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First evidence that Foundations - Models - Data
(ecological) structural instability
controls natural community structure.

Wiley, 2013

PROSE award Biological Sciences 2013
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Ecological Structural Instability

Consider the Lotka-Volterra competition model:

S
dB;

Gjk: Competition (overlap) matrix
S: Species richness

° Gj=1

@ Gjx = random i.i.d., mean 4, variance a2 (j # k).

What is the equilibrium distribution of biomasses B;?
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Ecological structural instability as amplification of indirect interactions

Equilibrium of population By:
population growth rate =0=1— Z GkBr (1<j<S)

k
For j =1:
1 — p)? var By ~ S02 | (EBother)’ B
( - :u) var by = o0 ( other) =+ var Bother
2 .. ~ 2 2
(1 —p)*var By = So° |(EBy)” + var B;
E T[T T T T E
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Rossberg 2013, Food Webs and Biodiversity 2 Species richness S Interaction probability C
— Feedback amplification of var B; through So? —» singularity at S = Sgg) = (1;5) !

Rossberg et al. (Queen Mary U London) Evicence for ESI in Nature Paris, 29 October 2024



History of self-consistency/mean-field /disordered-systems method

Diederich and Opper 1989, Phys. Rev. A

replicator model

Rieger 1989, J. Phys. A: Math. Gen.

various models

Tokita 2004, Phys. Rev. Lett.

replicator, various interaction patterns

Tokita 2006, Ecol. Inform.

symmetric replicator

Yoshino, Galla, and Tokita 2007, J. Stat. Mech.,
Yoshino, Galla, and Tokita 2008, Phys. Rev. E

general replicator

Rossberg 2013, Food Webs and Biodiversity

LV assembly model, it's real!

Bunin 2017, Phys. Rev. E

general LV model

Tikhonov and Monasson 2017, Phys. Rev. Lett.

resource competition

Advani, Bunin, and Mehta 2018, J. Stat. Mech.

consumer-resource model

Dougoud et al. 2018, PLoS Comput. Biol.

strict proof

Pettersson, Savage, and Jacobi 2020, Phys. Rev. E

using von Neumann expansion

Evicence for ESI in Nature

Rossberg et al. (Queen Mary U London)

Paris, 29 October 2024



Assembly model!

The Lotka-Volterra competition model:

S
dB;
— = 1—;ij3k B;

Gjk: Competition (overlap) matrix
S: Species richness
Here
o ij =1
o Gj = random i.i.d., mean p, variance o2 (j # k).
@ Add species one-by-one, simulate in between, remove those going extinct.

Gamarra et al. 2005, Biological Invasions

Rossberg et al. (Queen Mary U London) Evicence for ESI in Nature Paris, 29 October 2024



Community saturation in assembly models

150 —
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@ Separate saturation of richness and biomass
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o

@ Community remains open to invasion

Total biomass
=
o

@ Invasion fitness of ‘test species’ fluctuates
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Rossberg 2013, Food Webs and Biodiversity
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Solving the model | (harvesting resistance)

Harvesting resistance of a species:

def ( dInB(H)

Species 1 Species 2 Species 3

dH

-1
H—0>

o

Invasion fithess

where

Niche axis

H: Harvesting rate [1/Time]

From Metz et al. 1996, Stochastic and Spatial Structures of Dynamical e . . .
Systems in Stochastic and Spatial Structures of Dynamical Systems B(H) EqU ilibrium biomass of harvested species

Important property:

(h after invasion) = (invasion fitness before invasion)

with '=" for Lotka-Volterra systems and close to extinction.

‘ Furthermore, h; ~ const. B; and h; — 0 at extinction. ‘
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Community saturation in assembly models

150 —
100 — W‘/f

50 -

Species richness

0 I Now, consider interactions between:

@ Fluctuations of invasion fitness

N
o

Total biomass
=
o

@ Fluctuations of harvesting resistance
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Rossberg 2013, Food Webs and Biodiversity
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model Il (self-consistent assembly equilibrium)

Premises:

@ Ecological community is in invasion-extinction quasi-equilibrium (pawar 2009, J. Theor. Biol) With S species
on average.'

@ Invasions and extinctions occur at rate 1 (defines time unit).

@ As the community turns over, the invasion fitness r; of a given potential invader i follows an
Ornstein-Uhlenbeck process, i.e. a mean-reverting random walk, with identical parameters for all i.

