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Colourful Collembola: scale thickness and scale surface nanostructure work interchangeably to produce similar colouration in springtails.
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Abstract.
Cuticular Structural colors produced by cuticular scales inof arthropods are one of the most investigated subjects of structural colouration studieswell-studied, . However, most of thesebut most research thus far has focused on extant and derived butterflies and beetles with distinct hues. Only few investigationsA few recent studies have recently tackledsuggested that the colour broadband golden colour producing mechanisms of scales of early butterflyies and springtail scaless, pointing towards the importance owas produced by either f thin film interference or diffraction grating effects, but could not distinguish between them in the production of the typical broadband golden colour. In order toTo disentangle the effects of these two mechanisms, and thus, to gain crucial insight in the evolution of colour in early arthropod scales, we investigated colour production through body scales in seven springtail species that show a clear metallic /iridescent colouration. Reflectance spectra of these seven species are largely uniform in that they exhibit a broadband metallic /golden colouration with peaks in the violet-/blue region. The colour production mechanism is an interplay between thin film and diffraction effects but is scale type dependent. In case of most spinulate scales, colour is produced through thin film (scale thickness) effects. By contrast, In scales with longitudinal ridges the situation is reversed, with the ridges produceing a metallic colour through diffraction effects. This indicates a remarkable tuning of scale colour using two separate mechanisms and suggests convergent evolution in early arthropod scales. 
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Introduction.
Colours can be divided into two broad categories.: in Ppigments producetary colours by light is selectiveely absorbtion of some light wavelengthsed by a pigment molecule while the remaining part of the light spectrum is reflected, while nanostructured tissues produce s. Structural colours  on the other hand results from by light scattering and diffraction ordering of structures on nanoscale level that selectively reflect, diffract or scatter light nanostructures. In many arthropods, these structures are found in cuticular scales that produce an intense metallic and iridescent colouration (1). Scales are thought to have be evolved from modified hairs and typically consist of a chitinous basal lamina adorned with longitudinal, continuous ridges. The valleys between these ridges can be smooth, or the ridges can be connected by crossribs (2, 3). A considerable amountStructrural colors in of studies have focussed on scales resulting in an extensive knowledge (4, 5) on the role of nanostructures (e.g. thin films (6, 7), photonic crystals (8, 9), multilayers (6)) are well-studied. in colour production and their interaction with pigments. Despite scales being found in a vast array of organismsHowever, most of these studies have focussed on scales of extant,  and derived butterflies and beetles, leaving early Lepidoptera and other taxa largely unexplored. Especially In particular, the early scale evolution of scales of basal arthropods,  which have manyith high occurrence of scaled representatives (e.g. Archaeognatha, Zygentoma, Collembola) remains largely unknown. It is only recently that a handful of studies have shed first some light on the mechanisms of colour production in early Lepidoptera. Investigating both fossil and extant members of the Micropterigidae (Lepidoptera) revealed a remarkably conserved pattern of scale nanostructures (10, 11), with the striking golden colouration resulting from a combination of thin film and diffraction grating (11)., while Kilchoer et al. (12) found a major contribution of that variation in thickness of the melanin - pigmented thin film scale was critical to color variation, while  (driven by variation in scale thickness). Instead, D’Alba et al. (10) demonstrated the importance of that the nanoscale crossribs between the longitudinal ridges as the main driver of produced golden colouration through a diffraction grating. This last study also investigated the colour of golden scales of the springtail (Collembola) Tomocerus vulgaris and identified pinpointed a diffraction grating as the main colour producing mechanism, but caused bywith longitudinal ridges in the absence of crossribs. It is therefore clear that the main colour mechanisms in a primitive scale design are thin films and diffraction gratings, but that their relative contribution and importance remains elusive. This needs further clarification elucidating to fully understand early scale evolution, preferably particularly in non-Lepidopteran taxa.	Comment by Matthew Shawkey: Add the common names here
In this studyHere, we explore the colour producing mechanisms of Collembolan scales. Springtails are ideally suitedideal to investigatefor investigation of the early evolution of scales. They are basal hexapods (13) of which some species are fully covered in body scales (14) that display metallic, iridescent colouration that can varyvarying from distinctly golden to golden violet to silvery white/grey. These scales have attracted attention as objective test objects since the early days of microscopy (15, 16)  and their distribution and morphology are considered important taxonomic characters (17). Interestingly, scales have multiple independent origins in springtails (17, 18) and besides the typical scale type with longitudinal, continuous ridges Ccollembola exhibit a unique scale type with interrupted ridges in the form of triangular sail-like structures (see further) (19). As ridges have been identified as the main colour producing structure in one species of springtail (10) it would be highly informative to investigateis worthwhile investigating the effect of variation in scale surface topography as it likely directly impacts colour production.

