Feedbacks between soil engineers and vegetation

can increase ecosystem robustness
(Emergence of multi-scale regular vegetation patterns)
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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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Two Guiding Questions:

How do patterns form?

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



Local Behavior Leads To Large-Scale Patterns

E

10 hour time-lapse of mussels on concrete substrate

M Video credit: ]. van de Koppel ‘
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Scale-dependent Feedbacks

Short-distance positive
feedback

Distance

Feedback strength +

Long-distance negative feedback

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

Klausmeier, Science 1999
Rietkerk and van de Koppel, TREE 2008
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Rietkerk et al 2002, Am. Nat.

Al .

¢ = Yield coefficient for plants (water use efficiency) Ve

gmax = Maximum plant growth rate.

ki1 = Growth efficiency for plants growing on water as limiting nutrient.

d = Plant mortality rate.

rw = Evaporation/loss rate for underground water.

alpha = Maximum 1infiltration rate for the soil.

ko = Infiltration efficiency of the soil.

Wo = With alpha and O, minimum water infiltration in the absence of
vegetation

D, = Plant dispersion rate.

Dy = Diffusivity of soil water

D, = Daiffusivity of surface water




Water Stress Induces Vegetation Patterns

10 .
100

10-1

Vegetation biomass (gm-2)

—
o
N
-

0.25 0.5 0.75 1 1.25
Rainfall (mm day-1)

Bl Decreasing rainfall

~

_—



Water Stress Induces Vegetation Patterns

10

100

10-1

Vegetation biomass (gm-2)

—k
<
N

-

0.25 0.5 0.75 1 1.25
Rainfall (mm day-1)

w B Decreasing rainfall ,




Water Stress Induces Vegetation Patterns

10

100

10-1

Vegetation biomass (gm-2)

—k
<
N

-

0.25 0.5 0.75 1 1.25
Rainfall (mm day-1)

w B Decreasing rainfall ,




Water Stress Induces Vegetation Patterns

10

100

10-1

Vegetation biomass (gm-2)

—k
<
N

-

0.25 0.5 0.75 1 1.25
l Rainfall (mm day-7)

w B Decreasing rainfall |




Water Stress Induces Vegetation Patterns

10

100

10-1

Vegetation biomass (gm-2)

—k
<
N

-

0.25 0.5 0.75 1 1.25
l Rainfall (mm day-7)

w B Decreasing rainfall |




Water Stress Induces Vegetation Patterns

PR
5 E 10
O =2
S
100
o
O
L -
l O 10
©
©
o
~ 1072

0 0.25 0.5 0.75 1 1.25
Rainfall (mm day-1)

| Bl Decreasing rainfall | ,

-

E T T 5 & i ™



Water Stress Induces Vegetation Patterns

PR
5 E 10
O =2
S
100
o
O
L -
l O 10
©
©
o
~ 1072

0 0.25 0.5 0.75 1 1.25
Rainfall (mm day-1)

| Bl Decreasing rainfall | ,

-

E T T 5 & i ™



Water Stress Induces Vegetation Patterns

10

100

10-1

Vegetation biomass (gm-2)

—k
<
N

0 0.25 0.5 0.75 1 1.25
Rainfall (mm day-)

| Bl Decreasing rainfall | ;

™ -

S T F 2. 'Y . & 2 A A .‘-.L._




Water Stress Induces Vegetation Patterns

10

100

10-

Vegetation biomass (gm-2)

—k
<
N

0 025 05 075 : 1.05
Rainfall (mm day-1)

| Bl Decreasing rainfall | ,

-

E T T 5 & i ™



Water Stress Induces Vegetation Patterns

10

100

10-1

Vegetation biomass (gm-2)

0 025 05 075 1 1.95
Rainfall (mm day-1)

Bl Decreasing rainfall




Vegetation Patterns Can Be Early-Warning Indicators
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e 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.