@ Harvesting resistance of residents j follows the same process, but with h; = r; > 0 at time of
invasion, and extinction if h; = 0.

o Reverstonrateofr—is1/5-
Solve this self-consistency condition: the reversion rate (p) of r; for potential invaders equals that of h;
for residents, while taking species turnover into account.
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Some of the maths...

We now evaluate the relaxation rate of R; using mo-
ment equations, denoting expectation values by brackets
(-). With our assumption of negligible correlations, sup-
pressing the index ¢ and abbreviating Z = |A|, we can
write (R) = (Z)(y), where the second factor is the ex-
pectation of y; for a randomly chosen extant species. Ac-
cording to above considerations, (R) value changes over
a small time interval 07" > 0 to:

(R(T +4T))

= <Z vi = 0Tp(y; —7) + 5TCy“‘”> )

JjEA
= (D)) + [-p(Z)(() - 7) + Cy™] 0T,

where 4™ denotes the mean associated with P™(y).
The sum above is over the extant species at time 7. Ex-
tinctions of species can be disregarded at lowest order,
because shortly before extinction their contribution to R
is small. In the steady state the time-dependent term in
Eq. (9) vanishes:

—p(y) =7)(2) + Cy™ =0. (10)
Making use of Eq. (10), we similarly derive in Appendix
the second moment

(R(T)R(T + 7)) =

(2@ +(2) ) +(2) p ()T - D) 5(T ;
11

Derivation of Eq. 11

We derive Eq. (11), making first use of Eq. (10) and
then of the fact that varZ = (Z2) — (Z)2 = (Z) on
account of the Poisson distribution of Z:

(R(T)R(T + 6T))
= < Sy (DT +0T) + 3 y,Cy™ 5T>
JlEA jea
= < > vl —ply— y)éT]> + W)(Z)CymoT
JAEA
= < > vilw—ply - y)riT]>
JlEA
J#l
+ <Z v; [y — p(y; — y)dT]>
JEA

+ ) (2)Cy™oT

=(Z2(Z-1) [1)? - p(()* - (1)) 6T]
+(2) [(v*) = p (W) — (w)7) OT]
+ W 2)((y) — INZ2)OT

=(2)* () +(2) (v»)
+((2)° = (20 (W) - v)7) OT
+(2)p ()2 - 7)) 6T

—(2)p(W)* -
+(2)p () -
=2 () +(2)
+(2)p ()7 — (7)) OT.

Combining the moment equations, we first evaluate
var R = (R%) — (R)? = (2){4?). 12)
Then we calculate the short-term autocorrelation func-
tion

cor [R(T), R(T +8T)] = w

(13)
and from this, considering that for an Ornstein Uhlen-

beck process cor[R(T), R(T + 6T)] = exp(—p|dT]), the
relaxation rate of R as:

dcor [R(T), R(T + 6T))

Pl 4T
__@Dr(wi-07) __p(wi- ")
(2)(?) v

(14)

Equating p and p in Eq. (14) yields our self-consistency
condition. It simplifies to

y=0, andso( pinv =2y = %7

Cockrell, C., et al. (2024). Physical
Review Research, 6(1), 013093.



Invasion probability (intuition)

Residence time is...
too short just about right too long

r
A
I

1

N

21—

Invasion fitness ./ ¢
o
|

4 - L

-6
Probabilty density
@ Previously: 7/o, ~ 0.347, invasion probability is 0.635.
Rossberg 2013, Food Webs and Biodiversity
e New: 7 =0, invasion probability is 1/2.

Cockerell et al. 2024, Phys. Rev. Res.

Rossberg et al. (Queen Mary U London) Evicence for ESI in Nature Paris, 29 October 2024



Solving the model Il (distribution of scaled harvesting resistance)

mean reversion diffusion invasions
d(0-y)PW)] |, PPy) | [2 2
d[(0 — y)P(y y \/> y
0=-— 2 ol
P dy te dy? + TP\ T2
©
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Standardized harvesting resistance y
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Solving the model IV (self-consistent community response)

To get S and the reversion rate, match parameters of Ornstein-Uhlenbeck process with
elementary description of community-response to invasion. (Ressberg 2013, Food Webs and Biodiversity)

Compute the resident’s response ABy to an invader with biomass B;,, and interaction
strengths ; from:
0= B+ ) GABi (1<j<5).
k

Problem is very similar to finding the equilibrium:

0=1-> GuBr (1<;j<5).
k

This is where ESI enters the calculation. Negative ABy are natural!

