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Feature-preserving synthesis of termite-mimetic
spinodal nest morphology

Sebastian Oberst1,2,3,* and Richard Martin1
SUMMARY

Termite-built topology is complex due to group interactions and environmental feedback. Being inter-
linked with material characteristics and related to functionality, an accurate synthesis of termite mound
topology has never been achieved. We scanned inner termite mound pieces via high-resolution micro-
computed tomography. A wavelet scattering transform followed by optimization extracts features that
are fed into a Gaussian Random Fields (GRFs) approach to synthesize termite-mimetic spinodal topology.
Compared to natural structures the GRF topology is more regular. Irregularity is related to anisotropy,
indicative of directionality caused by porous network connectivity of chambers and corridors. Since
GRFs are related to diffusion, we assume that deterministic behavioral traits play a significant role in
the development of these local differences. We pioneer a framework to reliably mimic termite mound spi-
nodal features. Engineering termite-inspired structures will allow to inspect aspects of termite architec-
tures and their behavior to manufacture novel material concepts with imprinted multi-functionality.

INTRODUCTION

Termites (Isoptera) form large colonies, archetypal of superorganisms, with amazing self-organizational features,1–3 a form of extended

phenotype.4,5 Living underground and being blind, termites are considered soil engineers, famous for their complex nest constructions6

and vibrational communication.7 Their mounds i.e., the above ground nest, have attracted much attention.3,8,9 Mound builders (mostly Ter-

mitidae) can be found in South America, Africa, and the whole Australasia10,11 with mound heights ranging from only a few decimeters to

several meters, varying shapes and materials, related to species-specific nest functions, modified through environmental conditions and in-

teractions.7,8 Inside the mound, termite-built organic structures are formed with specific features (morphology), and which serve multiple

functions such as facilitating the nurturing of offspring, food storage, or to assist in the defense against intruders or protect against harsh

environmental conditions.7,8

Certain geometrical features, and specialized materials used, together with the collective behavior of the swarm, guarantee the colony’s

survival.12 Fractality (self-similarity) is ever-present within these biogenic structures.9,12,13 Simplistically speaking and as conceptualized in Fig-

ure 1 A, the largest scale ’Scale 0’ can be assigned to the mound followed by its functional topological layers. These layers are roughly clas-

sified as the outer shell, the periecie (peripheral box-work), and the endoecie (carton material) with, e.g., the breeding chambers or the royal

cell.7 In Figure 1B, ’Scale 1’ is defined by a macroscopic clay design, corridors and chambers, curvatures, tortuosity (’bendedness’), surface

roughness or surface arrangements14–16 while ’Scale 2’ (Figure 1C) shows the sheathing wall layers made of feces and saliva, perforation aka

porosity (smallest volumetric elements) and granularity. ’Scale 3’ (insert only) includes macroporous (> 50 mm to 75 mm up to several mm)

openings, coined macroporosity in the following.12 Finer scales, such as those related to mineralization, and composite elements or even

the molecular structure, etc., are disregarded here, but could be described with additional scales 4 and 5.

At each scale of termite construction, different stigmergic principles can be assumed to be active in a living colony.4,7,17,18 Stigmergy is

here the spontaneous, indirect coordination between so-called agents, actions, or the environment.19 In particular, scale 1 is assumed to

embed important stigmergic cues, e.g., in curvatures, which are assumed to trigger collective building activities.3,16 Recently, Facchini et

al. (2020)16 have investigated arboreal nests of Nasutitermes in a similar manner. By employing a Laplacian growth model, based on complex

diffusion-type equations, they found striking similarities with respect to local curvatures.16 Local curvatures are assumed to be important for

transport processes and the efficient movement of the colony within the nest, and hence likely trigger stigmergy.20–22Recently, the argument

of surface curvature was confirmed by studying Coptotermes formosanus building activities in artificial arenas, i.e., Petri dishes which indi-

cated that curvature is the trigger for building, sensed via surface evaporation.23

Perna et al.14 introduced computed tomography to visualize the architecture of Cubitermes sp. nests to study them using graph theory,

while Himmi et al.24 used computed tomography to study the tunnel system of Incisitermes minor, highlighting the termite nest as the

morphological expression of the sum of termite behavioral patterns. While these studies consider only static states, Berville and Darrouzet25
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Figure 1. Scales of a termite mound

Different scales within one the above ground mound-nests (underground parts not displayed), with a more detailed view on the inner structure.

(A) ’Scale 0’ themound-nest parts, radially from the center (i) Nest, (ii) endoecie, (iii) paraecie, and (iv) hard shell according to.7 The accurate modeling of (B) ’Scale

1’ is subject to the research in this study; (C) ’Scale 3’ as inclusions/scaffolding of ’Scale 2’ has been reported in more detail in.12
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also compared the nest construction in soil andwood of Reticulitermes flavipes and Reticulitermes grassei over time. However, as pointed out

by Oberst et al.,7 only medical computed tomography has been applied and no experimentally validated method of modeling the final con-

struction state is known. Yet, due to the complexity of the internal structures, including tunnel constructions and wall designs, more accurate

simulation, and for its physical models sophisticated additive manufacturing methods are needed.3,9,26,27 With the advent of machine

learning, neural networks andmodern pattern recognitionmethods and with it the prediction of growth of spatial structures, a more accurate

synthesis of termite topology seems achievable.28,29

Here, we collect termite nests and dissect them into pieces to scan them using high-resolution microcomputed tomography (mCT), similar

to Oberst et al. (2021).12 We use Gaussian random fields (GRFs)30,31 as a computationally more efficient solution than Laplacian-based equa-

tions, and update these with features extracted using a wavelet scattering transform convolutional neural network.32,33 A schematic diagram

of this process is shown in Figure 2. We then synthesize more accurately internal structures of Scale 1 by preserving its features (Figure 1).

Deviations to the original mCT scans are highlighted and discussed in the following in terms of termite biology by comparing the influence

of scales and macroporosity,12 as well as complexity measures.34
RESULTS

Termite mounds of two species,Coptotermes lacteus, a lower termite of Rhinotermitidae andNasutitermes exitiosus, a higher termite of Ter-

mitidae were investigated. C. lacteus was collected during a field trip from the Tidbinbilla Nature Reserve (35+4404200 S, 148+8902000 E, Austra-
lian Capital Territory, Australia), while N. exitiosus was collected near the Australian Defence Force Academy in Canberra (35:1722+ S
A B C
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Figure 2. Conceptual diagram of GRF synthesized, spinodal termite structures

(A) mCT scans, (B) slice-wise de-featuring using the Discrete Wavelet Transform (DWT); (C) feature extraction using the Wavelet Scattering Transform (WST) on

(e.g., 32) sub-volumes; and GRF particle swarm or surrogate optimization (PSO).
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Figure 3. High-resolution micro-computed tomography (mCT)

mCT images of internal nest material of C. lacteus (A) scan with emphasis on only corridors (overview scan of N. exitiosus see Oberst et al. (2021)12); the yellow

dash-dotted line [E] marks the boundary between box-work structure and endoecie7,12 and indicates the volume of which three different cubes were cut out;

(B) shows the corridor network removing all solid parts highlighting the complexity of how termites build.
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149:0930+ E). Nests were dissected, sorted, and vacuum-sealed (details see methods and materials as well as the STAR Methods section).

