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Abstract  

It has been suggested that physical interactions between biological and environmental 

surfaces may constrain ecological niche spaces. However, the mechanistic understanding of 

niche formation is frequently limited by the lack of information on the function and variation 

of these interactions. Here we hypothesized that two closely related species of orb-web spiders 

have evolved different adhesion performance of web attachment (i.e., piriform silk) facilitating 

the occupation of contrasting microhabitats: plants versus rocks. Contrary to our prediction, we 

found that piriform silk adhesion was equally affected by surface chemistry in both species, 

with maximal adhesion on surfaces with high surface polarity and an average adhesion loss of 

70-75% on low polar surfaces. Spiders did not respond to adhesion losses by increasing the 

anchor size, despite the repeated failure to attach their web to low polar surfaces. In a natural 

setting, poor adhesion on low polar surfaces may be mitigated by behavioural means, like the 

preference to place anchors on corrugated surface features such as leaf edges, or the spinning 

of multiple anchorages and formation of a bundled anchor line. Thus, microhabitat choice for 

web-building spiders may be governed by structural properties rather than surface chemistry. 

These results suggest that the repeatedly demonstrated effects of surface chemistry on bio-

adhesion may be ecologically less important than assumed and that the role of behaviour in the 

evolution of bio-adhesion performance has been underestimated. 
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Introduction 

Most interactions between an organism and its environment occur at the surface of the 

organism's body. These may include the impact of abiotic factors such as temperature, UV 

radiation, humidity and salinity, and biotic factors such as the interaction with prey, predators 

and parasites. Many organisms modify these interactions to their benefit by producing 

secretions, which, in their extreme, may form shells or buildings beyond the body (so-called 

'extended phenotypes') and thus form a buffer between the organism and its environment. The 

sum of all those interactions and their boundaries within which the organism can survive and 

reproduce define the ecological niche of an organism. 

An important, yet often neglected, organism-environment interaction is surface adhesion. 

Adhesion often plays an important role in locomotion, prey capture, defence and reproduction 

(Betz and Kölsch 2004; Brau et al. 2016; Eisner and Aneshansley 2000; Federle et al. 2000; 

Gorb 2001; Opell 1998; von Byern and Grunwald 2010; Wolff et al. 2016; Wolff et al. 2015b; 

Wolff et al. 2017b; Wolff et al. 2014). It is a means of attaching built structures, such as 

cocoons, egg sacs and webs, to environmental structures, such as rocks or plants (Grawe et al. 

2014; Hansell 2005; Sahni et al. 2012; Wolff et al. 2017a). As the function and efficiency of 

adhesive organs and secretions differs between species, it can set the boundaries of an 

ecological niche by giving access to resources or providing a selective benefit if competing 

over these resources.  

Within the last two decades, numerous research programmes have aimed to reveal the function 

and limitations of adhesive organs and biological glues, often within the framework of 

biomimicry, but also to gain a better understanding of the species' biology. It has been 

repeatedly demonstrated that the function of adhesive organs and secretions can be affected by 

environmental humidity (Amarpuri et al. 2015; Heepe et al. 2016; Huber et al. 2005; 

Niewiarowski et al. 2008; Piorkowski et al. 2018; Puthoff et al. 2010; Shin et al. 2019; von 

Byern et al. 2019; Wolff and Gorb 2011), surface roughness (Crawford et al. 2016; England et 

al. 2016; Schnee et al. 2019; Wolff and Gorb 2012), surface softness (Berglin and Gatenholm 

1999; Heepe et al. 2017; Voigt et al. 2019) and surface polarity (Crisp et al. 1985; Grohmann 

et al. 2014; Schnee et al. 2019). Nearly all of these experiments have been conducted in the lab 

using standardized artificial substrates. Although the ecological relevance of these effects has 

been highlighted (Crisp et al. 1985; Voigt et al. 2019; Wolff and Gorb 2016), the natural history 

of studied species, i.e., their microhabitat and behaviour, has rarely been taken into account 



(but see Federle et al. 2000 and Grohmann et al. 2014). Our understanding of how the physical 

properties of adhesive organs and secretions affect the shaping of ecological niches is thus 

severely limited. 