We selected seven species of springtails to represent colour and scale ridge type variation: Lepidocyrtus cyaneus and Lepidocyrtus lignorum (golden violet, spinulate type), Cyphoderus albinus and Heteromurus nitidus (silvery white, spinulate), Heteromurus major (spinulate) and Pogonognathellus longicornis (silvery grey, continuous) and Tomocerus vulgaris (black/golden bands, continuous) and investigated colour production mechanisms using optical and electron microscopy, Raman spectroscopy,  spectrophotometry and optical modelling to , hence improveing our understanding of basal scale design and its implications on for colour production. 	Comment by Matthew Shawkey: Could you add a specific hypothesis- what did you expect to find?



Materials and methods.
To investigate colour production in springtail scales we used scanning (SEM) and Transmission electron microscopy (TEM) to determine essential scale parameters and Raman spectroscopy to determine the presence of pigment in scales. These parameters are used as input for 3D models in FDTD (Finite-Difference Time-Domain) optical modelling that allows to investigate the contribution of each parameter to colour production. We compare these simulated reflectance spectra to measured spectra obtained by microspectrophotometry to determine the importance of thin film and diffraction grating effects. 
Sample collection.
Individuals from the seven species were collected from two private gardens and one forest area in Belgium in spring and summer of 2018 (see table 1). Individuals from T. vulgaris and L. cyaneus originated from a lab-reared population in Ghent University. These individuals were kept in plastic containers (18 x 12 x 5 cm for T. vulgaris; 12 x 5 x 5 cm for L. cyaneus) with plaster added to the bottom. Springtails were fed with dried yeast in overabundance and provided with water by spraying once a week. 
Table 1. Overview of the springtail species used in this study.
	
	Locality
	Latitude/Longitude
	Colour

	Lepidocyrtus cyaneus
	Garden
	51.100750, 3.064969
	Golden violet

	Lepidocyrtus lignorum
	Forest (grass areas next to footpath)
	51.095639, 3.077721
	Golden violet

	Cyphoderus albinus
	Red wood ants nest
	West-Vleteren
	Silvery white

	Heteromurus major
	Garden
	51.092081, 3.062518
	Silvery white

	Heteromurus nitidus
	Garden
	51.092081, 3.062518
	Silvery grey

	Tomocerus vulgaris
	Garden
	51.100750, 3.064969
	Black/gold bands

	Pogonognathellus longicornis
	Forest (grassy area next to foothpath)
	51.095639, 3.077721
	Silvery grey



Scale morphology.
The whole body of scaled Ccollembola is covered with scales, including head, thorax and abdomen and in some species extending on the legs and antennae. In this study, we mainly focus on the scales on the dorsal side of the abdomen. Using SEM and TEM, we measured following five scale parameters that potentially have an effect on colour production: scale thickness, ridge base, ridge height, ridge distance and ridge length (figure 1). 
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Figure 1. Schematic representation of scale parameters: scale thickness (a), ridge base (b), ridge height (c), ridge distance (d) and ridge length (e) for spinulate (1, 2) and continuous ridge (3) scale type. Figures produced in SketchUp.  	Comment by Matthew Shawkey: This looks great! Could you possibly add SEM?TEM images showing these structures as insets?
For SEM, an entire individual was mounted ventral side down on an aluminium stub using double-sided carbon tape and coated with Au/Pd. Dorsal scales were viewed on a FEG-SEM (FEI Quanta 200F, Netherlands) under an accelerating voltage of 10kV and a working distance of 9.5 mm.
In SEM pictures, scales sometimes appeared to have overturned edges or are fully curled. This is likely an artefact of the SEM procedure as this phenomenon was not observed in live animals, TEM pictures or during microspectrophotometry measurements. We made sure toonly measured unnon-curled areas for those parameters that were extracted from SEM picturesanalyses. 

For TEM, entire individuals were embedded following the protocol described in (20). In shortBriefly, samples undergo two dehydration steps using 100% ethanol (20 min.) and go through an infiltration series with 15, 50, 70 and 100% Epon (24 h each step). Next, infiltrated individuals were placed in block moulds and polymerised for 16 h at 60°C. Thin cross sections were cut using a Leica UC-6 ultramicrotome (Leica Microsystems, Germany). Cross sections were stained in a Uranyless/lead citrate solution and examined on a JEOL JEM 1010 (Jeol, Ltd, Tokyo, Japan) transmission electron microscope. 
Distances of scale thickness (TEM),  ridge base (TEM), ridge height (TEM), ridge distance (SEM and TEM) and ridge length (SEM) were calculated using ImageJ 1.52 (21). For sample sizes, see table 3 in Results. 