Rossberg et al. (Queen Mary U London)
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Analytic solution of species-rich LV assembly model

in the saturated LV assembly model,
species richness is

Let as above

L = mean interspecific interaction, S
ES|

o2 = variance of interspecific interactions. (S) (y?) ~ 0.585es,

In our model the singularity of Ecological Structural
Instability occurs at richness

standard deviation of invasion fitness

2 2
o (1 — )2 SD,:M~07,
Sesi dzf%- y) (1 —p)

Then, with and relaxation rate of a species’ invasion fitness

{y) = 22772 1n(2)" = 1.1511 In2 .
p = = invasions.
. (S)
an
Invasion probability is 1/2.

2\ _ -1 _
<y > =1+ ln(4) - 17213’ Cockrell et al. 2024, Phys. Rev. Res.
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Numerical test of analytic solution

— — ——: universal analytic results Coloured: simulations
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Empirical support for model predictions
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Empirical invasion probabilities (1)
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Inital species richness

“Successional communities are model systems for the regulation of
community invasibility because they are characterized by continuous species
invasions, [...] While the proportion of exotic species has decreased over time,
and field scale richness increased, species richness per plot has remained near
13 species per plot [...]" (Meiners, Cadenasso, and Pickett 2004, Ecol. Lett.)

“...we extract a median of 51% and an average of

Initial species richnes

56 + 5%" (Cockrell et al. 2024, Phys. Rev. Res.)

% success

“Mean establishment success [was] 59.6 £+ 11.6% for
introductions from Europe to North America and

52.4 £ 11.9% for the opposite direction |[...]"
meta-analysis by Jeschke and Strayer 2005, PNAS

Paris, 29 October 2024
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Empirical invasion probabilities (2)

Hawaiian non-native birds
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(Gamarra et al. 2005, Biological Invasions) (Jeschke 2008, Divers. Distrib.)
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Extension to partially symmetric interactions remains incomplete:

60 200 — O Increasing “competition avoidance” with
o L © b . .
o0 ol ;] increasing symmetry.
© . .
40 / .
E L VA Singularity for perfect symmetry:
3
2 ® - 300 ‘ \ \ T :
3 | @ ool 7
g 20 g 2500 j
: . £ ol -
s 10 1 g 1oF 4
0 0 —+———f————— g 1001 ]
100 250 ~(q) - & 50 ]
[ [ ’ 200 —+——+———F—+—F—+—F—+—

80

-
o
=]

60

40

|
Total biomass
=
o
o
ABERARREN RN

Species richness S
u
o

20

0 I R B ol L1 11
0 500 1000 1500 2000 O 02 04 06 08 1

Time T (species added) Correlation of overlaps 1

o o
—

Invasion fitness
0
I

o: Analytic upper bounds

o: Numerical result

| I | I | I I I
Lo . 0 500 1000 1500 2000 2500 3000
Rossberg 2013, Food Webs and Biodiversity Time (species added)

g et al. (Queen Mary U London) Evicence for ESI in Nature Paris, 29 October 2024



Dimensionless constants of nature in Physics:

For example the dimensionless magnetic moment of the electron:

8e =2 (1928, experiment)

8e =2 (1928, theory: Dirac equation)

ge = 2.00236 (1948, experiment)

ge = 2.00232 (1948, theory: quantum electrodynamics)
ge = 2.0023318416(13) (2006, experiment)

ge = 2.0023318361(10) (2007, theory: standard model)

— New physics?
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Ecological Structural Instability in Metacommunities
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caused by ecological structural instability

Simulations of Lotka-Volterra metacommunity model
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O'Sullivan, Terry, and Rossberg 2021, Nat Commun
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Species turnover in observations

Assemblage Time Series Reveal
Biodiversity Change but Not
Systematic Loss

Maria Dornelas,’* Nicholas ]. Gotelli,? Brian McGill,? Hideyasu Shimadzu,* Faye Moyes,’
Caya Sievers,® Anne E. Magurran®

Dornelas et al. 2014, Science
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The
Locally Saturated Patch Occupancy Model
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The LSPOM (Locally Saturated Patch Occupancy Model)
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The LSPOM (Locally Saturated Patch Occupancy Model)
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The LSPOM (Locally Saturated Patch Occupancy Model)
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The LSPOM (Locally Saturated Patch Occupancy Model)
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Macroecology: Occupancy Frequency Distributions
Log-series OFD:

n: number of sites
1 m \" m: mean number of colonisations per invasion
(number of taxa occupying n sites) oc = ( >

-
XA
=

O'Sullivan, Terry, and Rossberg 2023, Glob. Ecol. Biogeogr.
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Environmental Agency river surveys (Biosys)
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Predicting Metacommunity-scale Turnover
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Not bad!