To address this problem, we compared the effect of surface polarity on silk adhesion in two 

closely related species of spiders with disparate ecological niches. The St Andrew's Cross 

Spider (Argiope keyserlingi KARSCH, 1878) is a common species at Australia's East coast and 

predominantly attaches its web to plant surfaces, such as in low bushes (e.g. Lomandra) 

(Herberstein 2000; Rao et al. 2007). The related Argiope mascordi LEVI, 1983 has a local 

distribution in the savannah region of North Queensland, and its web is predominantly found 

attached to rock surfaces (Walter and Elgar 2016). Araneid orb-web spiders attach webs with 

means of glue-coated silk nano-fibres produced by the piriform glands and applied into a 

plaque-like structure called 'attachment disc' (Grawe et al. 2014; Wolff 2017; Wolff et al. 

2015a). The non-adhesive and strong structural thread (i.e., the dragline, or anchor line) is 

produced by the ampullate glands and attached to the attachment disc with a flexible network 

of piriform silk fibres, creating an anchorage that is robust towards changing tensile loading 

situations (Wolff and Herberstein 2017; Wolff et al. 2017c). 

For web attachment, theory predicts that there is an optimal substrate polarity, where silk 

adhesion and silk strength are balanced (Pugno et al. 2013). This optimum is defined by both 

the adhesive and the material properties of the anchor, which are the result of the chemical 

composition, the macro-molecular assembly and the spinning of the silk (Wolff 2017), all of 

which may undergo evolutionary change (Wolff et al. 2019). Although it was previously shown 

that the pull-off resistance of spider silk anchorages is reduced on hydrophobic surfaces such 

as plant leaves and polymer surfaces (Grawe et al. 2014; Wolff et al. 2015a), the full scale of 

this relationship remained empirically untested. Here we used different standardized substrates 

to cover a broad range of surfaces from hydrophilic to highly hydrophobic. 

Because rock surfaces tend to be hydrophilic whereas plant surfaces are often hydrophobic to 

super-hydrophobic (Whitney and Federle 2013), we hypothesized that the force required to pull 

off anchors from low polar surfaces is relatively higher in A. keyserlingi than in A. mascordi 

due to local niche adaptation. Furthermore, we hypothesized that there is an optimum in 

substrate polarity, where silk adhesion and silk strength are balanced, and that this optimum is 

shifted towards a higher substrate hydrophobicity in A. keyserlingi. 

 



Material & Methods 

Spiders 

Juvenile and female A. keyserlingi were collected from webs in bushes in the Northern suburbs 

of Sydney (Hornsby, Pymble, Mona Vale). Juvenile and female A. mascordi were collected 

from webs at rocks and in drainage tubes in the Gulf Savannah region of North-Western 

Queensland. Spiders were kept in Perspex frames (50×50×10 cm; see Zschokke and 

Herberstein 2005 for details of method) for 2-4 months and fed ad libitum with small house 

crickets (Acheta domesticus, purchased from a pet shop) for maximal growth, as the analysis 

was facilitated by a large spider size. Spiders were offered water by sprinkling their webs once 

per week. The environmental conditions in the animal housing facility were kept at 25–27°C 

and 50–60% humidity with a 12:12 h light:dark cycle. 

 

Substrates 

We used standard glass slides for microscopy (76×25×1 mm, No. 7101, Sail Brand, China) as 

the most hydrophilic substrate. Glass slides were rinsed 1× with acetone and 2× with absolute 

ethanol prior testing to clean off particles and liquids. Polymer sheets of the following materials 

were purchased from Plastic Center Group Pty Ltd (Cheltenham, VIC, Australia): nylon (white, 

1 mm thick), Perspex (PMMA, clear, 1.5 mm thick), polycarbonate (transparent, 1 mm thick) 

and polystyrene (HIPS, white, 1 mm thick). In addition, polypropylene sheets from stationary 

supplies (smooth document protector sheets, No. 2008000G, marbig, China) were used. Sheets 

were cut to the same size as the glass slide for the mounting into the experimental setup.  

 

Water contact angle: To characterize hydrophobicity of the substrates, the contact angle of 

small water droplets (CAH2O) was measured using the sessile droplet method. The substrate 

sample was placed horizontally on a laboratory stand with the surface in an axis with a 

horizontally aligned camera (BASLER Ace 640 x 480 pixels C Mount 750fps 1/4" CMOS 

Global Shutter Mono USB 3.0, Basler AG, Ahrensburg, Germany) equipped with a zooming 

lens (Fujinon F1.4 - F16, 12.5mm, C Mount, Manual (I,F), Fuji Photo Film Co., Ltd, Tokyo, 

Japan), and a backlight.  