Figure 3 exemplifies a large scan section of a high-resolution mCT image generated with Drishti.35 Figure 3 A shows the mCT scan and its di-

mensions and the estimated transition (marked by [E]) to the inner endoecie.12 Inscribed within the inner endoecie is a sample cube which will

be used in the following to synthesize the spinodal structures. From the mCT scans point cloud data, three cubes of the N. exitiosus and one

cube of theC. lacteus sample were generated for further deeper analysis (schematized in Figure 3). A cube edge length of 27 mmwas chosen

so that the cube was close to the largest possible cut-out of the mCT scan specimen excluding a surface of fracture resulting from the in-field

sampling procedure. Figure 3B just shows the inner outermost layer around the tunnels, removing other inner wall material. The network struc-

ture and curvature of corridors play an important role in termite biogenics3 and has been extensively studied as compared to the solid struc-

tural part.12

To filter out the finer details of the mCT scan (individual grains, smallest orifices), the image has been transformed into grayscale and a

discrete wavelet transform (DWT) with symmetric wavelets is applied (see Oberst et al. (2014)36 and STAR Methods). As a result of the

DWT only the scale of tunnels, pillars, and walls is preserved. A surrogate optimization based on radial basis functions37 is employed in

sequence (several iterations) to extract optimal parameters of the wave vectors (frequency, directionality) of the GRF to model the filtered

mCT scan best.33 The cost function is the difference between the feature vectors of the wavelet scattering transform (WST) of the original struc-

ture and the GRFs.32,33 The optimization was employed five times to investigate the stochastic spreading in the results (details see STAR

Methods section). Figure 4 shows the results of the original data and the GRF optimized data. Differences are visible, yet both (the original

and the synthesized structure show very high similarity. Table 1 shows the ranges of average optimized parameters of the wave vector bundle

of theGaussian randomfields (GRFs) (frequency f, and values of anisotropy such as largest eigenvalue l (to indicate the strength of the spread)

of the covariance matrix of scattering space vectors and their rotation angles qz and qy ), indicative for the direction, the final cost value, and

estimates of porosity using Taud’s method.38

In Table 1 the spread of the final cost values costvalfinal is not very large, so it can be assumed that the solutions are near the optimal so-

lution. The standard deviation for the frequency of the GRFs is low. l, qz , and qy are extracted from the covariance matrix which describes

mathematically the shape of a dataset.40 Covariance, as measure of how much two variables (here directions) vary together relative to an

output (here their synthesized volume) results in q describing the directed deviation from the norm. It appears that qy of sample A is positive,

which could be a matter of which part the nest was taken from or the particular shape of the original sample. Anisotropy of the GRFs as ex-

pressed by the largest eigenvalues l, is not very prominent yet not close to unity. According to Kumar et al. (2020)39 the structure exhibits cubic

anisotropy (with symmetries), expressed through qz and qy . Porosity values (unitless ratios) are similar to the macroporosity reported in.12,13

To visualize the similarity of the optimized GRFs to the mCT scans, the dimensionality of the WST feature vectors of the GRFs and the

filtered mCT scans is reduced using a principal component analysis (PCA). The first two components are plotted in Figure 5. The points for

the GRFs and the filtered mCT scans are within two distinct, close-by clusters. The distance between points within one cluster is of the

same magnitude than between points of the two clusters. The samples B and C are more similar to GRFs than the samples A and X. The
iScience 27, 108674, January 19, 2024 3



Figure 4. Raw data and GRF optimized structures

Unfiltered 3D samples A to C simply cut from the mCT scan of the nestingmaterial ofC. lacteus and X fromN. exitiosus and examples for the correspondingGRFs

using optimized parameters (~A to ~X).
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optimization of the parameters of the GRF produces results which, while in feature space in close proximity to the original scan, can still be

separated. While the large blocks show some similarity, the influence of scales is not captured.
Influence of scales

To investigate the influence of scales, sample C (C. lacteus) was chosen and eight sub-cubes are studied inmore detail. Each of the sub-cubes

C1. C8 share one of the eight vertices of the large cube, respectively as shown in Figure 6A. For each of the sub-cubes the edge length a is

varied from 1 mm to 26.4 mm in 1.016 mm steps. The same procedure is applied to both, the optimized and the synthesized GRFs. The fea-

tures of the wavelet scattering transform of each subcube for mCT scans C1 to C8 are then compared to the features of the GRF-reproduced

structures (~C1 to ~C8) at each scale a. The dimensionality of this feature space is again reduced by employing a PCA.

The first two of these components are shown in Figure 6B and shows that the relative distance between the features of the mCT-Scan and

the GRFs is small at small scales a between 1mm and 5 mm (about the size of tunnels, see Figure 1). Submillimeter details (Scale 2) have been

smoothed out before using the discrete wavelet filtering (Figure 2B). For an increased scale a for some of the vertices up to about 9mm (which

is about the diameter of chambers) the distances grow with feature values spreading over a greater range. This effect is attributed to the

increase of different details of both the mCT-scan and the GRFs (rep and opt, Figure 6C).

The mean distance between each mCT-scan and GRF feature is plotted in Figure 6C. The GRFs are similar to that of the original mCT-scan

for every vertex at the smaller scale (a). If the scale, i.e., the edge length of the sub-cube, is increased, the distance in the PCA increases and

thus the similarity decreases. For some subcubes, especially C7 and C2, the similarity to a GRF decreases drastically with increasing scale.

These sub-cubes cannot be represented by the rather regularly shaped GRFs. For very large scales, however, it can be observed that the dis-

tances seem to converge again to a single value. The sub-cubes must converge to the large (total) cube with increasing edge length. This

value is lower than the maximum of the mean distances. Thus, local irregularities can be equalized on a larger scale by better fitting regions.
Table 1. Optimized parameters of the GRFs

Sample A B C X

f 2:85G0:08 2:46G0:03 2:45G0:05 3:08G0:1

l 1:74G0:64 1:42G0:31 1:15G0:63 1:41G0:4

qz 63G41 � 49G37 � 59G25 � 39G20 �

qy 17G29 � � 25G32 � � 49G28 � �21G39 �

costvalfinal 5; 601G63 4; 425G18 4;142G21 4; 831G35

porosity 0.39 0.35 0.55 0.31

Optimized parameters of the GRFs and final cost values for five independent runs of the optimization and estimates for the porosity using Taud’s method, while

eigenvalues indicate anisotropy, q-values indicate cubic symmetry according to Kumar et al. (2020),39 both a clear indication of directionality of both, biogenic

topology and GRF synthesized structure, and mismatch owing to reduced information on a different scale using the GRF approach.