Scale pigment. 
Besides measuring morphological parameters, weWe used Raman spectroscopy to determine the presence and identity of pigments. A previous study found melanin to be present in golden scales of T. vulgaris (10). We further investigated the presence of melanin on scales of T. vulgaris by performing a mapping across part of a golden and black band and by point measurements on the scales of L. cyaneus. 
All spectra were collected with a Bruker Optics Senterra dispersive Raman spectrometer coupled with an Olympus BX51 microscope and a motorized stage allowing the movement on the XYZ axis. The spectrometer is equipped with a diode laser (785 mm) and a green Nd:YAG (532 nm) laser and a thermoelectrically cooled CCD detector, operating at −65 o C. Spectral ranges vary from 80–3500 cm−1 for the 785 nm laser and 60–3709 cm−1 for the 532 nm laser, with adjustable spectral resolutions of ∼ 3–5 cm−1 and ∼ 8-19 cm-1. The microscope turret uses magnifications at 5×, 20×, 50× and 100× with laser spot sizes 50, 10, 4 and 2 μm, respectively. The entire Raman system is controlled OPUS ® software.
The measurement conditions (laser power, accumulations and signal acquisition time) were adjusted for obtaining acceptable signal-to-noise (S/N) ratios. Post processing of the data was performed with Thermo Grams/AI 8.0 ® suite software (Thermo Fischer Scientific) while the Raman mappings were processed with OPUS ® software. For creating the micro-chemical images the ENArea (22) was used as a direct command of  OPUS ® software.

Scale colouration. 
We measured reflectance of the dorsal surface of scales both on the body and of single scales on glass slides at normal incidence using a CRAIC AX10 UV–Visible micro- spectrophotometer (CRAIC Technologies, Inc., USA) with Teflon tape as white standard. One measurement was taken per scale as some scales were too small for multiple measurements. For T. vulgaris, scales from golden and dark bands on the body were separately measured. For single scales originating from a black band, the melanin rich upper half of a scale was measured separately from the lower half. It was also noted that for T. vulgaris reflectance values below 400 nm were highly erratic and fluctuateding during measurements. For this reason, we discarded measurements below 400 nm for this species. 
Analysis and visualisation of the reflectance spectra was performed in R (version 4.0.2) (32) using the pavo package (23). For sample sizes, see table 2. We plotted reflectance spectra of single scales/bodyscales per species as well as calculated averages + 95% CI. To illustrate similarity between reflectance spectra of different species we plotted normalized averages (without CI) that allow a direct comparison. Furthermore, using the reflectance spectra as input, we also determined the colour space of single scales and body scales for our seven study species to investigate the extent of similarity (pavo package (23)). As visual model we used the segment colour space (31) as this provides an intuitive visualization in four segments that approximates a tetrachromatic system with ultraviolet, short, medium, and long-wavelength sensitive photoreceptors. Moreover, the segment colour space can be used with spectra of varying range, allowing to include the spectra of T. vulgaris that start at 400 nm. 







Table 2. Overview of the number of scales used in microspectrophotometry for scales on body and single scales (number of scales / number of individuals). Number of individuals = 1 when not indicated.  
	Species
	Scales on body
	Single scales

	Lepidocyrtus cyaneus
	15 / 2
	17

	Lepidocyrtus lignorum
	4
	15

	Cyphoderus albinus
	46 / 4
	5

	Heteromurus major
	11
	10

	Heteromurus nitidus
	14
	11

	Pogonognathellus
	4
	17

	Tomocerus vulgaris
	19 / 3 gold
	18 / 3 gold

	
	16 / 3 black
	16 / 3 upper half black

	
	
	16 / 3 lower half black



Cuticle colouration. 
We investigated the potential effects on color of the cuticle underneath the scales by determining reflectance spectra of three T. vulgaris individuals through microspectrophotometry using the same methods as identical methods as described above. Similar to the scale banding pattern, the cuticle of T. vulgaris exhibits a dark/light banding pattern on the cuticle. Five measurements were taken in a light band and in a black band per individual (ten in total per individual). We used TEM pictures , obtained to determine scale parameters (see above) were equally used to assess provide information on the presence/absence of subcuticular melanin for all species. 
Colour production mechanism using optical modelling.
To determine the contribution of thin film (scale thickness) and diffraction grating (ridge parameters) we used the Finite-Difference Time-Domain - (FDTD) modelling method using a commercial Maxwell equation solver from Lumerical Solutions, Inc. We used the dimensions obtained from SEM and TEM (see table 3 in Results) and the results of the Raman spectroscopy indicating the presence of melanin in the ridges to construct idealized 3D models in SketchUp. Models were constructed for scales and for both ridge types (spinulate and continuous). 
For each species, three scenarios possible mechanisms for color production were tested (figure 2). Scale thickness only (thin film), ridges only (diffraction grating) and scale + ridges (thin film + diffraction grating). Refractive index of scales was set to chitin and the ridges to melanin, based on previously reported values (24, 25). The simulation space was consistently chosen in such manner to contain four ridge units wide and two ridge units deep (figure 3) for the spinulate type to include ridge variation. For the continuous ridge type, four ridge units were equally chosen. , sSimulation depth in this case does not influence the simulation as the ridges are continuously the same height. Perfectly matched layers (26) were used to absorb electromagnetic waves from both top and bottom of the simulation area and periodic boundary conditions on the side in order to simulate infinite periodic structures. The light source covered a 300 to 750 nm wavelength range and consisted of an unpolarized plane wave at normal incidence. Simulated reflectance spectra were visualized using the pavo package (23) in R (version 4.0.2) and plotted together with measured scale reflectance spectra (average ± 95% CI) to illustrate (dis)similarity. 
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Figure 2. (a) Idealized 3D models of scales and ridge types (spinulate (top row) and continuous (bottom row)) in three scenarios: scale thickness only (left column), ridge only (middle column) and scale thickness + ridge (right column). (b) Width and depth of the simulation area.
We used simulations to investigate the additional effect of scale stacking on scale colour production: As scales are clearly stacked on the body, we investigated this effect by modelling one scale vs the stacking of two or three scales for the scale dimensions of L. cyaneus and T. vulgaris.