1 μL of distilled water was placed onto the substrate with a micro-pipette and immediately 

photographed. Ten droplets per substrate were photographed and analyzed with the DropSnake 

plug-in (Stalder et al. 2006) in ImageJ 1.5 (Schneider et al. 2012). 

 



Profilometry: As surface roughness may affect adhesion, we measured the surface roughness 

of used substrates with interferometry. Phase-stepping interferometry (PSI) is an optical 

surface-profiling technique that works by illuminating a target surface with coherent light and 

measures the phase of the reflected wave by interfering it with a reference wave (Bhushan et 

al. 1985). If the reflecting surface is contoured, then the measured phase will vary with position. 

To a first approximation, the phase is proportional to the surface height, 𝜙(𝑥, 𝑦) =
4𝜋

𝜆
𝑧(𝑥, 𝑦), 

where ϕ is the measured phase, λ is the wavelength of the coherent light source (535 nm in this 

case), and z is the surface profile. 

In practice, the phase is measured using a CCD camera by monitoring the intensity of the 

interference pattern as the illumination source is incrementally stepped in phase (De Groot 

1995).  Each pixel of the CCD yields a phase measurement from which the surface profile can 

be reconstructed. For this study, a 5× objective was used (resulting in a field of view of 1.30 × 

0.94 mm with a pixel size of 1.96 μm and a z-resolution of 0.3 nm) and surface profiles were 

averaged over 8 acquisitions to reduce noise. 

We found that roughness differed between substrates (Fig. 1; Tab. 1). As the used materials do 

not form ideally flat surfaces, it was not possible to exclude the effect of surface roughness on 

piriform silk adhesion. However, due to the small scale of roughness, we considered these 

effects as negligible in comparison to the effects of surface polarity (see discussion section).  

 

Sample collection 

For silk sample collection on different substrates, the five largest spiders per species were 

individually placed in disposable food boxes (15×9×5 cm) made of polypropylene. The 

similarly sized substrate samples were attached to the box lid with adhesive tape on both ends 

and grouped in a randomized order. Boxes were kept dry, and no food was given to obtain 

clean samples. Spiders would usually hang upside down from the lid and attach silk lines to 

the substrate samples or the food box walls. Boxes were visually inspected daily for attached 

silk and substrates were removed if the number of attached silk anchors exceeded ten. For 

substrate sample removal, attached draglines were carefully cut with micro-scissors ~15 mm 

above their anchorage, while care was taken not to stress the anchorage. Samples were stored 

dry in plastic microscopy sample boxes. The thin polypropylene sheets were attached to glass 

slides with double-sided tape to prevent polymer sheet deformation during tensile testing.  

 

Morphometrics 



Prior to pull-off tests, each sample was photographed with a Canon EOS 600D DSLR (Canon 

Inc., Tokyo, Japan) mounted on a dissecting microscope (Motic Inc. Ltd., Hong Kong), using 

3-5× magnification. To enhance the visibility of silk anchors on white non-transparent 

substrates (nylon, PS), a co-axial lighting method was used. Morphometric measurements were 

performed with ImageJ 1.5 (Schneider et al. 2012). The following variables of the piriform silk 

disc were determined: (1) disc area A, (2) relative width W/L (width divided by length), and (3) 

centrality cd (distance between the dragline insertion point and the front edge of the attachment 

disc divided by disc length) (see Wolff and Herberstein 2017 for details on these variables). 

These variables are assumed to influence the loading tolerance of the attachment (see Wolff 

and Herberstein 2017 and Wolff et al. 2017c for details). 

 

Pull-off tests 

Determination of peak pull-off force: Peak detachment forces of silk anchors were measured 

with a ULC-0.5N load cell (Interface, Inc., Scottsdale, AZ, USA) on an Instron 5542 tensile 

tester (Instron, Norwood, USA), using the setup and parameters described in Wolff and 

Herberstein (2017). Silk anchors were pulled off at an angle of 90° towards the substrate 

surface. We aimed for three samples per spider and substrate. However, in some instances the 

number of samples spun by the spider on the surface would not be sufficient (mostly on 

polypropylene, on which spiders had the most problems attaching their silk). In these cases, we 

included a fourth sample of some individuals to gain even sample sizes between substrates and 

species. 