O’Sullivan, Terry, and Rossberg 2023, Glob. Ecol. Biogeogr.
Pigolotti et al. 2005, Proc. Natl. Acad. Sci.

Rossberg et al. (Queen Mary U London) Evicence for ESI in Nature Paris, 29 October 2024



Take messages

@ The asymmetric random Lotka-Volterra competition assembly model and
@ the Locally Saturated Patch Occupancy Model (LSPOM)
have both been solved analytically (in some limit). Their behaviour is well understood.
@ Both models predicate empirically observed macroecological phenomena to high numerical accuracy.
@ Both models invoke self-organised ESI.
@ This adds to already strong empirical evidence for self-organised ESI from previous studies (Paris 2019).
— Self-organised ESI is the mechanisms controlling complexity and stability of real-world ecological networks.
— The fundamental principles governing ‘complexity’ and ‘stability’ of real-world ecological networks are
understood. Let's take it from there!

@ Which structure in interaction matrices matters, and for what? What are appropriate “guilds” of species?
(Barbier et al. 2018, PNAS)

@ How close is Nature to the UFP/MA transition?

© Community assembly with environmental filtering and variability [dB;/dt = (s; — Zf GikxBk)Bj].

@ Spatio-temporally explicit variants of LSPOM.

@ Species re-supply by allopatric speciation in long-separate lineages.

@ Spatially continuous models (maths of neutral theory?). Predict, e.g., global range-size rarity
(RSR; = X", .. vuter ; |Patches occupied by i|™1).
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Range Size Rarity

Explain This!

logio RSR

Data: https://www.iucnredlist.org/resources/other-spatial-downloads

Rossberg et al. (Queen Mary U London) Evicence for ESI in Nature Paris, 29 October 2024


https://www.iucnredlist.org/resources/other-spatial-downloads

)W DD W R

Advani, Madhu, Guy Bunin, and Pankaj Mehta (Mar. 2018). “Statistical Physics of Community Ecology: A Cavity Solution to MacArthur's Consumer
Resource Model”. In: J. Stat. Mech. 2018.3, p. 033406. 1SSN: 1742-5468. DOI: 10.1088/1742-5468/aab04e. URI
https://doi.org/10.1088/1742-5468/aab04e (visited on 05/15/2021).

Barbier, Matthieu et al. (Feb. 2018). “Generic Assembly Patterns in Complex Ecological Communities”. In: PNVAS, p. 201710352, 1ssn: 0027-8424,
1091-6490. por: 10.1073/pnas.1710352115. URL: http://www.pnas.org/content/early/2018/02/12/1710352115 (visited on 07/11/2018).

Bunin, Guy (Apr. 2017). “Ecological Communities with Lotka-Volterra Dynamics”. In: Phys. Rev. £ 95.4, p. 042414. DOI: 10.1103/PhysRevE.95.042414.
URL: https://link.aps.org/doi/10.1103/PhysRevE.95.042414 (visited on 11/28/2019)

Cockrell, Cillian et al. (Jan. 2024). “Self-Organization of Ecosystems to Exclude Half of All Potential Invaders”. In: Phys. Rev. Res. 6.1, p. 013093. poI:
10.1103/PhysRevResearch.6.013093. URL: https://link.aps.org/doi/10.1103/PhysRevResearch.6.013093 (visited on 01/27/2024)

Diederich, S. and M. Opper (Apr. 1989). “Replicators with Random Interactions: A Solvable Model”. In: Phys. Rev. A 39.8, pp. 4333-4336. Dor:
10.1103/PhysRevA.39.4333. URL: https://link.aps.org/doi/10.1103/PhysRevA.39.4333 (visited on 02/18/2024).

Dornelas, M. et al. (Apr. 2014). “Assemblage Time Series Reveal Biodiversity Change but Not Systematic Loss”. In: Science 344.6181, pp. 296-299. 1ssN:
0036-8075, 1095-9203. DOI: 10.1126/science.1248484. URL: http://www.sciencemag.org/cgi/doi/10.1126/science.1248484 (visited on 06/20/2016).

Dougoud, Michaél et al. (2018). “The Feasibility of Equilibria in Large Ecosystems: A Primary but Neglected Concept in the Complexity-Stability Debate”.

