 2022), although the silk itself can withstand

temperatures far more extreme than those seen in nature, at the

extremes of both cold (-60°C) and heat (300°C) (Gu et al., 2020;

Yang et al., 2005). Ultraviolet rays (UV-A), to which there is

exposure in nature, have been shown to exhibit a strengthening

effect on spider silk, likely by fostering the formation of crosslinks

between protein molecules within the silk fibre (Osaki and Osaki,

2011). Shorter wavelength UV-C rays, which are highly damaging

to biological material and only expected to be encountered above

the ozone layer appear to reduce tensile strength and strain at

breakage (Perez-Rigueiro et al., 2007).

In this study we explore the effect of altered humidity and

temperature, and exposure to biologically harmful UV-C rays, on the

physical structure and properties of linyphiid silk. We use

environmental Scanning Electron Microscopy (eSEM) and tests of

tensile strength in order to fill a gap in our understanding of the

properties of silk that is used by linyphiid spiders. These belong to the

same spider clade, Araneoidea, which includes orb-weaving spiders

such as nephilids and araneids, but linyphiid silk remains much less

well-characterised than their orb-weaving counterparts. Our findings

help shape our understanding of how these silks differ from those of the

much better studied orb-weaver silks, and what this means for their

ability to disperse under different environmental conditions.
Methods

Study site and sample

Linyphiid spiders (from the subfamily Linyphiinae) were

collected by hand from parkland on the University of

Nottingham campus. They were housed in transparent plastic

bijou pots, containing a small wooden stick and wet tissue paper.

The inclusion of these specific items aimed to create a suitable
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microenvironment for the spiders, offering a climbing structure and

maintaining humidity to prevent desiccation. Spiders were stored in

an opaque plastic tub in the laboratory, maintaining a consistent

dark environment at room temperature (20°C) and watered

regularly to keep moist.
Collection and treatment of silk

To extract silk, wooden sticks were used to gently lift the spider,

which was then encouraged to descend, resulting in a strand of

dragline silk forming between the wooden stick and the spider. This

strand was then placed over the top of a plastic bijou pot. Tensile

strength of silk strands was assessed by placing a small strip of tissue

paper of known mass on the midpoint of the silk strand. 10 µl

volumes of distilled water were added incrementally to the tissue

paper using a P20 Gilson pipette. This process was repeated every

minute until the silk strand snapped.

Treatment of silk samples with UV-C light was carried out by

placing them in a sealed container with a UV-C light source (254

nm wavelength) for 30 minutes. This duration of exposure is used to

sterilise surfaces because it induces damage or death to living tissue.

Silks were exposed to a range of temperatures by being placed in a

freezer (-18°C), fridge (5°C), or heat block (70°C) for 4

hours, respectively.

Ambient humidity in the outdoor environment where the silk

would perform its natural function is approximately 80%. Samples

were exposed to the following experimental conditions: (1) a

laboratory setting (55% humidity at 20°C), (2) a dry room (30%

humidity at 25°C), and (3) a sealed plastic box filled with water

(100% humidity at 20°C).
Imaging using an environmental scanning
electron microscope

To analyse the structural characteristics of silk, an

environmental Scanning Electron Microscope FEI Qanta650

eSEM with a temperature-controlled Peltier stage was employed

to capture high-resolution images. A sample of linyphiid web was

carefully affixed to the stage and humidity reduced in the chamber

to approximately 11%. Humidity was then increased incrementally

over a period of approximately half an hour to a final value of 95%

before being reduced back to 11%. The temperature of the stage was

lowered to 2°C during this process of wetting in order to control the

level of humidity by adjusting the chamber pressure, whilst

maintaining constant temperature. Images of the samples were

taken at multiple positions at each incremental change in humidity.
Analysis of data

