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Self-organized regular vegetation patterns are widespread1 and 
thought to mediate ecosystem functions such as productivity 
and robustness2–4, but the mechanisms underlying their origin 
and maintenance remain disputed. Particularly controversial 
are landscapes of overdispersed (evenly spaced) elements, such 
as North American Mima mounds, Brazilian murundus, South 
African heuweltjies, and, famously, Namibian fairy circles5–13. Two 
competing hypotheses are currently debated. On the one hand, 
models of scale-dependent feedbacks, whereby plants facilitate 
neighbours while competing with distant individuals, can reproduce 
various regular patterns identified in satellite imagery1,14,15. 
Owing to deep theoretical roots and apparent generality, scale-
dependent feedbacks are widely viewed as a unifying and 
near-universal principle of regular-pattern formation1,16,17 
despite scant empirical evidence18. On the other hand, many 
overdispersed vegetation patterns worldwide have been attributed 
to subterranean ecosystem engineers such as termites, ants, and 
rodents3,4,7,19–22. Although potentially consistent with territorial 
competition19–21,23,24, this interpretation has been challenged 
theoretically and empirically11,17,24–26 and (unlike scale-dependent 
feedbacks) lacks a unifying dynamical theory, fuelling scepticism 
about its plausibility and generality5,9–11,16–18,24–26. Here we provide 
a general theoretical foundation for self-organization of social-
insect colonies, validated using data from four continents, which 
demonstrates that intraspecific competition between territorial 
animals can generate the large-scale hexagonal regularity of these 
patterns. However, this mechanism is not mutually exclusive with 
scale-dependent feedbacks. Using Namib Desert fairy circles as 
a case study, we present field data showing that these landscapes 
exhibit multi-scale patterning—previously undocumented in this 
system—that cannot be explained by either mechanism in isolation. 
These multi-scale patterns and other emergent properties, such 
as enhanced resistance to and recovery from drought, instead 
arise from dynamic interactions in our theoretical framework, 
which couples both mechanisms. The potentially global extent of 
animal-induced regularity in vegetation—which can modulate 
other patterning processes in functionally important ways—
emphasizes the need to integrate multiple mechanisms of ecological  
self-organization27.

Hypotheses about the origin of regularly patterned (that is, spa-
tially periodic with characteristic cluster size) landscapes are typically 
presented as strict alternatives, leading to strident and long-lasting 
debates5–12,17,22,28. The Namibian fairy circles (FCs) provide a fascinat-
ing case in point. FCs are bare discs 2–35 m wide surrounded by rings of 
tall perennial grasses, found in sandy desert soils along a sliver of south-
western Africa7,28 (Fig. 1f). Recently, Juergens7 documented strong 
correlations between FCs and sand-termite (Psammotermes allocerus) 
activity and proposed a conceptual model in which termites engineer 

FCs by killing plants, thereby creating bare patches that concentrate 
moisture7,8. This hypothesis elicited a barrage of counter-arguments 
that FCs instead result from scale-dependent feedbacks (SDF)9–13,18, 
with ensuing debate revolving heavily around the large-scale hexagonal  
distribution of FCs (each FC has approximately six neighbours on 
average). It has been argued, for example, that social insects ‘are not 
able to create such extremely ordered, and at the same time large-scale, 
homogeneous patterns’, leaving SDF as ‘the most reasonable working 
hypothesis’17. Parallel disputes simmer over the origins of other regular 
vegetation patterns worldwide, pitting SDF against the activities of ants, 
termites, and other burrowing animals5.

Although often implicitly presented as alternatives, these two 
mechanisms are not mutually exclusive. Here we reconcile these 
competing perspectives by theoretically integrating both mecha-
nisms and testing their predictions against empirical observations. 
First, we develop a dynamic spatial model to characterize the pop-
ulation dynamics and territorial behaviour of a generic soil-nesting 
social-insect population, showing that intraspecific competition can 
generate the large-scale hexagonal patterns found in termite mounds3,  
heuweltjies22, murundus5, and FCs10. Second, to explore the dynamic 
interaction and emergent effects of multiple simultaneous self- 
organization processes, we couple this faunal model to one of SDF-
driven vegetation self-organization. We illustrate the power of this 
merged framework using Namibian FCs as a case study: by parame-
terizing our merged model specifically for that system and testing its 
predictions against remotely sensed imagery and field observations, 
we show that the interplay of both mechanisms (1) characterizes the 
vegetation patterns of Namibian FC landscapes more completely than 
either mechanism can in isolation, and (2) predicts the emergence of 
features in these landscapes that have escaped the notice of previous  
investigators. This analysis moves beyond dichotomous debates to 
explore the multi-trophic dynamics and feedbacks that underpin multi- 
scale regular patterning in complex ecosystems.