Collembola cladogram.
To illustrate the phylogenetic relationship between our study species and to illustrate the distribution of scale presence/absence in Tomoceridae and Entomobryidae we constructed a cladogram using a Bayesian phylogeny constructed by (18) (available online as Supplementary Tree 1 in Newick format). Heteromurus major and Heteromurus nitidus are already included in this phylogeny and we manually added our other study species to sister species of the same genus in the Newick file. We constructed a cladogram using the package ape (33) in R (version 4.0.2) by setting all distances to 0.  
Results. 
Scale morphology.
All investigated species are characterised by full covering of scales on the dorsal side of the abdomen. Scales show a clear stacking (rooftile manner) and vary greatly both between individuals of different species and within one individual in size and shape (see figure 4,  5). In SEM pictures, scales sometimes appeared to have overturned edges or are fully curled. This is likely an artefact of the SEM procedure (see Material and Methods section).  
In this study, we focussed mainly on those scale parameters that potentially influence colour production. Scales can be broadly divided into two types, based on the nanostructures on the dorsal surface  that are either spinulate or of the uninterrupted rib type (classification according to (19), figure 6). Spinulate scales have nanostructures in a herringbone pattern that consist of sail-like, triangular shaped structure when viewed from the side (supplementary figure 1). The uninterrupted rib type consists of continuous longitudinal and parallel ridges. Both types are oriented along the longitudinal axis of a scale and are, on cross section, characterised by a wide base that narrows towards the top. Ridges are generally electrondense as observed in TEM pictures (Figure xx), indicating presence of pigment (melanin, see further) while the basal lamina generally lacks pigment.










Figure 3. SEM images of the dorsal side of the abdomen of L. cyaneus (upper row) and T. vulgaris (lower row) showing the typical stacking and size/shape diversity of body scales. 
We calculated the following scale parameters (see figure 4 and table 3):
· Ridge distance. The distance between the ridges is similar for L. cyaneus and L. lignorum (526 and 544 nm respectively), while ridges are more closely spaced in C. albinus. Highest ridge distance was found in H. major and H. nitidus (>900 nm) while T. vulgaris and P. longicornis demonstrated an intermediate ridge distance. 
· Ridge length. This was only calculated for those species with a spinulate scale type as both T. vulgaris and P. longicornis have continuous longitudinal ridges. Two main classes of ridge length can be discerned: the ridges of L. cyaneus, L. lignorum and C. albinus are, on average, around 2 µm long, while the ridges of H. major and H. nitidus measure around 5 µm. 
· Scale thickness. Similar to ridge distance, average thickness of a scale varies markedly between species but is relatively constant within genera. L. cyaneus and L. lignorum  have the most thin scales, with H. major, H. nitidus and C. albinus having intermediate values of scale thickness. Scales with the highest thickness were found in T. vulgaris and P. longicornis. 
· Ridge height. Height of the ridges seems to be the most variable parameter between species with L. cyaneus having the lowest ridges, followed by T. vulgaris. L. lignorum, C. albinus, H. major have intermediate ridge heights. Tallest ridges were found in P. longicornis and H. nitidus. 
· Ridge base. The width of the ridge base varies from around 200 nm for L. cyaneus, L. lignorum, C. albinus and P. longicornis while being larger for T. vulgaris (270 nm) and over 300 nm for H. major and H. nitidus.  
Table 3. Scale parameters for seven springtail species. Averages (nanometer) ± 95% CI are given together with number of scales/number of individuals. Number of individuals = 1 when not indicated.  T. vulgaris and P. longicornis have uninterrupted longitudinal ridges, therefore ridge length is designated as “continuous”. 
	