Dimensions of silk strands were obtained from the eSEM

images and used to estimate the tensile strength using the

formula S=F/A where S =strength, F=ultimate force required to
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break the silk and A=cross sectional area. Comparisons between

groups of silk treated in different ways were made using non-

parametric Mann-Whitney U tests. The a priori expectation is that

UV treatment reduces tensile strength thus tests were performed

one-tailed. A conservative, two-tailed approach was taken when

testing for significant effects of humidity and temperature.
Results

Silk structure

The eSEM imaging indicated a variety of strand thicknesses in

the linyphiid web, notably the existence of larger silk strands with

smaller strands attached to them, as well as multiple silk strands

twisted together in a helical structure. (Figure 1). A range of

thickness of strands was observed with an estimated range of 0.1-

2 mm in diameter. Some strands had observable thickened areas at

regular intervals (Figure 2), consistent with some kind of external

deposits. To account for this variability and to ensure consistency in

our mechanical calculations, we adopted 2 mm, the upper end of the

observed range, as a reference diameter for calculating cross-

sectional area and tensile strength. This conservative choice

guarantees that our reported tensile strength values represent

minimum estimates, and we therefore acknowledge that the

actual tensile strength of linyphiid silk is likely higher than reported.

Humidity within the eSEM chamber was gradually increased from

11% to 95% and then reduced back to 11%. Five defined points on the

sample were imaged at the initial humidity and at intervals throughout

the increase. A representative series of images from one such point,

illustrating the silk strands at various humidity levels, is shown in

Figure 3. Observable changes in strand position occurred, consistent
FIGURE 1

eSEM image taken at 20°C, 11.7% relative humidity, displaying the
helical configuration of linyphiid silk strands, with multiple strands
intricately entwined around each other. Strand diameter ranged
between approximately 0.1- 2 mm.
frontiersin.org

https://doi.org/10.3389/frchs.2025.1580992
https://www.frontiersin.org/journals/arachnid-science
https://www.frontiersin.org


Wharton et al. 10.3389/frchs.2025.1580992
with fibre stiffening and contraction. Across all five points, these

changes consistently appeared once the relative humidity exceeded

60%. In these images, the silk fibres appear to undergo not only
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contraction but also twisting or rotational movement, indicative of

increased torsional stress within the fibres. This increased torsion is

initiated by humidity-induced supercontraction andmay contribute to

the observed rearrangement and tightening of the silk strands.
Estimates of tensile strength are reduced
at high levels of humidity

Masses applied to the untreated (‘control’) silk strands under

ambient laboratory conditions (55% humidity, 20°C) ranged

from 0.0147 g to 0.0327 g with a mean mass of 0.0226 g,

yielding an average tensile strength of 0.71 GPa and a

maximum of 1.03 GPa (n=10 replicates) (Figure 4). A Mann-

Whitney U test was used to determine the significance of the

differences in strength between these samples and those exposed

to different conditions. Samples stored in a dry room (30%

humidity) had an average estimated tensile strength of 0.76

GPa (maximum estimated 1.46 GPa) but the difference was not

significant compared with the values obtained under ambient

conditions (U = 24, z = 0.06124, p > 0.05). In contrast, at

maximum humidity (100%), the tensile strength was estimated

to be significantly lower than at ambient room conditions

(estimated mean tensile strength of 0.46 GPa, mean mass at

breaking = 0.0147g. U = 4.5, z = 2.44949, p < 0.05).
FIGURE 3

eSEM micrographs taken at the same location, and at the same magnification, showing linyphiid major ampullate at different levels of humidity,
starting at 11.6% [image (A)], increasing to 70% [image (B)] and 95% [image (C)] and then subsequently reduced at the same rate to a final value of
12% [image (D)].
FIGURE 2

eSEM image captured at 20 °C and 11.7% relative humidity. The
image shows silk strands of varying diameter, with the larger strands
exhibiting periodic thickened regions along their length. Arrow ‘A’
highlights the position of an external globular, adhesive-like coating,
suggestive of a sticky surface deposit.
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Estimates of tensile strength are not
significantly affected by temperature

The estimated tensile strength endured by silk strands treated at

different temperatures exhibited no significant deviation from the

ambient ‘control’ samples (-18°C sample: U = 9, z = -1.89835, p >

0.05; 5°C sample: U = 13, z = -1.40846, p > 0.05; 70°C sample: U =

15, z = -1.16351, p > 0.05). The samples treated at -18°C showed the

highest deviation from the control group, with an average mass to

breaking of 0.0294 g, corresponding to a tensile strength of 0.92

GPa. Estimates of tensile strength for the samples stored at 5°C

sample were 0.88 GPa, and for 70°C samples were 0.82 GPa.
Ultraviolet-C irradiation reduces tensile
strength

Results from the investigation of the UV-C treated silk samples

were compared to those of the control group, with 0.0166 g (mean

0.0111 g) being the mass sufficient to break the untreated silk

strands. The estimated mean tensile strength of the UV treated

samples was 0.35 GPa with the estimated maximum being 0.52 GPa.