To model social-insect self-organization, we used a spatially explicit 
model of colony dynamics in a discrete landscape, parameterized from 
the literature (Extended Data Table 1). Colonies build central nests 
and forage outwards to acquire resources to fuel colony-population 
growth and survival. Mature (established) colonies produce alates 
(reproductive future queens/kings) that disperse randomly throughout 
our simulated landscapes and attempt to initiate new colonies. Resource 
availability is constant and uniformly distributed. When the expanding 
foraging areas of neighbouring colonies overlap, conflicts ensue via 
territorial aggression (Extended Data Fig. 1a), as is common in many 
social-insect species29. Conflict outcomes depend probabilistically on 
relative colony size: larger colonies are more likely to eliminate smaller 
ones, but similar-sized colonies coexist, whereupon a shared bound-
ary emerges (Extended Data Fig. 1b). These conflicts are the primary 
cause of young-colony mortality (and are intensified by environmental 
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stressors such as drought), while mature colonies have an additional 
probabilistic death rate consistent with typical lifespans reported in 
the literature.

Although this system is intrinsically dynamic owing to continual 
births and deaths of colonies (Supplementary Video 1), the quan-
tities of interest eventually reach stationarity (fluctuating around a 
well-defined constant average) (Extended Data Fig. 2a, b). We can 
thus explore how this stationary state depends on resource availability. 
Mean density and population size of mature colonies increased—and 
mean nest diameter, foraging area, and nearest-neighbour dis-
tance decreased—with increasing resource density (Extended Data  
Fig. 2c–f). This occurred because colonies in resource-rich environ-
ments require smaller foraging areas to achieve a given increase in 
population size. Moreover, colony sizes in low-resource environments 
were always food-limited (Extended Data Fig. 2f), consistent with  
previous experimental work20.

We quantified predicted nest distributions (Fig. 1a) using standard 
point-pattern analyses: Voronoi diagrams, Ripley’s L and pair correlation  
functions (see Methods). Regardless of resource density, mature nests 
in our simulations were regularly and hexagonally overdispersed, with 
approximately six neighbours on average (Fig. 1g–i and Extended Data 
Fig. 2g). In contrast, immature (typically short-lived) colonies were 
randomly distributed or clumped, as has frequently been reported in 
field studies of ant and termite populations20,21,25,26. These theoretical 
results correspond well with our analyses of empirical nest distributions 
for diverse social-insect species from Africa, North and South America, 
and Australia (Fig. 1, Extended Data Figs 3 and 4 and Supplementary 
Information section 4.1). Although the degree of hexagonal regular-
ity differs somewhat among sites owing to variable topo-edaphic and  
floristic uniformity, the repeated emergence of such patterns in 
diverse contexts worldwide—despite the ubiquity of environmental  
heterogeneity—affirms the generality of the phenomenon27.

Our general social-insect model also reproduced the spatial distri-
bution of Namibian FCs10 (Fig. 1f–i and Extended Data Figs 3 and 4),  
showing that the large-scale hexagonal pattern of mature circles and 
the small-scale heterogeneity of immature circles22,28 can theoreti-
cally be explained by termite activity, contrary to recent arguments17. 
However, this finding does not exclude the possibility that SDF con-
currently drives vegetation patterning in this arid system. Therefore, 
we next developed a theoretical framework incorporating simultaneous  

social-insect and vegetation self-organization and applied it to the 
Namibian FC system. In the model, termites increase grass mortality 
on/around nest sites7,8 and forage on dead biomass in the surrounding  
matrix. To model vegetation (parameterized as a generic tussock grass, 
such as the Stipagrostis spp. bushman-grasses that dominate much of 
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Figure 2 | Simulation of FC emergence from termite engineering and 
vegetation feedbacks. a, Termite nest (blue dot) with roughly circular 
foraging territory. b, c, Characteristic FC vegetation arising around nest 
site after (b) dry and (c) wet seasons; brown, soil; green, vegetation; darker 
green indicates greater biomass according to colour-gradient bar on the 
left (units are kilograms per square metre). d–f, Model-predicted soil 
moisture, root-system size, and plant-density profiles along 30-m transects 
through simulated FCs (0, nest centre). Parameterization in Extended Data 
Tables 1 and 2.

