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Self-organization and the emergence of complexity

How do small scale interactions lead to large scale patterns?

(1) what are the ecological contexts that promote self-organization 
and the mechanisms that implement it? how do they differ across 
spatial scales?

(2) what are the effects of self-organization at one scale on 
dynamics at others?

(3) how does self-organization influence the robustness of 
systems in the face of perturbation, stress, and catastrophe?
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Mussel Beds in the Wadden Sea

Map data: Google, © 2015 Aerodata International Surveys









Two Guiding Questions:

How do patterns form?

Why do patterns matter? What are 
their effects on the ecosystem?



10 hour time-lapse of mussels on concrete substrate

Local Behavior Leads To Large-Scale Patterns

Video credit: J. van de Koppel
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Scale-dependent Feedbacks
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Long-distance negative feedback !

Short-distance positive 
feedback!

Turing, Phil Trans B 1952
Levin and Segel, SIAM 1985

Klausmeier, Science 1999
Rietkerk and van de Koppel, TREE 2008



Turing, Phil Trans B 1952



Rietkerk et al 2002, Am. Nat.

✤ c = Yield coefficient for plants (water use efficiency) 

✤ gmax = Maximum plant growth rate. 

✤ k1 = Growth efficiency for plants growing on water as limiting nutrient. 

✤ d = Plant mortality rate. 

✤ rw = Evaporation/loss rate for underground water. 

✤ alpha = Maximum infiltration rate for the soil. 

✤ k2 = Infiltration efficiency of  the soil. 

✤ W0 = With alpha and O, minimum water  infiltration in the absence of  

vegetation 

✤ Dp = Plant dispersion rate. 

✤ Dw = Diffusivity of  soil water 

✤ Do = Diffusivity of  surface water 



Water Stress Induces Vegetation Patterns
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Vegetation Patterns Can Be Early-Warning Indicators

Rietkerk et al (2004), Science
Scheffer et al (2009), Nature



• Drylands cover >40% of Earth’s land surface and are home to >38% of the populace. 

• The robustness/resilience of drylands is an urgent concern given the importance of 
these systems to human livelihoods and the increased frequency/ intensity of drought 
expected under climate change.



What forms these spots?

Northwestern Tanzania

Rob Pringle



What Is Under The Vegetation Clumps?
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Moisture availability

Termites modify nutrient and moisture availability
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Agriculturalists use termite mounds to plant crops



Pre-Columbian raised fields in a savanna near Sinnamary, coastal French Guiana. 

organic acids over time. In contrast, phytoliths, which
are silt-sized particles often chemically bound to soil
surfaces, migrate downward only slowly and tend to
be older than SOM at the same soil level (Piperno
2006). For phytoliths, accumulation of soil and
organic matter around phytoliths that were originally
deposited near the surface, and downward movement
via biological activity (McClaran and Umlauf 2000),
are more important in producing depth-age relation-
ships. Phytoliths should also be particularly useful for
inferring vegetation history in seasonally flooded
tropical savannas, permitting distinction among grass
groups that are predominantly C4 (e.g., Panicoideae
and Chloridoideae) and those that are predominantly
C3 (e.g. Oryzoideae), as well as distinguishing among
many different types of C3 plants.

The potential limitations of carbon stable iso-
topes for distinguishing among vegetation types in
seasonally flooded savannas also underline the need
for data on contemporary vegetation composition,
to document potential differences in distribution of
C3 and C4 plants between habitats and thereby

establish the close link between present vegetation,
on the one hand, and past vegetation and landscape
history on the other.

Testing an approach combining contemporary
vegetation, carbon stable isotopes and phytoliths
to infer mound origin

We decided to test the utility of carbon stable-isotope
profiles of SOM in interpreting the history of mound-
field landscapes in seasonally flooded coastal savannas
of French Guiana (McKey et al. 2010; see Fig. 2). Our
work in these landscapes has provided evidence that
these mounds were built up by humans as agricultural
raised fields (McKey et al. 2010). These ecosystems
thus provide an excellent opportunity to test whether
δ13C profiles of SOM would lead to correct and robust
inference of history in a landscape where vegetation
may be distributed differently between mounds and
inter-mound areas than in campos de murundus, and
where origin of mounds appears on other evidence to
be very different from that of murundus. This evidence