Drylands

Hyperand

L] Arid
L] Semiarid

B DOy subhumid
U] Humid
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What Is Under The Vegetation Clumps?
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Termite-modified soll
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Concentration (mg/kg) + SE

Termites modify nutrient and moisture availability
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Sileshi et al. (2010), J. Veg. Sci.



Ln (mean arthropods per trap)
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Spatial Pattern Enhances Ecosystem Functioning in an
African Savanna
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Agriculturalists use termite mounds to plant crops
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Pre-Columbian raised fields in a savanna near Sinnamary, coastal French Guiana.




s type of pattern?
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How Do Termites Organize Across the Landscape?

Juan Bonachela

100 meters

100 meters Tarnita et al, in review
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Competition
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Modeling Termite Colony Competition:
When Do Conflicts Occur?
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Modeling Termite Colony Competition:
When Do Conflicts Occur?
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Modeling Termite Colony Competition:
Who Wins Conflict?

E_) 1.0

§ 0.8 B wins
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Modeling Termite Colony Competition:
Who Wins Conflict?

Coexist
1.0
0.8 B wins

0.6
0.4
0.2
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Dynamics
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Competition and Conflict Result in Pattern: But Is It
Similar To The Natural Pattern?




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

E
Tarnita et al, in review '
. .



In general, same Is true across several continents
and different species of social insects

o Australia 2 (129)
= Mozambique (113)
= Kenya (141)

50% = Model (317)
_ = Brazil 1 (351)
40%
30% e
| = Namib G2 (1167)
20% = Namib G1 (1073)
= Namib MV (584)
, ) = Arizona 1 (440)
10% H = Arizona 2 (179)
O% _ [t m H:[ et il @

® Brazil 2 (598)
o Australia 1 (100)
3 4 5 6 7/ 3 9 10
Number of neighbors

Tarnita et al, in review




Does the termite pattern tell us anything about robustness?
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And what happens if both mechanisms coexist?




dP %4

— =CcX g X X P-dx P+ D AP
ot €% Sma W+ k, d
W _ o PrhxW,_ W

ot P+k,  S==" Wtk

X P—r,x W+ D AW,

E)=R—oz>< OP+k2x W,
at P+ k,

+ D.AO,

Rietkerk et al 2002, Am. Nat.

Al .

¢ = Yield coefficient for plants (water use efficiency) Ve

gmax = Maximum plant growth rate.

ki1 = Growth efficiency for plants growing on water as limiting nutrient.

d = Plant mortality rate.

rw = Evaporation/loss rate for underground water.

alpha = Maximum 1infiltration rate for the soil.

ko = Infiltration efficiency of the soil.

Wo = With alpha and O, minimum water infiltration in the absence of
vegetation

D, = Plant dispersion rate.

Dy = Diffusivity of soil water

D, = Daiffusivity of surface water




Termite induced heterogeneity in water use efficiency
(increase 0-50%) and infiltration efficiency (increase 0-67%)

g - -% “

Simon Levin Juan Bonachela

| Om 0, | Om
Distance from termite mound
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. .
<+ ¢ = Yield coefficient for plants (water use efficiency) I

-

* gmax = Maximum plant growth rate.

<+ ki1 = Growth efficiency for plants growing on water as limiting nutrient. )
5P W <+ d = Plant mortality rate.
_=ngmaxxw+kxp—dxp+DPAR
Jt ! + 1w = Evaporation/loss rate for underground water. -
M = o X P+k, x W, —g X w <+ alpha = Maximum infiltration rate for the soil.
ot P+k, max W4k,

+ ko = Infiltration efficiency of the soil.

x P—r, x W+ D_AW,

+ Wo = With alpha and O, minimum water infiltration in the absence of

dO P+k,x W
— =R-axO *——=+ D AO,
dt P+ k, vegetation
E %+ Dp = Plant dispersion rate.
’ Rietkerk et al 2002, Am. Nat. + Dw = Diffusivity of soil water »

+ Do = Diffusivity of surface water

+ R = precipitation
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Prediction: we should see smaller scale vegetation
patterns Iin between the mounds. But where were
they?
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Model predictions match
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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.
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