 

Fracture analysis: For each test, the fracture mode was noted: (1) complete delamination of 

the piriform silk film from the substrate or (2) internal fracture of anchorage (i.e. fracture of 

dragline or piriform silk) with silk remnants left behind on the substrate surface. This 

information was used to calculate the proportion of complete anchor detachment events across 

all tests for each substrate and species. To estimate the CAH2O thresholds of delamination 

failure, linear models were constructed assuming a proportional relationship between the 

delamination failure ratio and surface CAH2O for all observations in which delamination failure 

ratio was > 0 (we note that this is an approximation and the real relationship may follow a 

sigmoidal curve).   

 

Statistical analysis 



For statistical comparison of variables (Fmax, and morphometric variables A, W/L, and cd) 

between substrates and species, we separately constructed a linear mixed model for each 

variable including spider 'individual/substrate' as a random effect, using the lmer function in 

the lme4 package (Bates et al. 2015) in R 3.5 (R Core Team 2016). We compared these models 

with according null-models lacking the factor 'substrate', 'species' or both 'substrate' + 'species', 

by a likelihood ratio test, applying a significance level of 0.05. Residuals were checked for 

homoscedasticity and normality via visual inspection of histograms and the Shapiro-Wilk test 

of normality. We detected moderate heteroscedasticity in the model residuals. A log-

transformation of the maximal force data was done to reduce the heteroscedasticity. 

Calculations of estimated marginal means (Searle et al. 1980) of the log-transformed Fmax per 

substrate and species and their pairwise comparisons were performed using the emmeans 

function in the package emmeans (Lenth et al. 2018).  

 

Results 

Comparing the full model (with ‘species’ and ‘substrate’ as fixed effects and 

individual/substrate as random effect) with several null models revealed that pull-off forces 

were significantly affected by the substrate surface chemistry, while ‘species’ had no 

significant effect (species + substrate: χ²(5) = 75.292; p < 0.0001; species only: χ²(1) = 0.2881; 

p = 0.7208; substrate only: χ²(4) = 75.185; p < 0.0001). This indicates that anchors of both 

species were similarly affected by surface polarity and did not differ in the pull-off force 

resistance on a given substrate.  

On average, anchor resistance was highest if attached to a substrate with intermediate 

hydrophobicity (i.e., nylon with CAH2O=59°). With increasing hydrophobicity of the substrate, 

anchor resistance massively decreased (Fig. 2b, Tab. 2). On the most hydrophobic substrate 

used in this experiment (polypropylene with CAH2O=90°), anchor resistance was reduced by 

70-75%. There was a trend of anchor resistance on polypropylene being more strongly reduced 

in A. mascordi than in A. keyserlingi (Tab. 3), albeit with low significance (Comparison of 

GLMMs with reduced dataset only containing polypropylene data: χ²(1) = 3.3583; p = 0.0669). 

Within species, differences between substrates with medium and high hydrophobicity were 

more pronounced in A. mascordi than in A. keyserlingi (Tab. 3). However, in both species 

forces on polypropylene were significantly different to forces on all other surfaces. 



Fracture analysis revealed different characteristic of the force-displacement curves for different 

failure modes (Fig. 2d), which is in line with previous observations in different species (Grawe 

et al. 2014). Failure by delamination of the anchor from the substrate (adhesion failure) 

generally resulted in lower peak pull-off forces than anchor fracture (i.e., breakage of the 

dragline or piriform fibres, or failure of the piriform-dragline interface). The proportion of total 

anchor detachment events proportionally increased with surface hydrophobicity (Fig. 2e). This 

proportion tended to be lower for A. keyserlingi than for A. mascordi, indicating slightly 

stronger silk adhesion on hydrophobic surfaces. Based on linear models, fracture and 

delamination were balanced (proportion of 0.5) at a surface hydrophobicity of CAH2O=77.0° in 

A. keyserlingi and CAH2O=67.4° in A. mascordi (Fig. 2e). The threshold at which first 

delamination events would be observable was determined to be a surface CAH2O=53.4° in A. 

keyserlingi and CAH2O=41.0° in A. mascordi. The upper limit for fracture events was found to 

be at a CAH2O=100.6° in A. keyserlingi and CAH2O=93.9° in A. mascordi. On nylon, where the 

highest anchor pull-off resistance was measured (among our tested surfaces), only a small 

proportion of anchors detached completely (2 out of 19 in A. keyserlingi and 5 out of 15 in A. 

mascordi). 