	SEM
	TEM

	
	ridge distance
	ridge length
	scale thickness
	ridge height
	ridge distance
	ridge base

	Lepidocyrtus cyaneus
	526 ± 60 (8/2)
	2032 ± 123 (8/2)
	128 ± 16 
(9)
	208 ± 19 
(6)
	495 ± 40 
(6)
	213 ± 14 
(6)

	Lepidocyrtus lignorum
	544 ± 81 (2)
	2260 ± 114 (2)
	131 ± 18 
(7)
	491 ± 251 (4)
	748 ± 164 (7)
	231 ± 47 
(4)

	Cyphoderus albinus
	287± 36 (7)
	2118 ± 471 (7)
	294 ± 127 (2)
	478 ± 223 (2)
	175 ± 44 
(2)
	166 ± 27 
(2)

	Heteromurus major
	920 ± 67 (5)
	5123 ± 168 (4)
	265 ± 34 (13)
	429 ± 81 
(4)
	987 ± 105 (8)
	328 ± 27 
(9)

	Heteromurus nitidus
	945 ± 89 (3)
	5017 ± 725 (3)
	224 ± 22 
        (6)
	798 ± 124 (6)
	843 ± 49
 (6)
	362 ± 43 
(6)

	Tomocerus vulgaris
	653 ± 74 (10/3)
	continuous
	519 ± 91 (13/3)
	309 ± 42 (13/3)
	664 ± 94 (13/3)
	273 ± 35 (13/3)

	Pogonognathellus longicornis
	787 ± 58 (13)
	continuous
	663 ± 188 (4)
	675 ± 68 
(4)
	712 ± 137 (3)
	210 ± 64 
(3)
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Figure 4. Macrophotograph (column a), SEM (column b and c) and TEM (column d) pictures of seven springtail species. 
Scale colour.	Comment by Matthew Shawkey: Maybe makes sense to put the color data before the nanostructure data
Despite significant differences in scale parameters such as scale thickness and surface nanostructure topology, reflectance spectra of the different springtail species are surprisingly uniform, characterised by increasing reflectance towards the higher wavelengths resulting in a broadband silver to golden/metallic colour (figure 5, see supplementary figure 2 for reflectance spectra of measurements per scale for all species). In addition to thisAdditionally, all species have, to some extent, reflectance peaks in the violet and/or blue/green region of the spectrum. Single scales exhibit higher reflectance, most likely due to reflectance-enhancing effects of the underlying glass slide. Besides this, scales on body and single scales general display similar reflectance spectra (see figure 5 and supplementary figure 3), however with some slight differences. L. cyaneus, L. lignorum and C. albinus seem to display a more pronounced peak at the lower wavelengths when single scales are measured compared to body scales (figure 5 and supplementary figure 2 and 3). This situation reverses in P. longicornis which has a more pronounced peak around 425 nm in scales on the body of P. longicornis vs singles scales. The similarity of the reflectance spectra can further be observed in the colour spaces for the different species that generally differ only little (figure 6), especially when measured on the body (figure 6b). C. albinus displays the highest variability with some points in colour space differing from all other species.  For T. vulgaris, we measured scales from golden and black bands separately. Golden scales show a very high reflectance compared to other species, but also to the reflectance of black scales, which is likely caused by a difference in melanin content in the longitudinal ridges (see further). Similarly, a higher reflectance is observed in the lower half of a scale from a black band (low melanin content) compared to the lower reflectance of the upper half (high melanin content).  
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[image: ]Figure 5. Measured reflectance spectra of scales on body (upper spectrum) or single scales on glass slide (lower spectra). For T. vulgaris, scales from golden (a) and dark (b) bands on the body were separately measured. For single scales originating from a black band, the melanin rich upper half of a scale was measured separately from the lower half.  
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Figure 6. Segment colour spaces for scales on body (a) and single scales (b) for different springtail species. For T. vulgaris, scales from golden and dark bands on the body were separately measured. For single scales originating from a black band, the melanin rich upper half of a scale (T. vulgaris black black) was measured separately from the lower half (T. vulgaris black gold).  	Comment by Matthew Shawkey: This figure is neat, but could it be made a bit smaller by only showiung data from the most interesting species, or data illustrating the main points you want to make? It is a bit unwieldy right now.
Scale colour production mechanism using optical modelling. 
To understand the importance of scale thickness and ridge structure and therefore to disentangle the effects of thin film and diffraction grating on colour production we designed idealized 3D models (table 4), based on the measured scale values of table 3. 
Table 4. Scale parameters for idealized 3D models. 
	