4 iScience 27, 108674, January 19, 2024



Figure 5. Reduced view on features of termite structures

Principal component analysis of the averaged WST features for each layer in z-direction for

samples A to X. The large dots are the features of the termite-built structure (filtered mCT

scan), the smaller dots are the results of the optimization.
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This indicates that the optimization can effectively select the best set of parameters for a GRF to match the features of the mCT scan for a

certain scale.
Comparison of porosity

Another commonmeasure used to analyze porous structures is their surface-to-volume ratio38 for which in the following only the interior sur-

face areas, excluding their cutting surfaces, is considered. A large surface-to-volume ratio is relevant for termite to actively store moisture in

their structures and to regulate humidity within the mound.3,7 Figure 7 shows the ratio of the interior surface area to the total volume for both,

the mCT scans (red, asymmetric distribution) and the GRF synthesized structures (family of Gaussians), as function of different porosity thresh-

olds 4 (vertical, dashed line shows actual value estimated with Taud’s method38; other values are thresholds). The surface area to volume ra-

tios for the GRFs are shaped parabolic with their maxima being proportional to wavelengths of the sinusoidal functions applied (cf. Table 1).

The higher the frequency applied to the GRF themore interior surface area can be found within the total volume. The lower surface to volume

ratio of the mCT scans indicates that volume and pores are not as evenly distributed as for the GRF. Larger volume sections of the solid phase

within the mCT scan (lower frequency contents) reduce the interface surface area. The surface area-to-volume ratio of the GRF synthesized

structure is only for sample X close to that of the termite topology.
Figure 6. Analysis of scales using subcubes

Investigation of the scales of sample C (C. lacteus), Scale 3 (Figure 1C).

(A) Extraction of the sub-cube C8 with edge length a (after applying a smoothing filter).

(B) Principal component analysis of the wavelet scattering transform features of the mCT scan (red circles) and the optimized (opt) GRF (brown dots) and the

synthesized (rep) GRFs (brown squares).

(C) Mean distances between the mCT scans and the GRFs. The red square marks the value for the sub-cube shown in (A).

iScience 27, 108674, January 19, 2024 5



Figure 7. Porosity estimation

Surface area (A) to total volume (Vtot) ratio for filtered mCT scans (red, asymmetric distributions) and their respective GRFs Vtot (normal distribution curves). The

vertical dashed lines show the estimated porosity (4) of the mCT scans. (A–C) Relate to C. lacteus while (X) belongs to data of N. exitiosus.12
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Measures of complexity

Next, the calculation of complexity measures is conducted. Classical measures based on the scanned geometry and the artificial (synthesized)

structures are applied and compared to a recurrence plot analysis which uses the feature space trajectory (FST), formed by a PCA41 of the

feature vectors of the wavelet scattering transform for each layer in z-direction.

According to the permutation entropy H and the statistical complexity C shown in Table 2, the GRFs are about as complex as the filtered

mCT scans while not being absolutely random (theoretically C = 0, H limN, i.e., no scaling41,42). Comparing the results among each other,

only the correlation dimension D2 shows consistently a slight difference with values for the GRF’s being lower, indicating to be less volume

filling. The dimension is finite and seems fractal (same behavior of a range of length scales41,43 and of the same order as reported in Oberst et

al. (2021).12 Together with values of the entropy and the statistical complexity this implies that both structures resemble each other (without

being necessarily qualitatively equivalent).

The FST of the mCT scans has a long tail, corresponding to a section of the sample dissimilar to the rest. The FST of the GRF however is

more compact without long tails, indicating a regularly shaped, feature-poor structure, as also confirmedby the respective RPs (Figure 14). For

z > 100 there are no recurrences for the mCT scan, while for the GRF there are no isolated parts in the RP. The RP for the mCT scan resembles a

transient dynamical system, whereas the RP for theGRF resembles a nonlinear system.44 The period of the pattern in the recurrence plot of the

GRF corresponds to the frequency of its wave field, which can be generally distorted by its anisotropy.
Table 2. Estimation of complexity measures

mCT scan - original data

A B C X

D2 2.706 2.733 2.561 2.752

H 0.7496 0.7576 0.7572 0.7658

C 0.3873 0.3848 0.3883 0.3815

RR 0.06 0.04 0.08 0.09

LMAX 10 10 20 14

ENT 1.83 1.68 2.18 1.94

Gaussian Random Fields (GRF) - synthesized data

~A ~B ~C ~X

D2 2.615 2.677 2.479 2.687

H 0.770 0.757 0.758 0.775

C 0.391 0.403 0.404 0.383

RR 0.09 0.10 0.10 0.15

LMAX 14G5 19G3 16G5 16G5

ENT 1:91G0:38 1:94G0:30 1:98G0:15 1:92G0:18

Estimates for the correlation dimension D2, the permutation entropy H and the statistical complexity C and Recurrence Quantification Analysis (RQA) measures

for various samples and their respective GRFs. For the GRFs the standard deviation for a set of five samples is provided to quantify the spread of values for

different optimizations.

6 iScience 27, 108674, January 19, 2024
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The results of a Recurrence Quantification Analysis (RQA) and that of an invariant extraction (correlation dimension D2, permutation en-

tropy H, and statistical complexity C are shown in Table 2. The GRFs, due to their more compact FST, have a higher recurrence rate RR than

those of the mCT scans, see Figure 14. Themaximal line length LMAX is generally higher for theGRFs than for the mCT scans, indicating amore

periodic behavior, however the spread of values is quite large. The Shannon entropy of the probability distribution of diagonal line lengths

ENTR between GRFs and the mCT scans is quite similar for both cases A, C, and X but lower in case B for the mCT scans.
DISCUSSION

Termite structures have been studied extensively in the past, withmain focus on their networked tunnel system, building activities or nest self-

ventilation and acclimatization characteristics.3,9,15 Yet, modeling of whole mounds or even parts of them has rarely been attempted, and

certainly not with a great level of detail. Here, we combine various methods (feature extraction, signal processing, optimization, GRFs)

into an analysis framework and experimental data of collected termite mound segments for the synthesis of termite-mimetic spinodal struc-

tures.45 Examples of using GRF on other information e.g., to study regular lattices, or noise can be found in literature.39,46