Fig. 2 Ancient raised fields in the Grand Macoua savanna (5°
32′ 26.60″ N, 53° 25′ 00.30″ W). a Aerial photograph of a part
of the raised-field complex showing the cover represented by
mounds and their spatial regularity and orientation. b Near
infra-red aerial photograph illustrating mounds arranged in
geometric patterns, one of several such arrangements in this

savanna. The photographs were taken with the PIXY™ drone
by D. Renard. c Abandoned raised fields during the dry season,
showing the denser plant cover on the mounds than in inter-
mounds (D. McKey). d Abandoned raised fields during the
rainy season with mounds remaining above the water level (D.
Renard)

Plant Soil (2012) 351:337–353 341

101

Figure 1. Pre-Columbian raised fields in a savanna near Sinnamary, coastal French Guiana. 
Photo © 2005 Stéphen Rostain

These organisms thus appear to have preserved the physical legacy 
of  human mound-building activities, long after the human engineers 
disappeared (McKey et al. 2010; Renard et al. 2013). Once constructed, 
mounds attracted organisms whose activities maintained these elevated 
structures. Because all these actions of  soil engineers tend to maintain 
mounds where they already exist, they can be characterized as positive 
feedback loops. The construction of  mounds by humans appears to have 
pushed the initially topographically homogeneous ecosystem into an 
alternative stable state, topographically heterogeneous, with mounds 
maintained by the feedback loops driven by the soil engineers that inhabit 
them. 

2.1.2. Did active raised-field landscapes incorporate similar positive feedback loops?
Did positive feedback loops driven by soil engineer organisms also play a 
role in the raised-field agroecosystem itself, when the landscape was still 
under cultivation? We have argued that in the nutrient-poor soils of  the 
French Guianan coastal savannas, sustained agricultural production would 



Map data: Google, © 2015 CNES/Astrium

What mechanism could lead to this type of pattern?







How Do Termites Organize Across the Landscape?
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Modeling Termite Colony Competition:
Who Wins Conflict?
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Competition and Conflict Result in Pattern: But Is It 
Similar To The Natural Pattern?

Map data: Google, © 2015 CNES/Astrium



Spatial Statistics: A Voronoi Diagram Allows 
Comparison Between Patterns
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The Regular Pattern of Termite Mounds Arises from 
Competition and Conflict

Map data: Google, © 2015 CNES/Astrium

Tarnita et al, in review



In general, same is true across several continents 
and different species of social insects
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Does the termite pattern tell us anything about robustness?
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Does the termite pattern tell us anything about robustness?

And what happens if both mechanisms coexist?



Rietkerk et al 2002, Am. Nat.

✤ c = Yield coefficient for plants (water use efficiency) 

✤ gmax = Maximum plant growth rate. 

✤ k1 = Growth efficiency for plants growing on water as limiting nutrient. 

✤ d = Plant mortality rate. 

✤ rw = Evaporation/loss rate for underground water. 

✤ alpha = Maximum infiltration rate for the soil. 

✤ k2 = Infiltration efficiency of  the soil. 

✤ W0 = With alpha and O, minimum water  infiltration in the absence of  

vegetation 

✤ Dp = Plant dispersion rate. 

✤ Dw = Diffusivity of  soil water 

✤ Do = Diffusivity of  surface water 



Termite induced heterogeneity in water use efficiency 
(increase 0-50%) and infiltration efficiency (increase 0-67%)
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Rietkerk et al 2002, Am. Nat.

✤ c = Yield coefficient for plants (water use efficiency) 

✤ gmax = Maximum plant growth rate. 

✤ k1 = Growth efficiency for plants growing on water as limiting nutrient. 

✤ d = Plant mortality rate. 

✤ rw = Evaporation/loss rate for underground water. 

✤ alpha = Maximum infiltration rate for the soil. 

✤ k2 = Infiltration efficiency of  the soil. 

✤ W0 = With alpha and O, minimum water  infiltration in the absence of  

vegetation 

✤ Dp = Plant dispersion rate. 

✤ Dw = Diffusivity of  soil water 

✤ Do = Diffusivity of  surface water 

✤ R = precipitation 
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Prediction: we should see smaller scale vegetation 
patterns in between the mounds. But where were 

they?
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In Between the Termite Mounds Vegetation Is Patterned

Jen Guyton
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Map data: Google, © 2015 CNES/Astrium

So Is This Ecosystem in Danger of Collapse?
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Conclusions

Patterns are common in nature and are created by abiotic and 
biotic processes.

Patterns matter: Understanding patterns can help us explain 
ecosystem functioning and stability. But also engineer solutions.

Mechanisms matter: Similar patterns can arise from different 
processes and have different effects on the ecosystem.

Multiple mechanisms can coexist and interact, possibly at 
different scales.



Thank you!

Rob Pringle
Juan Bonachela

Efrat Sheffer
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