	Scale thickness (nm)
	Ridge height (nm)
	Ridge length
(nm)
	Ridge distance (nm)
	Ridge base (nm)

	Lepidocyrtus cyaneus
	130
	200
	2000
	500
	200

	Lepidocyrtus lignorum
	130
	700
	2000
	500
	200

	Cyphoderus albinus
	300
	500
	2000
	250
	200

	
	
	
	
	
	

	Heteromurus major
	250
	400
	5000
	900
	300

	Heteromurus nitidus
	250
	800
	5000
	900
	300

	
	
	
	
	
	

	Tomocerus vulgaris
	450
	300
	continuous
	700
	300

	Pogonognathellus longicornis
	700
	700
	continuous                     
	800
	200



We tested three hypothesized physical bases (thin film, diffraction grating, or a combination of both) for these colors by simulatinged the spectral reflectance of scale thickness only (thin film), ridges only (diffraction grating) and scale thickness + ridges (thin film + diffraction grating) to gain a better understanding of the contribution of each scale component. These simulations indicate that both scale thickness (thin film) and ridge structure (diffraction grating) play a role in colour production of scaled springtails but that the main contributor primary mechanism differsseems to differ between spinulate and continuous ridge types. For the spinulate type of L. cyaneus (figure 7a), a scale of 130 nm (averaged across all measured scales) produces a thin film effect with high chroma in the UV part and an increasing reflectance towards the higher wavelengths, corresponding to a broadband golden colour. This largely corresponds to the observed reflectance spectra of single scales (even more so to for the reflectance spectra of scales on the body that are less right shifted, see figure 5). Moreover, a scale thickness of 140 nm which is within the 95% CI (128 nm ± 16, table 3) produces a better fit to the measured reflectance spectrum. On the contraryBy contrast, the ridges seem to play at most a limited role in producing a peak in the violet/blue region, pointing towards a general thin film effect in L. cyaneus. A similar pattern can be found in L. lignorum  and C. albinus (supplementary figure 4).  For C. albinus, single scales correspond even more well to the spectra obtained from modelled scale thin film, with peaks around 400 and 600 nm. In both species, simulations show that ridges likely play a minor role in single scale colour production, though it is striking that the ridges in C. albinus seem to produce a peak around 500 nm which is pronounced in reflectance spectra when scales are measured on the body (figure 5). In contrast, simulated reflectance spectra for the continuous ridges of T. vulgaris and P. longicornis (Figure 7c and 7d) both produce a broadband golden/silver colour and provide a far better fit with measured reflectance compared tothan thin film effects that produce multiple peaks across the spectrum. Measured reflectance spectra correspond strongly with this broadband golden/silver colour, pointing towards thesuggesting that ridges ares the main contributor tocause of scale colour. 
Interestingly, while H. nitidus has spinulate type scales, simulations of scale thickness result in a spectrum with high UV and blue/green chroma,  which is a poor fit to the observed spectrum. It is rather the However, the ridge model  that produces a well-matching broadband metallic colouration, indicating a switch in colour production mechanism and the ridges as the major contributor to ridge-based color production (figure 7b). For H. major, which has a similar scale thickness as H. nitidus, the pattern is less straightforward (supplementary figure 4), but also here it seems that diffraction grating through ridges, rather than thin film effects through scale thickness play a more important role.   
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[bookmark: _Hlk27998359]Figure 7. Scale thin film and ridge diffraction effects in scales of L. cyaneus (a), H. nitidus (b), T. vulgaris (c) and P. longicornis (d). Measured normalized reflectance spectra (average ± 95% CI) of single scales and simulated normalized reflectance spectra are plotted for scale thickness only, ridge only and scale thickness + ridge models. 
Scale pigment. 	Comment by Matthew Shawkey: Probabl;y best to put this before modeling, since you use it to justufy including melanun in the models
Results of the Raman mapping experiment show two distinct areas represented by different colours in the map, corresponding to golden and black bands for T. vulgaris (Figure 8). Different coloured zones in the map correspond with different spectra from the scales. Both these areas indicate the presence of eumelanin (27, 28) with the difference in spectra likely being attributed to differences in eumelanin concentration though we cannot fully exclude the influence of focusing or fluorescence on the different measuring points, the contribution of other molecules present on the scales or a different quality (or crystallinity) of the pigment in the black and gold areas. Moreover, eumelanin was confirmed to be the main pigment in scales of L. cyaneus. 
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Figure 8.  (a) Micro-Raman chemical mapping obtained by integrating the area at 1710-1460 cm-1. The Raman mapping was performed on the boundaries between the two-coloured scales [rescaled to visualize the area in (b)]. The grid mapped consists of 120 points (10 × 12) with a step size of 10 μm. The experimental conditions for each point were 15 acc of 10 s, ∼9-18 cm-1 spectral resolution, x20 magnification and measured with the 532 nm laser. (c) (i) denotes a black scale area, while (ii) denotes a golden scale area. (d) Representative spectra collected from (a) Sepia melanin with the 785 nm laser (200 acc of 120 s, ∼3-5 cm-1 spectral resolution) (b) Sepia melanin with the 532 nm laser (60 acc of 30 s, ∼3-5 cm-1 spectral resolution). (c) spectrum extracted from a mapping performed on the L. cyaneus scales (10 acc of 10 s, ∼9-18 cm-1 spectral resolution).
The effect of melanin in scales is the most apparent in the difference between scales of the gold and black bands of T. vulgaris (Figure 9). Golden scales have a lower melanin concentration compared to black band scales (figure 8) as well as a higher distance between ridges. The base of the ridges of black scales are touching, leaving ± 300 nm in between. Moreover, black band scales exhibit a clear gradient of melanin deposition, with higher amounts of melanin in the top half of the scale. Scales are stacked in such a way that only the high-melanin region is exposed. This results in lower reflectance (figure 5) and a general black appearance. This is also confirmed by optical modelling (supplementary figure 5) a
b
c
d