Scale 1 (see Figure 1), related to the corridors and the chambers, has attracted some recent interest16,20 in that it was assumed that col-

lective termite building behaviors are triggered by geometrical features rather than a diffusion pheromone.7,16,20,47While there is more knowl-

edge available related to termites as soil engineers, and their material used and associated macroscopic stability,48–52 only very recent novel

high-resolution mCT imaging data have revealed multi-scale structural details of biogenic topology and their complex micro-composite

character.12

By applying the same mCT technology as used in Oberst et al. (2021),12 we focused here on the local scale of the nest, corresponding to

corridors and chambers within the endoecie of the two speciesC. lacteus andN. exitiosus. By doing so, wewere able to better informeffective

mathematical models to synthesize localized macroscopic nest features for the first time by preserving implicitly natural features.7 Most Iso-

ptera comply with certain requirements to their buildings, so-called templates.3 Further, and that is true for most termites, temperature and

humidity of the mound must be regulated, metabolic gasses must be exchanged, and termite traffic has to be coordinated efficiently. Addi-

tionally, the nest serves as a fortress against predators, a cradle to new generations of termites, and a pantry for the forage.8 Hence, the

mound and the structure at certain locations within the mound must serve different requirements which are species-specific.7 Functions

compete on a local scale; thus, termites need to optimize their efforts during foraging and use of materials during building spatially and

temporally.48,49
Engineering synthesis of spinodal geometries and differences to biogenic structures

We employed the wavelet scattering transform (WST)36 to extract features and to optimize the parameters of GRFs as temporal-spatial sto-

chastic process.33,53 The extractedWST features are in qualitative agreement with those of natural porous structures, proving the suitability of

the method chosen for the selected scale. The approach is computationally efficient and does not require a sophisticated feature selection

process.

However, some differences persist. For topology designed by Isoptera, the diameter of the tunnels and cavities is influenced by the need

of gas exchange and to accommodate efficient termite movements/colony traffic, or storage of food and brood.8,26 The walls need to have a

certain thickness to support the gravitational load and external forces on the structure and to store moisture. GRFs have shown to be useful to

model the macroporous structure on the scale below 5 mm however, due to being generated by superposing sinusoidal waves of a single

frequency and due to local design objective changes within the mound, larger structures are more difficult to model accurately as indicted

by both the two-point auto-correlation function (Methods and materials) and the surface area-to-volume ratio (Figure 7).

SinceGRFs are solutions to diffusion processes, the local shape of the internal structure of themound is formed by those. During the build-

ing of the nest, themovement of individual boluses,12,54 i.e., termite soil pellets (termite bricks) of up to 1.2mm in diameter ball-shaped build-

ing units formed by soil particles, feces and saliva, is a dynamic process resulting in smooth structures. Smooth inner tunnel and chamber

walls12 facilitate air flow and movement of the colony within in the mound. Further, smooth geometries reduce the notch effect,55 which im-

plies that stresses are less concentrated, which induces larger resistance, and higher mechanical stability.48,50 Whether local smoothing ac-

tivities are likely to happen continuously, in a converging sense, through termite stigmergic actions within the mound, or while progressing

tunnel construction during building, remains to be studied.26,27
Anisotropy through directionality

Other differences are related to the connectivity of parts within the nest. Perna et al. (2008)15 studied the corridor network in nests of Cubi-

termes, where bulgy chambers are connected by thin tunnels while Hu et al. (2023)56 made use of termite morphology to design a bionic heat

sink, which is strongly dependent on high connectivity. Here we analyze the structures ofC. lacteus andN. exitiosus, where the cavities cannot

be grouped into chambers and tunnels. Instead the network consists of highly interconnected pores of various widths and lengths, similar to

that found in pore network models of reactive transport applications.57 Similarly, we find that the natural termite structures are more complex

as shown by their difference in recurrence rate RR and higher correlation dimensionD2 (Table 2). While the optimization parameters provided

excellent results to engineer artificial termite nest endoecie, their eigenvalues l and the rotation angles qz and qy indicate anisotropy (Table 1).

While anisotropy in self-organized systems usually relies on global body forces, such as gravity or magnetic fields,58 we assume that termites

as a collective ofmany individual insects canmake use of those forces to shape their structures in a certain way. That this is the case is indicated
iScience 27, 108674, January 19, 2024 7



Figure 8. Network analysis

Top: Network of mCT sample C with branching points (yellow) and endpoints (red). Bottom: Euler characteristics for the mCT scans (red dots) and their respective

optimized GRFs.
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by the mound structure which is revealing in those termite species studied concentrically differing topological layers, with the nest as the

mounds’ center point. The shaping and loss of degrees of freedom (dissolvance, Testa et al.59) likely originates from the metabolism,

the heat generated, changing gas concentrations, humidity variations and mass flow, which generates a quasi-forcefield in the center of

the mound nest.7 Differences in the sign of Table 1, ‘q’ could be related to different orientations of the originally scanned sample. System-

atically studying the development of the co-variance using more samples and moving across different nests would provide a deeper under-

standing of the differences observed here.

Higher complexity, and stronger irregularity are evidenced through the two-point autocorrelation function (see STARMethods). To inves-

tigate whether the connectivity of the pore network contributes to differences found we used the Euler characteristic c.60 Figure 8 shows the

Euler characteristic for all samples, with lower c being indicative for higher pore connectivity. Sample C shows the highest connectivity and

highest porosity of all mCT scans. However, the Euler characteristics of all GRFs are significantly lower than those for the respective mCT scans

indicating a higher connectivity, especially in samples A and X. In geology and here especially percolation theory, the relation between anisot-

ropy and networks (fracture, porosity) as expressed through graphs is well understood.61,62 Highly connected graphs appear isotropic while

directional flow networks and incomplete graphs cause high anisotropy and reduced pore network connectivity.61,63 Termites collectively

shape the structure of tunnels and their connectivity with time, forming pillars and layers,3 and on different scale (having smooth surfaces

or certain i.e., optimal surface properties where fast walking is required). While Laplacian processes, including GRF, produce matching cur-

vatures on a local scale,16 their macroscopic geometrical pattern rather indicate deviations to real-life structures of termites. Rather than sim-

ply following randomprocesses, paths and corridor directionality can be assumed to be shaped by their biological functions.7 One important

function is the ventilation of the mound9 and with it the temperature management.

One indication of relatedness to biological functions and local anisotropy including ventilation (while qualitatively different, known from

localized defects, such as resistance anisotropy in otherwise theoretically isotropic structures64,65) is shown in Figure 6. The similarity at low

scales, i.e., tunnel/corridor is high, however, when it comes to larger sizes, the average difference between natural biogenic and synthesized

spinodal structures is stronger. This difference becomes pronounced at mid-scales due to the nonexistence of clear chambers in the GRF

optimized structures. Tunnels move into chambers produce a sudden change in the characteristic dimension, a transition less often observed

in GRS; at larger scales, we do not know the exact reason for this deviation, but tunnels and chambers could a certain direction and shape

rather than being random, which need to be further explored. Here, evenly distributed periodic structures, i.e., cavities and tunnels, would

account for an isotropic material, which is produced if the GRF was not updated as shown for other structures in Kumar et al. (2020).39

In Perna et al. (2008)15 in a nest ofCubitermes spp. low connectivity was observed, which is also the case here for nests of (N. exitiosus and