These were significantly lower than those of the ambient ‘control’

samples (U = 2, z = 2.98279, p < 0.05).
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Discussion

Linyphiids use their silk for long-distance dispersal as well as for

creating silken structures for use in situ to catch prey. In this study

we examine their silk and show that it likely alters its physical

properties through interactions with the environment, specifically

exposure to water. We find that silks become stiffer and more

contracted as humidity increases but we do not find a similar

response to lowered or raised temperatures, indicating that the silk

is resistant to low temperatures that might be experienced during

aerial dispersal at high altitude. We also identify areas where the

individual silk fibres are covered with what may be external

aggregations of proteins. Exposure to low-wavelength UV that is

known to be harmful to living organisms also increases silk stiffness

and the likelihood of fracture, but we show that the silk remains

intact and retains approximately half its previous tensile strength.

Our eSEM imaging findings, which show that silk fibres appear

to contract and shorten in the presence of moisture is consistent

with the fibres going through the process of supercontraction, a

phenomenon that has been observed in silk produced by other

spiders. In addition to this contraction, fibres also exhibited visible

twisting and rotation, suggesting the presence of torsional stress

induced by humidity. This behaviour is likely driven by the

disruption of hydrogen bonds within the silk’s amorphous
FIGURE 4

This figure presents the tensile strength of spider silk across various environmental conditions. Crosses represent individual measurements, and red
diamond markers indicate the mean tensile strength for each condition. The results highlight a significant decrease in tensile strength under UV
exposure [p<0.00144] and 100% humidity [p<0. 01428]. In contrast, 30% humidity and temperature deviation, preserve or slightly enhance tensile
strength performance.
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regions, leading to realignment of molecular chains (Fraldi et al.,

2025). Such torsional effects may facilitate the rearrangement and

tightening of silk strands, potentially enhancing the structural

cohesion of the web under changing environmental conditions.

Interestingly we find evidence to suggest that in this case it occurs at

humidity levels as low as 60% which is lower than what is seen in

orb-weavers in which supercontraction usually starts at 75%

humidity (Greco et al., 2021). This difference may reflect the

evolutionary adaptation of linyphiid silk to the more temperate

climates that they occupy, as opposed to the humid tropical climates

of species that have previously been studied. The images that we

obtained under different conditions illustrate the complex and

diverse structure of the silk being studied. The different structural

features observed may explain its ability to withstand particular

environmental conditions and remain functional in its various

ecological roles.

The supercontraction behaviour observed in this study, as well as

in previous research, has been described and investigated through the

development of advanced theoretical frameworks that capture the

complex interplay between spider silk’s internal structure,

environmental conditions, and mechanical response. For instance,

Fazio et al. (2025a) present a model in which exposure to moisture

causes silk to undergo a solid-solid phase transition. Within this model,

external energy input provided by either increased humidity and water

infiltration or temperature fluctuations is required to break the

hydrogen bonds within the amorphous regions, causing the silk

structure to transition from a glassy to a rubbery state (Fazio et al.,

2025a). This transition is correlated to the silk’s hierarchical structure,

comprising of a combination of highly ordered b-sheet nanocrystals
and disordered amorphous regions (Fazio et al., 2025a). The major

ampullate spidroins, MaSp1 and MaSp2, are fundamental to this

structure with MaSp1 forming the stiff crystalline b-sheet domains

that provide strength, while MaSp2, enriched in proline content,

enhances the amorphous matrix’s flexibility and its affinity for water,

making it particularly important for supercontraction (Fazio et al.,

2025b). Recent advances using physically based machine learning

approaches have further illuminated this behaviour. These models

integrate physical principles such as elasticity, phase transitions, and

hydration effects into the learning process, enabling machine learning

algorithms to uncover mechanistic relationships across different scales

rather than merely fitting data. Through this approach, it has been

revealed that the onset of supercontraction is governed by specific

structural reorganisations within the MaSp2-rich amorphous regions,

where water acts as a plasticiser triggering large-scale fibre deformation

(Fazio et al., 2024). Complementary studies on artificial spider silk

fibres have demonstrated that temperature variations can amplify these

hydration-driven transitions, highlighting the dynamic responsiveness

of silk’s internal phases (Fazio et al., 2025a). Observations under eSEM

closely align these theoretical predictions, capturing real-time

morphological changes such as the fibre swelling and increased

torsion that accompany supercontraction.