Figure 1 | Social-insect nest distributions, in theory and 
in nature. a, Model results: blue dots represent centres 
of mature nest sites; parameterization in Extended Data 
Table 1. See Supplementary Video 1 for model dynamics. 
b–e, Remotely sensed images of hexagonal termite and 
ant nests in (b) Kenya (false-colour composite from 
high-resolution multispectral satellite image; red spots, 
Odontotermes montanus mound locations); c, Brazil (pale 
dots, Syntermes dirus nests); d, Arizona, USA (bare circles, 
Pogonmyrmex barbatus nests); e, Mozambique (thicket 
clumps, Macrotermes sp. mounds). Features shown in 
b–e have been ground-truthed as social-insect nests (see 
Methods and Supplementary Information section 4.1). 
f, FCs in Namibia. g, Neighbour-number distributions from 
Voronoi-diagram analysis; bars left-to-right correspond to 
legend top-to-bottom. Numbers in parentheses correspond 
to numbers of nests analysed. h, i, Pair correlation and 
Ripley’s L functions (red curves) for model results (top), 
Kenyan Odontotermes nests (middle), and Namibian FCs 
(bottom). Shaded areas represent 95% simulation envelopes 
to distinguish from complete spatial randomness. Details 
of images and analyses in Methods and Supplementary 
Information. Pleiades-1 satellite imagery in b copyright 
2013 CNES/Astrium (GeoTIFF file supplied by Apollo 
Mapping, Boulder, Colorado, USA); Google Earth imagery 
in c copyright 2016 CNES/Astrium, d copyright 2012 
DigitalGlobe, and f copyright 2016 DigitalGlobe; aerial 
photograph in e by R.M.P.
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the Namib Desert), we modified a widely used partial- differential-
equation SDF model15 previously applied to Namibian FCs9,10 by 
(1) incorporating stochastic rainfall based on 10-year records from 
NamibRand Nature Reserve (Extended Data Fig. 5) and (2) allowing 
for asymmetric root-biomass growth and water uptake in areas with 
higher moisture concentrations. We parameterized this model using 
appropriate values from the literature (Extended Data Tables 1, 2).

In this coupled model, termites and vegetation dynamically self- 
organize and interact. Bare FC discs with elevated soil moisture emerge 
around nests under arid conditions (Fig. 2 and Extended Data Fig. 6).  
If rainfall increases, however, plant regeneration outpaces termite- 
induced mortality, and FCs revegetate (Extended Data Fig. 7), possibly  
explaining why FCs are absent from Psammotermes nests in mesic 
regions17 (moisture-mediated plasticity in termite-foraging behaviour 
has been suggested as another explanation22). Asymmetric root-bio-
mass growth and water uptake by plants surrounding the moisture-rich 
bare discs (Fig. 2d, e) promotes emergence of dense, tall grass rings 
such as the FC ‘perennial belts’7 (Fig. 2b, c, f), an important feature 
not predicted by previous SDF models9,10. FC life cycles emerge in our 
model, driven by colony establishment, growth, and death (Fig. 3 and 
Supplementary Video 2). FCs emerge quickly following colony estab-
lishment, but disappear more slowly after colonies die (Fig. 3k–p) as 
grasses invade and eventually fill the bare patches (Fig. 3 and Extended 
Data Fig. 6e, f). The weakly bimodal distribution of FC lifespans ranges 
broadly from < 5 to > 165 years (Extended Data Fig. 8), with a peak 
at < 15 years and another at about 30–60 years, consistent with the 
range of existing empirical estimates6,7,22. The results above accord with 
published empirical data and satisfy quantitative criteria proposed to 
characterize the Namibian FC system6,7,12,17,22.

Our coupled model also predicts a previously unrecognized feature 
of these Namib Desert landscapes. Prior studies have focused exclu-
sively on the FCs and have largely ignored the matrix in between. In our 
model, SDF induces dynamic self-organization of the matrix vegetation, 
but at smaller spatial scales that are more compatible with ecohydrolog-
ically realistic grass–water feedback distances (Supplementary Video 3).  
Following wet seasons, small, regular clumps of matrix vegetation 
emerge, interspersed with larger, randomly distributed clumps (Fig. 2c). 
These larger clumps are rare in the SDF-only model without termites, 
but arise in the coupled model from small-scale soil-moisture variability  
in the matrix (Fig. 2d; consistent with published data22)—itself a ripple 
effect created by the FCs (Extended Data Fig. 6). To evaluate these 
theoretical predictions, we photographed NamibRand Nature Reserve 
matrix-vegetation distributions from 10-m height in February 2015 
and characterized both observed and model-predicted patterns using 
Fourier-transform analyses (see Methods). We found strong agreement 
between model outputs and field data (Fig. 4).