For anchor geometry, neither A, W/L nor cd were significantly affected by substrate surface 

chemistry (A: χ²(4) = 5.673; p = 0.2249; W/L: χ²(4) = 4.5123; p = 0.3411; cd: χ²(4) = 5.9376; p 

= 0.2039). This means that spiders did not alter the size or structure of anchors in response to 

different substrates. 

 

Discussion 

Strong effect of surface polarity on silk anchor resistance 

Our study is the first that experimentally studies the relationship between substrate surface 

polarity and piriform silk adhesion across a gradient of substrate hydrophobicity. We found 

that the ability of spider silk anchors to resist tensile load is strongly affected by the surface 

wettability of the attachment substrate. This is in line with a general trend within biological 

adhesives that are based on solidifying secretions (Berglin and Gatenholm 1999; Callow and 

Fletcher 1994; Crisp et al. 1985). Adhesion reduction on hydrophobic surfaces can be explained 

with reduced molecular adhesion and poor spreading of the piriform silk glue on such surfaces, 

which reduces the effective contact area (Grawe et al. 2014). 



Theoretical models of silk anchor function predicted that pull-off forces begin to drop when 

adhesion strength falls below the intrinsic breaking strength of the silk (Pugno et al. 2013). 

This was supported by our observations. However, we found that this threshold varies 

considerably: the range of water contact angles from the value at which first delamination 

events can be observed to the value at which all anchors fail by delamination is as large as 50°. 

This might be explained by the natural variation of silk anchor structure (Wolff and Herberstein 

2017). The anchor structure may determine how tensile stress is dissipated within the material 

and how it is transmitted to the glue-substrate interface. This may affect the pull-off force 

resistance of the anchor even if adhesion between the silk and the substrate material is similar 

on the molecular level (Wolff 2017; Wolff et al. 2015a; Wolff and Herberstein 2017).  

We found that surface roughness differed between the experimental substrates used. This could 

have potentially affected anchor adhesion. Depending on the scale of roughness, and the 

amount, surface tension and viscosity of the glue, the effective contact area and thus adhesive 

force could either be reduced or enhanced. The piriform fibrils of araneids have a diameter of 

~500 nm and are extruded with a cylindrical glue coat of 100-500nm thickness (Wirth et al. 

2019; Wolff et al. 2015a). Such an amount of glue is sufficient to fill cavities at the scale found 

in the used experimental surfaces. Given the glue perfectly spreads on the surface, the effective 

contact area could have been higher on surfaces with higher surface roughness. As the 

rheological properties of piriform glue are unknown, we can only speculate if surface 

roughness enhanced adhesion. For instance, the slightly higher mean values of peak pull-off 

forces on nylon than on the more hydrophilic glass surface could be explained with such effects. 

However, these differences were statistically insignificant, and we consider them negligible 

compared to the effect of surface polarity.  

 

No adaptation of silk glue chemistry to specific microhabitat surfaces 

Our results show that anchor resistance drops when anchors start to fail by delamination. We 

hypothesized that the location of this force drop is species-specific and reflects a local 

adaptation in silk glue chemistry to the species' microhabitat. This hypothesis was rejected due 

to missing support: silk anchor resistance was similarly affected by surface hydrophobicity in 

both species studied, except for the trend of a higher fracture proportion of anchors in A. 

mascordi than in A. keyserlingi on hydrophobic substrates.  



The ability to securely attach webs can be limited by microhabitat surface properties under 

natural conditions. This is indicated by the general reduction in anchor strength on plant 

surfaces found in a number of species with different ecology (Grawe et al. 2014). It is not 

uncommon to find detached silk anchors amongst bundled anchor lines attached to plants in 

the field (as observed in webs of Nephila spp., J. Wolff, pers. obs.).  

The severe reduction of silk anchor adhesion does not make it impossible to attach webs to 

such substrates. However, our observations indicate that weakened anchor strength renders 

web building highly inefficient. Spiders kept in hydrophobic polypropylene boxes were still 

able to build webs after some time. But we found high amounts of detached anchors in the 

boxes and occasionally observed failed attempts to attach silk lines as the movement or weight 

of the spider was enough to detach the freshly spun anchor. This indicates that building webs 

on such substrates leads to a waste of silk material and increased construction time due to failed 

attempts to anchor lines. Furthermore, the web spun against such a substrate may more likely 

break under mechanical load than a web attached to a hydrophilic substrate.  