C. lacteus). Lower connectivity relates a statistically larger path length between two arbitrary points and likely has its root cause in an advanced

defense strategy against intruders. The GRF-synthesized structures, however, are much more regular and more interconnected than their

biogenic counterpart despite showing very similar porosity. Termites balance the need of ventilation and managing their temperature

with that of traffic and defense against predators, structural toughness, and material requirements.12,48 Hu et al. (2023)56 have developed

a bionic heat sink based on termite-inspired, self-organizedmorphology, also using aGaussian surrogatemodel. Results showed for a specific

hot spot temperature a pressure drop of 51%, while reducing temperature variance by 60% by only increasing the solid volume by 3%which is

achieved for high connectivity.56 A lower connectivity, however, is representative of an incomplete undirected graph, which is often found in
8 iScience 27, 108674, January 19, 2024
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termite mound networks. This is similar to anisotropy being a measure for directionality, and is therefore represents a measure of specialized

functionality as opposed to mere connectivity, embedding this way spatial information66 within the termite mound. Yet, how exactly connec-

tivity and exact termite structures are related to heat and mass transfer for ideal ventilation conditions within the mound remains to be

studied.

Due to the limitations and simplifications of the GRF approach, the parameters controlling the anisotropy of the GRFs show slight but dis-

tinguishing differences (see Table 1). The samples for this study are isotropic at a larger scale, but they have some important local irregular-

ities, which can only be estimated to a certain degree with the current GRF-based approach andwhich show up in eigenvalues (Table 1) being

greater than unity. This is to some degree expected since in a termitemound, the topologymust be anisotropic, owing of the directionality of

natural forces, such as gravity, solar irradiation, or convective air flows but also the internally shifting of biomass (termites). Termites design

local functional morphology, like tunable anisotropic material behavior.39 Different geometries on different scales such as the comparison of

the endoecie to the carton material in the nesting section67 resemble a spatial transition from cubic to lamellar anisotropy.39

For the dimensions as explored in this study (27 mm) the samples and sub-samples already comply to the aforementioned conditions to a

different extent, resulting in complex, irregular structureswhich also include asymmetrieswhich are not coveredby theGRF approach. Asymmet-

rical dynamics have also been illustrated in the recurrenceplots, which resemble transient, nonlinear processes. Differences in the recurrenceplot

quantificationandplotsareassigned to thesmoothing (lossof informationonasmaller scale) and the synthesisof thestructureaswell. Tomeasure

directly asymmetry, it is in principle possible to calculate and measure e.g. Willis coupling parameters relative to an impinging acoustic wave.68

This is important as termite structures respond as a system to physical input quantities (acoustic pressure, humidity and airflow, vibration, stress,

and strain) as termitemounds servemultiple functions.7 Functionmightbeconsistentwithcertainpartsof thenest and thebehavior therein,hence

the structuremightbe subdividedand is likely tobe interchangeable toa certaindegree,dependingon thenest’s hierarchical topology, ordevel-

opmental stage. These functions and in a wider sense termite behavior,might therefore bemolded in clay (as suggested by Perna andTheraulaz

(2017)3), yet detailed studies on how stigmergy, building activities, and phenomenological designs are correlated and may lead to anisotropic

topology have never been reported to-date.

Observed differences for species

Between the species Coptotermes lacteus andNasutitermes exitiosus visible differences in their outer endoecie are apparent (Figure 9), see

also data in.45 For C. lacteus no strong inner scaffolding was observed, rather laminar structures12 with high-density pillars/elongated cylin-

drical beams accompanied with a hard outer shell (absent inN. exitiosus).7,69 Building the termite nest costs energy, and incorporating a ther-

mal isolation layer which is also able to sustain greater loads stability by designing a scaffoldingmight turn out to bemore energy efficient on

the colony level.48 As indicated by Korb (2010)8 mound shape and composition of layers especially the outer layers play an important role in

acclimatization of the nest, either based on ventilation through ducts or through diffusive gas exchange via thin, brittle outer sheeting layers as

in case of N. exitiosus.7 Yet both, thermal properties as well as stability aspects of termite-built biogenic topology49,50,54 require to be sys-

tematically explored across Isoptera. The distribution of C. lacteus and N. exitiosus overlaps but the latter species prefers warmer climate

which renders a thick outer shell less important.

The tunability of the internal material composition may follow different demands of colony development influenced by season, state of

health, or other longer-term scenarios. Stigmergic cues (i.e., spatial embedding of information) may therefore be related to the geometry

rather than to adiffusionpheromone,3 and insteadof having a single cue, termites build anddesign their nest through cascading, independent

factors.7,12 Considering the small value of the threshold criterion, absolute values reported here are small, yet show an important, but rarely

detected and never reported difference between geometries which resemble each other closely. With a more advanced model, which has

more degrees of freedom and can be tuned locally, larger samples of a termite topology could be synthesized and thenmodeledmore accu-

rately. Local tuning could be achieved by controlled fading between GRFs with different properties, resulting in a reconstruction technique

similar to representingobjects via 3Dwaveletswithmultiple resolutions.32,70,71 Kumaret al. created3Dhierarchical nano-latticeswith individual

beams of multiple self-similar unit cells spanning length scales over four orders of magnitude in fractal-like geometries such that their gener-

ated GRFs matched the anisotropic properties and geometry of a bone sample.39 Using the sequential approach suggested here combined

with39 will shed light on features and their functions, and will eventually lead to the generation of a high-fidelity digital model of a termite nest.

An accurate model with predictive capabilities needs to embody the same trade-off principles, which are followed by termites, while building

and maintaining the topology, leading to Pareto optimal solutions – something which needs to be understood in context with termite evolu-

tion, andbehavioral ecology.However, theoptimization should takeplaceonmore scalesof the termitemound, fromthe very large scaleof the

overall mound shape, over the larger network of tunnels and support structure, to the local pores and the composite wall material.

Outlook

To better understand stability and strength as well as air flow, cooling etc,9 similitudes using different 3D printed samples of different

materials could be estimated using for instance compression tests, and larger computer models of termite feature preserving charac-

teristics should be produced to generate an phylogenetic tree and link it to termite nest topology and its multi-physical properties. The

inner topology’s importance on air-conditioning and self-ventilation9 through evaporative cooling requires exact geometry which is

possible to achieve following the design process described in this paper. In turn, the influence of different environmental templates

(airflow, mechanical properties, etc.) on the inner local macroporous termite structure can now also be further investigated.3 A compu-

tational framework of this study should be adapted to accommodate any new model for macro-porous termite structures and check the
iScience 27, 108674, January 19, 2024 9



Figure 9. mCT scan examples

Differences in terms of inclusions for example slices of sample cubes (A–C) and X can be observed (Scale 2), while the macroporous structure looks similar by

judgment of the bare eye (Scale 1).