In: PLoS Comput. Biol. 14.2, e1005988. 1ssN: 1553-7358. DOI: 10.1371/journal.pcbi.1005988. URL:
http://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1005988 (visited on 07/11/2018).

Gamarra, Javier G. P. et al. (2005). “Competition and Introduction Regime Shape Exotic Bird Communities in Hawaii". In: Biological Invasions 7,
pp. 297-307

Hofbauer, Josef (1994). “Heteroclinic Cycles in Ecological Differential Equations”. In: Tatra Mountains Math. Publ. 4, pp. 105-116. URL:
https://eudml.org/doc/220311 (visited on 06/03/2022).

Jeschke, Jonathan M. (2008). “Across Islands and Continents, Mammals Are More Successful Invaders than Birds”. In: Divers. Distrib. 14.6, pp. 913-916.

ISSN: 1472-4642. DOI: 10.1111/3.1472-4642.2008.00488.x. URL: http://onlinelibrary.wiley.com/doi/abs/10.1111/j.1472-4642.2008.00488.x
(visited on 06/08/2022).

et al. (Queen Mary U London) Evicence for ESI in Nature Paris, 29 October 2


https://doi.org/10.1088/1742-5468/aab04e
https://doi.org/10.1088/1742-5468/aab04e
https://doi.org/10.1073/pnas.1710352115
http://www.pnas.org/content/early/2018/02/12/1710352115
https://doi.org/10.1103/PhysRevE.95.042414
https://link.aps.org/doi/10.1103/PhysRevE.95.042414
https://doi.org/10.1103/PhysRevResearch.6.013093
https://link.aps.org/doi/10.1103/PhysRevResearch.6.013093
https://doi.org/10.1103/PhysRevA.39.4333
https://link.aps.org/doi/10.1103/PhysRevA.39.4333
https://doi.org/10.1126/science.1248484
http://www.sciencemag.org/cgi/doi/10.1126/science.1248484
https://doi.org/10.1371/journal.pcbi.1005988
http://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1005988
https://eudml.org/doc/220311
https://doi.org/10.1111/j.1472-4642.2008.00488.x
http://onlinelibrary.wiley.com/doi/abs/10.1111/j.1472-4642.2008.00488.x

& e W W &

Jeschke, Jonathan M. and David L. Strayer (May 2005). “Invasion Success of Vertebrates in Europe and North America”. In: PNAS 102.28, pp. 7198-7202
DOI: 10.1073/pnas.0501271102

Meiners, Scott J., Mary L. Cadenasso, and Steward T. A. Pickett (Feb. 2004). “Beyond Biodiversity: Individualistic Controls of Invasion in a Self-Assembled

Community”. In: Ecol. Lett. 7.2, pp. 121-126. 1sSN: 1461-0248. DOI: 10.1111/j.1461-0248.2003.00563.x. URL:
http://onlinelibrary.wiley.com/doi/10.1111/j.1461-0248.2003.00563.x/abstract (visited on 05/10/2015).

Metz, J. A. J. et al. (1996). “Adaptive Dynamics, a Geometrical Study of the Consequences of Nearly Faithful Reproduction”. In: Stochastic and Spatial

Structures of Dynamical Systems. Ed. by S. J. van Strien and S. M. Verduyn Lunel. KNAW Verhandelingen, Afd. Natuurkunde, Eerste Reeks 45.
Amsterdam: North Holland, pp. 183-231.

O’Sullivan, Jacob D., J. Christopher D. Terry, and Axel G. Rossberg (June 2021). “Intrinsic Ecological Dynamics Drive Biodiversity Turnover in Model

Metacommunities”. In: Nat Commun 12.1, p. 3627. 155N: 2041-1723. DOI: 10.1038/s41467-021-23769-7. URL:
https://www.nature.com/articles/s41467-021-23769-7 (visited on 06/23/2021)

—  (2023). “Temporally Robust Occupancy Frequency Distributions in Riverine Metacommunities Explained by Local Biodiversity Regulation”. In: Glob
Ecol. Biogeogr. 32.12, pp. 2230-2243. 1SsN: 1466-8238. DOI: 10.1111/geb.13756. URL: https://onlinelibrary.wiley.com/doi/abs/10.1111/geb.13756
(visited on 12/06/2023)

Pawar, S. (2009). “Community Assembly, Stability and Signatures of Dynamical Constraints on Food Web Structure”. In: J. Theor. Biol. 259.3, pp. 601-612.