Thus, by treating vegetation SDF and faunal engineering as com-
plementary processes rather than competing alternatives, our model 
achieves the most comprehensive and realistic description of this 
system so far. Whereas previous SDF models can reproduce only the 
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Figure 3 | FC life cycle in the coupled termite-
vegetation model. a, Nest centres and foraging 
territories (blue dots, mature colonies; red dots, 
incipient nests, including the initial diggings of 
an alate pair). b, c, FCs and matrix vegetation 
following (b) dry and (c) wet seasons; colour 
scheme as in Fig. 2b; scale bar as in a. d, Aerial 
photograph of FCs at NamibRand Nature 
Reserve (image courtesy of F. Lanting).  
e–p, Termite-colony dynamics (e–j) and, 
below each panel, corresponding FC vegetation 
dynamics (k–p) for a progression of years in 
the simulation; scale bar as in e. Red arrow in 
k–p indicates location of FC shrinkage and 
disappearance following death of the colony 
indicated by a red arrow in e. Blue arrow in  
n–p indicates location of FC appearance and 
growth following establishment of a new colony 
(per blue arrow in h–j). See Supplementary 
Video 2 for model dynamics. Parameterization 
in Extended Data Tables 1 and 2.

Figure 4 | Predicted and observed regular patterning of FC matrix 
vegetation. a, Panorama of NamibRand Nature Reserve FC landscape 
showing matrix-vegetation clumps (photograph by J.A.G.). b, Low-
altitude (10-m) image of matrix vegetation (photograph by T.C.C.). Scale 
bar as in c. c, Model output used for comparison with b. Parameterization 
in Extended Data Tables 1 and 2. d, Normalized radial spectra of field 
images (n = 27 samples) and model simulations (n = 52 samples), 
as functions of wavenumber. See dynamics of matrix vegetation in 
Supplementary Video 3.
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formation and qualitative dynamics of hexagonally patterned bare 
discs9,10,13, our incorporation of termite self-organization and its 
feedbacks with SDF yields emergent properties absent from previous 
models but present in the real landscape, including vegetation size 
structure and the hitherto undocumented small-scale patterning of 
matrix vegetation.

Finally, we asked how the interplay of faunal engineering and SDF 
influenced ecosystem responses to climatic perturbations. Simulated 
drought (20% reduction in rainfall sustained over 1, 5, or 10 years) 
reduced system-wide vegetation biomass, but these losses were smaller 
(that is, landscapes were more drought-resistant) when termites were 
present. This occurred because the densely vegetated rings and large 
matrix tussocks generated by the termite–SDF interaction are more 
drought-resistant and persist after the small matrix patches disappear. 
Returning rainfall to baseline after drought enabled regeneration of 
matrix vegetation in systems both with and without termites; however, 
recovery occurred faster in the coupled termite–SDF system, because 
the perennial rings and large matrix clumps act as drought refugia 
and post-drought propagule sources (Supplementary Video 4). Thus, 
plant–water–consumer feedbacks sustain the productivity of the Namib 
Desert by enhancing both its resistance to and recovery from climatic 
perturbations, as hypothesized in recent work7.

Collectively, our results not only show that interactions among 
social-insect colonies and vegetation can explain a diverse global suite 
of regular spatial patterns, but also emphasize the potential for co- 
occurrence and complementarity among distinct patterning mecha-
nisms in generating multi-scale regularity4,30. This highlights the need 
to focus theoretical and empirical effort on the ways in which multiple 
mechanisms interact across scales to structure ecosystems27. Advances in  
satellite imaging have buoyed the study of ecological self-organization, 
but remain insufficient to reveal small-scale patterns. Likewise, evaluat-
ing the causes of particular patterns and elucidating multi-mechanism 
feedbacks will require manipulative field experimentation and ground-
based estimation of little-understood phenomena, such as foraging  
behaviours and competitive dynamics of cryptic ecosystem-engineer 
species, the ways in which plants and SDF respond to bioturbation and 
climatic variability and the movement of water through soil in differ-
ent environmental contexts. Equipped with such knowledge, it may 
be possible to identify reliable signatures of different mechanisms and  
to specify the scales at which they act and interact.
Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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