ll
OPEN ACCESS

iScience
Article
suitability as measured by the dynamical and morphological measures. In the long term, more scans of different samples of mounds of

various species are needed to study how the termites adapt their structures to environmental conditions, sources of food, or predatory

threats. Similar to Ocko et al.72 who employed the advection-diffusion equation, a deterministic approach based on partial differential

equations could be employed to investigate the morphogenesis on different scales, by considering e.g., the inner scales which have

shown to be structured like an inverse Brazil nut effect.12 Such a deterministic model could potentially reflect also the dynamics of

self-organization and be compared to the final result of the GRF. Understanding better the function of the mound and its scale as

well and its strong connectivity to the colony is an essential step in fully understanding termites as superorganism and their nest as their

extended phenotype.67
Methods and materials

Collection of specimens and mCT scans

Collection of termite nest material. For this study a termite mound of the species C. lacteus was collected from within Tidbinbilla Nature

Reserve (35.456�S, 148.927�E); we also dissected as well as a mound of the speciesN. exitiosus, near the Australian Defence Force Academy

in Canberra (35.30�S, 149.17�E, Australia), cf.12

Parts of the nesting material were scanned using a high-resolution mCT which provided submillimeter accuracy.12 Sample mCT images of

the of the two species are depicted in the composite Figure 9. The C. lacteusmound was about 900 mm height and had a diameter of about

1,000 mm, cf. methods and materials, Figure 10. The mound ofNa. exitiosus had a height of about 300 mm and a diameter of ca 650 mm, cf.

Oberst et al. (2021).12 For both mounds, the outer soil capping was removed, and the different parts of the mound were broken into large

fragments which would fit into zipper bags and placed into a large portable cooler (70L, Esky rugged), cf. Figures 9B and C. The samples

were transported to University of New SouthWales, Canberra, where they were further dissected. We cut two samples of the outer endoecie

from the twomounds, onewas found after a peripheral box-work (periecie) in case ofC. lacteus,7 while forN. exitiosus the specimen takenwas
10 iScience 27, 108674, January 19, 2024
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Figure 10. Termite structure specimen collection

(A) Termite mound of C. lacteus; (B) opened mound and thick outer shell and termite worker and solder as inset; (C) different mound segments as identified; and

(D) vacuum-sealed piece of outer endoecie, representative for Scale 1 (Figure 1) as analyzed in this study.
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found about 100 mm below the outer soil capping. Both specimens cut via a spatula into sizes of about 80 mm3 70 mm3 95 mm and sealed

off in vacuumbags (Ambiano,multifunction sealer) to reduce humidity/moisture losses and to avoid crack development/propagation through

desiccation (Figure 10D).

Computed tomography of termite nest structures

At the Australian National University’s (ANU) mCT facility (CTLab) we applied high resolution X-ray helical mCT to analyze the geometry of the

termite-built structures directly within the vacuum-sealed bags, cf. Oberst et al. (2021).12 For this purpose, a transmission-type X-ray source,

with beam voltage and current of 80 kV and 110 mA was used, respectively. The samples were scanned and converted into 2D image stacks

using ANU’s Multi-modal Australian ScienceS Imaging and Visualization Environment (MASSIVE) imaging and visualization cluster. Tomog-

raphy renderings and porosity percentages were produced using ANU’s supercomputing facility to run ANU’s Medial Axis and Network

Generation software (Mango)73,74 and Drishti volume rendering software.12,35 The scanned dataset was first uploaded using ‘‘Drishti Import’’,

then further (in ‘‘Drishti main’’) modified in domain and using FRFs for different densities using 8-bit resolution before being saved as project

and visualized using the 16-bit option.

Methods for synthesis process and analysis

Wavelet Scattering Transform. The image slices of the scanned structure were then de-featured using a 3D DWT (decomposition and

synthesis) using sym32 wavelets, before the wavelet scattering transform was applied (see Figure 2B).Features are then extracted using

the Wavelet Scattering Transform (WST) by Bruna and Mallat.75 This method is based on a Convolutional Neural Network using wavelets32

as predefined filters, so no training is needed. Theworking principle of the wavelet scattering transform in 1D space (x) with construction filters

4, l1, and l2
76 is shown in Figure 11. Here, I1, I2, and I3 represent three locally invariant descriptors extracted from the scattering coefficients

S0x, S1x, and S2x for translation, average signal amplitude, and transient phenomena.76

Here, three layers (two wavelet filter banks) are used with x scales and y rotations each. The three layers compute zeroth, first and second

order features (scattering coefficients) of 2D slices of the cubic samples (coefficients of invariant features I0, I1 and I2 in Figure 11). To capture

the three-dimensional nature of the samples, n slices in the three Cartesian coordinates are taken and its features are calculated. Results on

benchmark systems, such as lamellar, columnar, and cubic examples39 show that the energy of the third-order scattering coefficients is likely

negligible (less than 1%).
iScience 27, 108674, January 19, 2024 11



Figure 11. Wavelet scattering transform

Schematic of the extraction of scalogram coefficients using the wavelet scattering transform (adopted from76). The schematic shows three layers (and two non-

zero layers), with circles representing input data and squares output data.
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Topology synthesis. GRFs have been used tomodel nanoporous gold, biogenic structures such as bones,39,77 and tomodel higher-dimen-

sional complexes, including geostatistical and areal (lattice) data, complex, optimized designs or also term structure of interest rates.30,31

GRFs can be in principle of dimension 1 or also higher dimensional. A one-dimensional GRF is called a Gaussian process40 and is following

the Gaussian distribution (forming the bell-shaped curve) over time. A Gaussian process is a stochastic system changing over time. The

Gaussian probability density function here is the underlying property and provided with

pðxÞ =
1ffiffiffiffiffiffiffiffið2pp d jSj

exp

�
� 1

2
ðx � mÞTS� 1ðx � mÞ

�
(Equation 1)

with x being the vector of input variables, m being the mean with m = 1=NP
i
xi and detðSÞ = jSj being the determinant of the input variables

covariant matrix. Having a sampling of a certain quantity, e.g., position d (as the case for Brownian motion, Random walk processes40) one

can extract a randomprocess at time step ti such that dðtÞ = dðt + dtÞ � dd, where dd is a randomdistance from the previous position drawn

from a population of normally distributed samples (e.g., here with a stationarymean, hencezN ð0;dtÞ); and dðtÞ is the changing position over

time. In theory, and if generalized, GRFs are infinite dimensional Gaussian processes over distributions of functions f ðxÞ whose distribution is

defined over a mean function (ormean in the discrete case) and a positive definite covariance function. The covariance function becomes in

practical (finite dimensional measurements) the covariance matrix and the random field would be approximated through multivariate

Gaussian (marginal) or joint normal distribution40,48). In the following we are looking at wave vectors x instead of distances d and indicate

their directions and the phase angles with ni and 4i as shown in the following,39

fðxÞ =

ffiffiffiffi
2

N

r XN
i = 1

cosðbnix $ x + 4iÞ: (Equation 2)