Figure 9. TEM and microspectrophotometer pictures of black band (a, d) and golden band (b, c) scales of T. vulgaris. Electrondense ridges indicating melanin (a) and the melanin gradient (d) are clearly visible. 
as increasing the ridge distance while keeping other scale dimensions of T. vulgaris constant seems to increase reflectance.

Scale stacking. 
[image: ]As we observe a clear stacking of scales on the body, we investigated this effect by simulating stacking of scales for L. cyaneus (spinulate type) and T. vulgaris (continuous ridge type). It appears that scale stacking has almost no effect on spectrum shape and has only a limited effect,  on slightly increasing 


Figure 10. Simulated reflectance spectra of scale models with 1, 2, 3 or 4 scales for L. cyaneus (a) and T. vulgaris (b). 
reflectance in L. cyaneus (figure 10). However, this does not seem to be an incremental process as stacking 2, 3 or 4 scales results in a similar reflectance. In T. vulgaris scale stacking seems to have an even more limited effect as almost no increase in reflectance is observed. 
Cuticular colouration. 
The cuticle of T. vulgaris exhibits a broadband metallic silver to golden colouration (Figure 11). Moreover, a banding pattern is observed that is opposite to the overlaying scale banding pattern. Beginning The beginning and middle of an abdominal segment has a vibrant golden colouration (overlaying scales are black) while the end of the segment seems to be more melanized and is characterised by a lower reflectance (while overlaying scales are golden) (Figure 11). The cuticle is further adorned with triangle shaped ridges arranged in a hexagonal pattern and a multilayer structure that both could influence colour production. Moreover, similar to melanin present in the scales, subcuticular melanin appears to have an effect on general appearance of individual springtails as those species with a silvery grey (H. major, P. longicornis) to black/golden (T. vulgaris) and purple (L. cyaneus) colouration have extensive melanin deposits underneath the cuticle (supplementary figure 6). In species that are silvery white (H. nitidus, C. albinus) to golden (L. lignorum) these deposits are largely absent. 
[image: ]
Figure 11. Reflectance spectra of the golden and melanised part of cuticle of T. vulgaris (a). SEM pictures of a descaled portion of the dorsal integument showing the hexagonal pattern of granules, overview (b), and higher magnification (c). TEM picture of the cross section of the cuticle of T. vulgaris with granules and a multilayer structure (d). 