Pettersson, Susanne, Van M. Savage, and Martin Nilsson Jacobi (Dec. 2020). “Stability of Ecosystems Enhanced by Species-Interaction Constraints”. In:
Phys. Rev. E 102.6, p. 062405. DOI: 10.1103/PhysRevE.102.062405. URL: https://link.aps.org/doi/10.1103/PhysRevE.102.062405 (visited on
09/05/2022).

Pigolotti, Simone et al. (Nov. 2005). “Species Lifetime Distribution for Simple Models of Ecologies”. In: Proc. Natl. Acad. Sci. 102.44, pp. 15747-15751.
DOI: 10.1073/pnas.0502648102. URL: https://www.pnas.org/doi/abs/10.1073/pnas.0502648102 (visited on 12/10/2023).

Rieger, H. (Sept. 1989). “Solvable Model of a Complex Ecosystem with Randomly Interacting Species”. In: J. Phys. A: Math. Gen. 22.17, p. 3447. 1ssN:
0305-4470. po1: 10.1088/0305-4470/22/17/011. URL: https://dx.doi.org/10.1088/0305-4470/22/17/011 (Visited on 02/18,"2024).

et al. (Queen Mary U London) Evicence for ESI in Nature Paris, 29 October 2


https://doi.org/10.1073/pnas.0501271102
https://doi.org/10.1111/j.1461-0248.2003.00563.x
http://onlinelibrary.wiley.com/doi/10.1111/j.1461-0248.2003.00563.x/abstract
https://doi.org/10.1038/s41467-021-23769-7
https://www.nature.com/articles/s41467-021-23769-7
https://doi.org/10.1111/geb.13756
https://onlinelibrary.wiley.com/doi/abs/10.1111/geb.13756
https://doi.org/10.1103/PhysRevE.102.062405
https://link.aps.org/doi/10.1103/PhysRevE.102.062405
https://doi.org/10.1073/pnas.0502648102
https://www.pnas.org/doi/abs/10.1073/pnas.0502648102
https://doi.org/10.1088/0305-4470/22/17/011
https://dx.doi.org/10.1088/0305-4470/22/17/011

) WEE & R

Rossberg, A. G. (2013). Food Webs and Biodiversity. \Wiley. 1s3N: 978-0-470-97355-4. URI
http://eu.wiley.com/WileyCDA/WileyTitle/productCd-0470973552.html

Tikhonov, Mikhail and Remi Monasson (Jan. 2017). “Collective Phase in Resource Competition in a Highly Diverse Ecosystem”. In: Phys. Rev. Lett. 118.4,
p. 048103. DOI: 10.1103/PhysRevLett.118.048103. URL: https://link.aps.org/doi/10.1103/PhysRevLett.118.048103 (visited on 02/18/2024).

Tokita, Kei (2004). “Species Abundance Patterns in Complex Evolutionary Dynamics”. In: Phys. Rev. Lett. 93, p. 178102.
—  (2006). “Statistical Mechanics of Relative Species Abundance”. In: Ecol. Inform. 1.3, pp. 315-324

Yoshino, Yoshimi, Tobias Galla, and Kei Tokita (Sept. 2007). “Statistical Mechanics and Stability of a Model Eco-System”. In: J. Stat. Mech. 2007.09,
P09003. 1sSN: 1742-5468. pDOI: 10.1088/1742-5468/2007/09/P09003. URL: https://dx.doi.org/10.1088/1742-5468/2007/09/P09003 (visited on
02/18/2024).

—  (Sept. 2008). “Rank Abundance Relations in Evolutionary Dynamics of Random Replicators”. In: Phys. Rev. E 78.3, p. 031924. por:
10.1103/PhysRevE.78.031924. URL: https://link.aps.org/doi/10.1103/PhysRevE.78.031924 (visited on 02/18/2024).

et al. (Queen Mary U London) Evicence for ESI in Nature Paris, 29 October 2


http://eu.wiley.com/WileyCDA/WileyTitle/productCd-0470973552.html
https://doi.org/10.1103/PhysRevLett.118.048103
https://link.aps.org/doi/10.1103/PhysRevLett.118.048103
https://doi.org/10.1088/1742-5468/2007/09/P09003
https://dx.doi.org/10.1088/1742-5468/2007/09/P09003
https://doi.org/10.1103/PhysRevE.78.031924
https://link.aps.org/doi/10.1103/PhysRevE.78.031924

	