Here, bni = qi with b> 0 representing a constant wavenumber and nizU ðS2Þ;4izU ð½0; 2p½Þ with S2 describing the unit sphere in R3 (de-

tails see39,78). Equation 2 describes a Fourier solution of three dimensional diffusion processes e.g., the non-anomalous heat diffusion equa-

tion79; the Gray-Scott reaction diffusion (GSM) equation80). We use random initial conditions, and therefore describe a structure through su-

per-positioning sinusoidal composition modulations with random amplitude, orientation, and phase,81 but in space such that

fðxÞ = fðx + dxÞ � df: (Equation 3)

The formation of the overall structure is therefore intrinsically more holistic, and different compared to that of e.g., engineered metama-

terials, with an (often unimodal, highly functional) unit cell (meta-atom), which is explicitly architected after deterministic principles.82 Anisot-

ropy as observed in GRF can be accounted for by manipulating the covariancematrix S of the Gaussian distribution (Equation 1) of the three-

dimensional wave vectors. The covariance matrix can be constructed using the eigendecomposition, i.e., factorization of a diagonal matrix

into canonical (or normal/standard) form40

S = Urot$L$U� 1
rot (Equation 4)

whereUrot is thematrix expressing the rotation of the principal axis of themultivariate Gaussian distribution andL is the diagonal matrix (with

eigenvalues li as diagonal elements) defining the stretching or compression along the principal axis. The rotation angles are qz and qy for

rotations around the y- and z axis respectively (assuming ellipsoids in 3D; or iso-density loci plotted in x � y-plane for bivariate distributions.40
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Figure 12. Examples 2D slices taken from subcubes

Two-dimensional slices of cubes of 29.6mmedge length. A-X: original mCT scan, Af-Xf defeatured mCT scan, and ~A) - ~X synthesized structure usingGRF.While the

original scan shows many more small-scale features, the, the defeatured structures are smoother, yet more irregular than the GRF synthesized topology.
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The rotation matrix is orthogonal, thus U� 1
rot = UT

rot. The resulting wave vectors are normalized, such that they describe points on a sphere, of

which the radius corresponds to the frequency of the field. For a strongly anisotropic GRF the vectors point in a certain direction, for an

isotropic field they are distributed evenly over the whole sphere and the covariance matrix is the unity matrix.

To tune the parameters of the GRFs a surrogate optimizer based on swarm optimization (Figure 2C) is employed37 with the objective to

minimize the difference between the feature vectors of the wavelet scattering transform and the GRFs. Later, the samples and the GRFs are

compared using a PCA and measures from dynamical systems theory, as well as geometry-based features.

A result of this optimization procedure is shown in Figure 12, comparing the original scan (A-X), theDWT filtered scans (Af - Xf), and theGRF

synthesized structure (~A - ~X).

Differences in the two-dimensional view become more obvious than in three dimensions (compare with Figure 4). After filtering and

removing some small-scale features (A-X), while locally similar, the cavities within the GRF synthesized structures (~A - ~X) appear to be

more evenly distributed. They also seem to have more connections resulting in less evident corridors. Corridors are wide and reduce to bot-

tlenecks (of about 1 mm diameter) at some locations, rather than having pronounced chambers, which is different from the GRF synthesized

structure. However, the non-perforated corridors in the natural structures account for some distinct directionality. The GRF synthesized struc-

tures also showmore acute angles and sometimes sharper corners which are absent in the natural structures. Otherwise, no clear differences

between samples A-C and X can be observed, which might be attributed to the scale.

Two-point autocorrelation function. To analyze self-similarity and repetitions within a structure, the spatial distance between variables can

be estimated using the correlation (or two-point autocorrelation) function.77 The distance between the first local minimum and the first local

maximum represents the characteristic length within the structures, representative here for the width of tunnels and wall thickness.

The two-point autocorrelation function G, normalized with 4, can be expressed as the ensemble average77

GnormðrÞ =
CIðxiÞI

�
xj
�
D � 42

4 � 42
(Equation 5)

where IðxÞ is 1, if x corresponds to the solid phase, and otherwise it is zero.G is calculated for sets of points with different distances ri;j =
��xi �

xj
��, i.e., it is the ensemble average over the surface of a sphere around xi for all points of the domain. To save computational effort, 1000 points

of the solid phase are chosen at random for xi. One can see the resemblance to the correlation integral (6), where the ensemble average over

all solid points inside a sphere around xi is calculated.

Every two-point auto-correlation function, Figure 13) of the mCT scans show local minima and maxima, which are yet less prominent

compared to those of the GRF synthesized structures, due to higher irregularity (f complexity) found in termite-built topology. The distance

between the first local minimum and the first local maximum represents the characteristic length within the structures, representative here for

the tunnel width and wall thickness. The GRF synthesized structures are built of superposed waves of only one wavelength, which is repre-

sentative for only one average pore size and wall width, responsible for rather prominent local minima and maxima.

Static and dynamic invariant extraction. Common features which do not change irrespective of any smooth coordinate transformations41

applied are called statistical or dynamic invariant,43 and can be used to compare the complexity of various structures by just calculating a scalar

value. To obtain this scalar, structural properties are averaged globally over the sample data series. The correlation dimension (as a static

invariant) was already used by Dathe et al.83 to characterize porous structures. Nauer et al. applied the correlation dimension to measure the

complexity of termite mound surfaces.13 The permutation entropy H and statistical complexity C (as part of the class of dynamic invariant mea-

sures) were, for example, used by Sigaki et al.84 as a feature for a machine learning application to predict physical properties of liquid crystals.
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Figure 13. Normalized two-point autocorrelation functions

Gnorm for filtered mCT scans (red lines) and their respective GRFs for samples A, B, C, and X.
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Correlation dimension. Similar to the box counting dimension, the correlation dimension D2 (a static invariant) captures the structure’s

complexity.41 Because the structure is defined by the three-dimensional interface between volume and pores, D2 can take values between

2 (surface-covering) and 3 (volume-filling).41,85 A higher non-integer value indicates a more complex topological composition on different

scales. Here the correlation dimension is computed for the binarized volumes of the filtered mCT scans and the GRFs.41

The correlation integral is the average number of points of a domain inside a sphere with radius r:

CðrÞ = lim
N/N

1

N2

XN
i;j = 1

Q
�
r � ��xi � xj

��� (Equation 6)

whereQ is the Heaviside function. The correlation dimensionD = D2
80 is defined as the exponent of the increase of the correlation integralC

with the radius r85:

CðrÞfrD ; (Equation 7)

thus D = logðCðrÞÞ=logðrÞ = D2.