It is noteworthy that spiders did not increase the size of anchorages on surfaces on which 

adhesion was severely reduced. This was found to be a response to increased load in a previous 

experiment (Wolff et al. 2018). However, we observed some behaviours that may have evolved 

as a counter-measure towards a limitation in silk adhesion. Anchors are preferentially placed 

in a way that tensile load is not acting perpendicular to the surface but rather stays at a low 

angle. A (locally) low pulling angle leads to a higher pull-off resistance due to the prevention 

of stress concentrations (Kendall 1975; Pugno 2011; Wolff et al. 2015a). For instance, on 

polypropylene substrates, the dragline anchors of orb weavers could resist about twice as high 

forces if pulled under a low angle if compared to pulling perpendicular to the substrate surface 

(Wolff and Herberstein 2017). 

We observed that orb-web spiders often attach anchors to corrugated surfaces such as the edges 

of slides (in the lab) or leaves (in the field). Spiders are guided by the grip of their hind leg 

claws and move the abdomen towards one of their feet when spinning an anchor. This grip 

requires surface features that permit interlocking of the claw's hooked tip (Wolff and Gorb 

2016). We excluded anchors spun at edges of substrate surfaces in our measurements, but it is 

likely that anchors folded over an edge can resist stronger tensile load as the local pull-off angle 

is very low (Wolff and Herberstein 2017; Wolff et al. 2017c).  



Another behaviour is the spinning of multiple anchors and the attachment of multiple lines for 

the anchorage of suspended orb webs. That way, load is shared between different anchors, and 

the pull-off angle is reduced, leading to a collective effect (Wolff 2017). It has been shown that 

the number and length of orb-web anchor lines vary considerably under natural conditions 

(Hesselberg 2013). However, it is unclear if the number of anchor lines correlates with 

substrate surface properties, which is an important aspect to explore in the future. 

Finally, pull-off angles of anchor lines can be kept low, if the anchors are attached to flexible 

surfaces (Afferrante and Carbone 2016), such as thin leaves, as the substrate will deform and 

bend if the attached silk line is pulled.  

 

Conclusion 

The results from this study demonstrate the effect of surface polarity on adhesive secretions. 

This has strong implications for the application and biomimetics of biological adhesives, as it 

demonstrates the physical limits of aqueous adhesive secretions.  

For spider web ecology, our results indicate that surface chemistry can be a constraint in web 

attachment. However, the lack of evidence for the species-specific adaptation of piriform silk 

properties to their distinct substrate ecology in Argiope spp. indicates that the well-established 

effects of surface chemistry on bio-adhesion may be ecologically less important than assumed. 

This stresses the importance of better understanding behavioural and ecological contexts when 

studying the evolution of bio-adhesion performance. 
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Tables 

Tab. 1   Surface properties of experimental adhesion substrates. CAH2O is a measure of 

substrate hydrophobicity (mean and standard deviation of 10 measurements given).  

 Substrate 

Glass Nylon Polycarbonate Polystyrene Polypropylene 

CAH2O [°]  40.7 ± 7.8 58.7 ± 6.0 73.3 ± 4.5 83.0 ± 2.5 90.3 ± 4.2 

Ra [nm] 0.62 10.85 7.23 19.44 57.82 

 

 

Tab. 2   Estimated marginal means (least-squares means) ± standard deviation of log-

transformed maximal pull-off forces resisted by silk anchors of Argiope spp. spun on different 

substrate surfaces. N: sample size (number of measurements) 

 Substrate 

Glass Nylon Polycarbonate Polystyrene Polypropylene 

Species A. keyserlingi 3.10 ± 0.13 

[N = 14] 

3.27 ± 0.13 [N 

= 15] 

2.79 ± 0.14 [N 

= 15] 

2.68 ± 0.14 

[N = 14] 

1.92 ± 0.15 [N 

= 13] 

A. mascordi 2.93 ± 0.15 

[N = 15] 

3.10 ± 0.15 [N 

= 15] 

2.62 ± 0.15 [N 

= 15] 

2.52 ± 0.15 

[N = 15] 

1.76 ± 0.15 [N 

= 13] 

 

 