The tensile strength of orb-weaver silk has been regularly

recorded at strengths around 1 GPa, although species differ

considerably (Blackledge et al., 2013; Wen et al., 2023). There are

far fewer data recorded for linyphiids, with only two published
Frontiers in Arachnid Science 06
values of tensile strength, which are for a Neriene (1.13 GPa) and a

Turinyphia (1.28 GPa) species respectively. Our values are similar

(up to 1 GPa), an observation that further confirms the finding that

whilst linyphiid silk is typically much thinner than that of orb-

weaver silk – commonly 1-2 mm in diameter as compared with 3-6

mm and occasionally up to 10 mm in some orb-weavers (Andersson

et al., 2016; IaChina et al., 2023) it retains a similar tensile strength.

Orb-weaving spiders such as the Araneidae and the Linyphiidae are

both part of the superfamily Araneoidea. Phylogenetically

conserved features in their silks might explain the mechanism

through which they both achieve these similar physical properties

(Agnarsson, 2004), with natural selection responsible for

maintaining and shaping them to fulfil their respective ecological

functions (Tian et al., 2022).

Orb-weavers and their orb webs are required to absorb the impact

of high-speed, often flying, prey without snapping and therefore, their

hunting style necessitates a high tensile strength (Lefèvre and Auger,

2016). In contrast, linyphiid webs are positioned horizontally and are

suited for catching prey that are proportionally smaller and moving at

lower speeds (Benjamin and Zschokke, 2004). Our findings that the silk

of linyphiids is of a similar strength despite the lower speed and smaller

mass to catch is consistent with these prey items often encountering a

single silk strand rather than their force being shared by the elements of

an interconnected orb web. This may impose a selection pressure for

increased silk strength and extensibility (Harmer et al., 2010).

Linyphiids maintain their webs and cannot re-ingest them, unlike

many orb-weavers, which may also create a need for them to withstand

multiple encounters.
Conclusion

Our findings are also consistent with previous work on other

spiders such as orb-weavers that has shown that exposure to water

can increase stress and alter torsion within a fibre and decreases its

overall tensile strength (Boutry and Blackledge, 2010). This suggests

a fitness trade-off in spider silk supercontraction, wherein the

benefits of supercontraction in high humidity conditions, such as

preventing webs from sagging when wet, must outweigh the loss of

ultimate tensile strength (Boutry and Blackledge, 2010). The

performance that we observe of linyphiid silk in low levels of

humidity may be attributed to its adaptation to the natural

environments they inhabit. Linyphiid spiders are common in

northern temperate environments characterised by lower average

humidities when compared with tropical areas (Adams, 2014).

Furthermore, the propensity of linyphiid spiders to engage in

ballooning, which involves ascent into the higher atmosphere, an

area that is typically marked by low humidity levels, may impose

selection pressures for high-performance silk in low humidity

environments. Our finding that linyphiid silk maintains its

mechanical properties across a broad temperature range, is

consistent with its suitability for operating at ground level and

high altitude. This also points the way for using this silk as a

template for suitable material for industrial applications that require

materials capable of withstanding temperature fluctuations and that
frontiersin.org

https://doi.org/10.3389/frchs.2025.1580992
https://www.frontiersin.org/journals/arachnid-science
https://www.frontiersin.org


Wharton et al. 10.3389/frchs.2025.1580992
can also withstand exposure to UV wavelengths that are damaging

to other biological materials.

Our findings show that there is a complex interplay between silks

and the environment in which they operate. Studies of linyphiid silk

will inform our understanding of how this particular group of spiders

has diversified into such a range of ecological niches, and for our

understanding of their likely response to changes in external climatic

conditions. This understanding will help shape studies into the use of

silk in industrial settings, providing new avenues for advancement in

biomimetic spider silk studies.
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