Permutation entropy. Entropy (a dynamic invariant) as such is a measure which also relates to a structure’s complexity.86,87 The entropy, as

a measure of information generation (or expected uncertainty) in the data,88 is converges over a range of scales the more permutations are

needed to sort the structure into a regular pattern; generally speaking for periodic processes, the entropy converges to zero, and for random

processes it becomes larger and diverges for all scales (infinite for infinitely large datasets), while a deterministic chaotic process converge to a

plateau of a finite, non-zero value at intermediate length scales.41 The permutation entropy H is the normalized version of the Shannon en-

tropy S of the probability distribution P of all local permutations of elements within the structure. It can be defined as84

HðPÞ =
1

lnðnÞ
Xn

i = 0

pi ln
�
1
�
pi

�
=

1

lnðnÞ SðPÞ (Equation 8)

The probability distribution P is calculated according to84 by counting the incidence of individual permutation operators which sort the

elements within a sliding window.

Statistical complexity. The statistical complexity C norms the permutation entropy with the Jensen-Shannon divergence to account for

high-dimensionality and is derived from the permutation entropy and defined as84,89

CðPÞ =
QðP;UÞHðPÞ

Qmax
(Equation 9)

whereQ is is the Jensen-Shannon divergence between P and the uniform distribution U, andQmax is the theoretical maximum ofQ.89 Purely

randomandperfectly ordered structures have a complexity ofC = 0. Values for the entropy and the statistical complexity are estimated using

a sliding window (a moving subcube) of 23331 voxels averaged in each direction with 6! = 720 permutations. This number of permutations is

smaller than using the default window for the sliding cube of 23232 which has 40,320 possible permutations, and decreases the ratio of sub-

cube to full cube permutations (128!) hence reduces the likelihood of drawing identical permutations by chance (see also example in Appen-

dix of Sikaki et al. (2019)84).

Surface to volume ratio. The surface to volume ratio is defined as A=Vtot. The total volume is given by the volume of a cube Vtot = a3,

where a is the length of one edge. The surface area A for the samples is determined numerically by generating a mesh of the internal surface

(excluding the planar cut surfaces) and summing up the areas of every triangular surface element.
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Figure 14. Feature space trajectory and Recurrence plot

FST and RP for the mT scan and a GRF of sample X. The PCA is calculated independently for

each sample, resulting in different coordinates for the FST. The recurrence plot for the GRF

shows a much more regular structure than for the mCT scan.
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Graphs. The Euler characteristic for graphs can be defined as60

c = Nn � Nb (Equation 10)

whereNn is the number of nodes andNb is the number of bonds. This quantity is independent of the degree of simplification of the network,

because adding a node to existing branches increases Nn and Nb by one, each.

Recurrence plots. Recurrence plots were introduced by Eckmann et al. (1987).90 They are a visual representation of the recurrencematrix R,

which is a thresholded similarity matrix of the states x in the phase space. Recurrence plots (RP) can be used to characterize nonlinear dynam-

ical systems or stochastic processes34,44 which is also expandable to spatial analyzes.34,44

The recurrence matrix is generally defined as34

Ri;jðεÞ = Q
�
ε � ��xi � xj

���; i; j = 1;.;N (Equation 11)

whereQ is the Heaviside function, ε is the threshold for the epsilon environment and x˛Rm is them-dimensional trajectory in phase space of

length N. To set up the state space usually embedding techniques are used; in particular, the so-called Takens delay embedding with an

embedding delay t and an embedding dimension m (more detail34,43).

For this study x is a state of the wavelet scattering transform feature space trajectory after reducing the dimensionality of the feature space

using a PCA. Here not the delay embedding but the first three components of the PCA have been used which also contains most of the in-

formation. The recurrence plots are generated using the CRP toolbox by Marwan et al. (2007),34 using a fixed threshold of ε = 0:0075 with

Euclidean distance as threshold criterion. The recurrence quantification analysis (RQA) measures are computed for the full RP of each sample.

The Theiler window is set to tw = 6.

Figure 14 shows the FSTs for the mCT scan and an optimizedGRF of sample X.Other than for Figure 5 the PCA for each sample is calculated

independently of the other samples, because for this analysis we are interested in the differences within each sample, not between the sam-

ples. Hence, each sample has individual coordinate axes. Their trajectories however can be compared qualitatively.

Limitations of the study

Computed tomography scans used in here are expensive, as specialist equipment and analyses are required. Hence, the number of speci-

mens studied is limited to cost and effort of collection, sample preparation, and scanning involved.

It would be interesting to have a range of different structures within one nest and across species studied to better understand their func-

tional topology.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Termite mound materials of

(1) Nasutitermes exitiosus (Hill) and

(2) Coptotermes lacteus (Froggatt)

(1) Collection location: Near the Australian

Defence Force Academy in Canberra, ACT,

Australia (35.30 deg S, 149.17 deg E)

(2) Tidbinbilla Nature Reserve, ACT, Australia

(35.456 deg S, 148.927 deg E);

NA

Deposited data

Raw and analyzed data This paper and in depositories File repository Zenodo45 https://doi.org/10.5281/

zenodo.7421410

Additional data of N. exitiosus has been used

here and is linked to previous study12

Software and algorithms

MATLAB R2021a in particular functions

(1) pca.m (Principal component analysis)

(2) permEntr.m (Permutation entropy)

(3) waveletScattering2.m (2D wavelet

scattering for images)

The MathWorks, Inc., Natick, MA, US Matlab, RRID:SCR_001622, manuals, online

CT software

*Drishti v3.1

Ajay Limaye (2012)35 Drishti, RRID:SCR_017999, Github, file depository

Instrumentation/facility

*Mango: Australian National University (ANU)

Medial Axis and Network Generation software

Sheppard et al. (2014)74 Instrumentation used website

Graphics

* EazyDraw 10.5.3

EazyDraw, a Dekorra Optics LLC enterprise EazyDraw, RRID:SCR_024814, website

Text processing

* Overleaf and

* TexShop 5.12

Overleaf c/o Digital Science (London)

TeXShop is distributed under the GPL

public license, and thus free.

Overleaf, RRID:SCR_003232, website

TechShop website

Other packages which can be used/

have been used/ could be useful in

course of this study

(1) Marwan’s Cross recurrence toolbox TOCSY

(2) Hegger et al.s TISEAN package

(3) TS toolbox -

(1) TOCSY website

(2) TISEAN website

(3) TS toolbox website
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Sebastian Oberst (sebastian.

oberst@uts.edu.au).
Materials availability

This study did not generate new unique reagents.
Data and code availability

� Micro-CT data have been deposited at Zenodo and are publicly available as of the date of publication. Accession numbers are listed in

the key resources table and reference list.
� This paper did not generate original code. Matlab scripts using publicly available functions and scripts can be downloaded from the

Zenodo file depository provided in the key resources table.
� Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.
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https://tocsy.pik-potsdam.de/CRPtoolbox/
https://www.pks.mpg.de/tisean/Tisean_3.0.1/
https://github.com/timcera/tstoolbox
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Termite nest specimens were collected in Canberra, Australian Capital Territory (see key resources table for coordinates).
METHOD DETAILS

Allmethoddetails have beenprovidedwithin themanuscript. Any additional information required to reanalyse the data reported in this paper

is available from the lead contact upon request.
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