Tab. 3   Per species pairwise contrasts of estimated marginal means of log-transformed peak 

pull-off forces per substrate (using linear mixed models with 'individual/substrate' as a random 

effect). PC: polycarbonate; PS: polystyrene; PP: polypropylene. Asterisks indicate significant 

contrasts (for α=0.05) 

 A. keyserlingi  A. mascordi 

Contrast Estimate ± SE [mN] Z-ratio P-value  Estimate ± SE [mN] Z-ratio P-value 

Glass – nylon -0.153 ± 0.175 -0.873 0.9069  -0.195 ± 0.200 -0.971   0.8682 

Glass – PC 0.312 ± 0.181 1.719   0.4220  0.317 ± 0.200 1.582  0.5090 

Glass – PS 0.331 ± 0.180 1.835   0.3531  0.524 ± 0.200 2.615 0.0677 

Glass – PP 0.902 ± 0.190 4.745 <0.0001*  1.495 ± 0.211 7.095 <0.0001* 

Nylon – PC 0.465 ± 0.182 2.553 0.0793  0.512 ± 0.204 2.509 0.0886 

Nylon – PS 0.484 ± 0.180 2.683 0.0565  0.719 ± 0.204 3.523 0.0039* 

Nylon – PP 1.054 ± 0.191 5.530 <0.0001*  1.689 ± 0.214 7.884 <0.0001* 

PC – PS 0.019 ± 0.187 0.102 1.0000  0.207 ± 0.204 1.015 0.8488 

PC – PP 0.590 ± 0.194 3.034 0.0204*  1.177 ± 0.214 5.495 <0.0001* 

PS – PP 0.571 ± 0.196 2.906 0.0301*  0.970 ± 0.214 4.529 0.0001* 

 

 



Figures 

 

Fig. 1 Surface properties of substrates used in experiments. Upper row: Photos of exemplary 

water droplets on substrate surfaces. Lower row: Exemplary profilometric measurement of 

substrate surfaces (same scale) 

 

 

Fig. 2 (a) Photo of A. keyserlingi in its natural habitat. (b) Photo of A. mascordi in its natural 

habitat (photo by A. Walter, with kind permission). (c) Graphic summary of maximal pull-off 

forces of silk anchors measured on substrates with different hydrophobicity. Schematic in the 

upper right symbolizes the pull-off test (with the silk anchor coloured in blue and the dragline-



piriform silk joint coloured in red). Boxplots indicate the 25th and 75th percentiles (green 

boxes, left: A. keyserlingi; orange boxes, right: A. mascordi); the thick line indicates the 

median; error bars define the 1.5 times interquartile range; remaining, out-of-range values are 

marked by single circles. Different letters above boxes indicate significant intraspecific 

differences between substrates. Single diamonds and circles in between boxes show the species 

means per substrate (individuals pooled). Dashed vertical lines and coloured labels on the x-

axis indicate the surface hydrophobicity at which first anchor delamination events occur (f) and 

at which the occurrence of fracture and delamination events is balanced (f|d) according to the 

fracture analysis (plot e). (d) Exemplary force-extension curves of two silk anchors of A. 

keyserlingi, failing by fracture (blue) or substrate detachment (red). (e) Graphic representation 

of the proportion of total silk anchor detachment per substrate and species (individuals pooled). 

Green circles for A. keyserlingi and orange diamonds for A. mascordi. Dashed lines indicate 

linear models that represent the relationship between surface polarity and adhesion loss. Note 

that coordinates for glass were omitted for the construction of the linear model as fracture only 

conditions cannot be used to estimate the surface polarity threshold for delamination failure (x-

intercept). Schematics right to the plots indicate anchor failure by detachment and fracture 

(note that fracture can occur in different structures, thus this graphic does not represent the full 

diversity of failure modes, see Grawe et al. 2014). 

 

 



Fig. 3 Comparison of structural variables of silk anchor specimens used in tests. Boxplots 

indicate the 25th and 75th percentiles; the thick line indicates the median; error bars define the 

1.5 times interquartile range; remaining, out-of-range values are marked by single circles. 

Schematics next to the x-axis symbolize the variation of anchor geometry. Upper row: for A. 

keyserlingi. Lower row: for A. mascordi 

 

 

 

Electronic supplemental material. 

S1. Raw data file: Individual pull-off force data (csv). 

 

S2. Raw data file: Individual anchor measurements (csv). 

 