Discussion.
In order toTo gain insight into colour production by body scales in basal arthropods, we investigated the colour producing mechanisms of seven springtail species that differ in scale parameters such as thickness and scale surface topology (spinulate ridge type vs continuous ridges). Despite these morphological differences, all seven investigated species display a largely uniform metallic golden to silver colour with additional peaks in the violet/blue region. This is confirmed by segment classification analysis that visualizes the reflectance spectra into colour space, indicating a large proportion of overlap between species. 
Reflectance spectra of single scales and of scales measured on the body are equally uniform, indicating that a single scale is the unit of colour production. There are, however, subtle differences when scales are measured on a glass slide or on the springtail body. It is noteworthy that those species (L. cyaneus, L. lignorum, C. albinus) that rely on thin film effects produced by scale thickness for colour have more pronounced peaks in the lower wavelengths when single scales are measured. This is far less the case for those species (T. vulgaris, H. nitidus, P. longicornis) that rely on ridges for colour production and is even reversed in P. longicornis. Either this is caused by an artefact of an artifact of measuring scales on a glass slide during,  which thin film effects are being amplified or this has a biological explanation in that scale stacking or other body parts such oras cuticle play an additional roles in colour production. 
Optical modelling of scale stacking using the scale models of L. cyaneus and T. vulgaris indicate that scale stacking at most has a limited effect of increasing reflectance. Melanin deposits underneath the cuticle seem to have a far-reaching effect on the general appearance, e.g. producing  by being mainly found in animals with a silvery grey appearance and by potentially enhancing the purple and golden colouration in L. cyaneus and T. vulgaris. We examined the cuticle of T. vulgaris in more detail and found that it exhibits a metallic colouration as well as what seem to be localized melanin deposits. The cuticle has an invertedsed colour pattern compared relative to scales: golden under black scales and dark under golden scales, potentially enhancing scale colour production. Cuticle colouration likely arises from a multilayer reflector or even from the granules found on the surface of the cuticle. These granules function as a hydrophobic barrier to protect the animal (), their role in colour production (if any) is currently unknown. 
To elucidate the colour production mechanisms on single scales we performed optical modelling. We focussed on thin film (scale thickness) and diffraction grating (ridges) effects as these have been shown to be important in previous studies of Micropterigidae (10-12) and a springtail species (10). Our results confirm that thin film and diffraction grating are indeed the main drivers of colour in the scales of springtails. However, the main contributor to colour seem to differ between species and seems to be dependent on ridge type. In most of the species with scales of the spinulate type, scale colour is mainly produced by thin film effects, driven by a relatively small scale thickness (figure 7). The situation is reversed in species with a continuous, longitudinal ridge type. Here, the ridges are mainly contributing to colour productionlargely produce colour through diffraction grating effects, and scale seem too thick  thickness seems to be too large to contribute to the observed colouration, as models predict multiple peaks across the reflectance spectrum for P. longicornis and T. vulgaris.. L. lignorum represents an exception to this pattern: though L. lignorum has a spinulate ridge type, the simulated reflectance spectrum of the ridges resembles more that of a continuous ridge spectrum (figure 7). The dimensions of the ridges of H. nitidus might explain this pattern as the ridges are long (5 µm) and have the tallest height for spinulate ridges (800 nm). This suggest that, though spinulate, these ridges behave are optically similar to continuous ridges. The optical models therefore show that the ridges and not scale thickness produce the observed scale colour in L. lignorum. The ridges of H. major, which has spinulate ridges of similar length to L. lignorum (5 µm) but with a much smaller height (400 nm) do not produce a clear broadband golden colouration but instead have peaks around 450 nm and 650 nm, suggesting that the lower ridge height might be a limiting factor. Taken together, the results of the optical models indicate that scale thickness and surface nanostructure work interchangeably to produce highly similar colouration between springtail species. 
By selecting specific springtail species that differ in general colouration and scale parameters, we obtain additional information on the colour producing mechanism. There is a clear effect of melanin in the ridges, as indicated by the lower reflectance of the upper half of scales originating from the black bands in T. vulgaris (figure 5). Moreover, not only melanin, but also ridge distance seems to reduce reflectance, but also ridge distance. Black scales of T. vulgaris have ridges of which the bases are almost touching leaving only 300 nm between ridge tops. Simulations indeed confirm that with decreasing ridge distance, reflectance reduces as well (Supplementary figure 5). This might also be the explanation behind the generally low reflectance of C. albinus who has the most densely spaced ridges of all investigated species.
While we employed two types of ridges (spinulate and continuous) in our analysis, two more scale types are currently recognized in Collembola: the short rib type (interrupted longitudinal ridges of similar length) and the long basal rib type (with long ridge at the base of the scale and interrupted ridges near the apex) (19). It would be most interesting to perform a similar analysis including these types and further elucidate the effect of ridge structure. Moreover, expanding our range and including other basal and scaled arthropods such as Archaeognatha and Zygentoma that all have continuous longitudinal ridges and metallic colouration holds enormous potential to investigate early scale colour production.  
It is striking to note that, despite substantial differences in scale parameters such as scale thickness, ridge height, ridge distance, ridge length (spinulate type) and even ridge type (spinulate vs continuous ridges) the reflectance spectra of these seven species are largely similar and characterised by a broadband metallic golden to silver colour with clear peaks in the violet/blue region. This points to a certain degree of convergent evolution and similar selection pressures, especially as the spinulate and continuous ridge types have independent origins (18) (supplementary figure 6) though the evolution of scales remain uncertain in springtails. The function of scales in springtails is largely unknown. There is some evidence that the scales function as an antipredator mechanism (29) by readily detaching from the body, allowing the animal to escape. Scale structure, and especially the ridges, might be involved in mechanical strengthening of the scale. In this respect, it is interesting to remark that scales do appear to curl and bend due to SEM treatment, indicating that mechanical forces can have major impact. Curling seems to be more severe in scales with the spinulate type of ridges, which could indicate a higher strengthening effect of continuous ridges, especially as continuous ridges are found in larger species with larger scales. Lastly, the generally high reflectance of scales could point towards a role in thermoregulation by influencing the amount of reflected light. At least in one springtail species scale presence is seasonal and dependent on moulting stage, suggestion a potential link with environmental effects (30) . 
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