3. Models of food-web structure

Introduction: Food webs and derived graphs
From trophic to competitive structure :
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Chrordless cycles, intervality, and niche theory
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Prey characteristic (e.g. body size)

absence of chordless cycles > ©
consumers can be ordered along a
single dimension of the niche:




Niche overlap and intervality graphs

food-web niche-overlap intervality
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3.1. The cascade model [Cohen & Newman 1985]

Parameters : - number of species S
- number of trophic links L (or L/S, or L/S?)
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3.2. The niche model [Williams & Martinez 2000]

Parameters : - number of species S
- number of trophic links L (or L/S, or L/S?)
- constraints: species eat all prey in a range
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Table 2 Comparison of empirically observed properties with niche-model means
Property Skipwith Pond Little Rock Lake Bridge Brook Lake Chesapeake Bay Ythan Estuary Coachella Desert St Martin Island
T 0.040 (0.030) 0.011 (0.043) 0 (0.081) 0.32* (0.14) 0.371 (0.073) 0(0.029) 0.17 (0.078)
| 0.92 (0.88) 0.86 (0.85) 0.68 (0.75) 0.52 (0.59) 0.541 (0.74) 0.90 (0.88) 0.69 (0.75)
B 0.040 (0.095) 0.13 (0.11) 0.32* (0.17) 0.16 (0.27) 0.090* (0.19) 0.10 (0.089) 0.14(0.17)
GenSD 0.92 (0.81) 1.421 (1.08) 1.09 (1.02) 0.78* (1.13) 1.14 (1.18) 0.73 (0.82) 1.02 (1.09)
VuISD 0.54 (0.51) 0.61 (0.58) 0.61 (0.61) 1.12°(0.72) 1.411 (0.65) 0.60 (0.51) 0.78 (0.62)
MxSim 0.76 (0.75) 0.75" (0.69) 0.74* (0.62) 0.50 (0.49) 0.52* (0.59) 0.72 (0.76) 0.54* (0.62)
ChnlLg 6.22 (7.30) 4.04 (5.75) 3.99 (4.23) 5.91 (7.37) 6.69 (7.92) 5.20 (6.73)
ChnSD 1.43 (1.56) 0.93* (1.48) 1.20 (1.34) 1.46 (1.87) 1.45 (1.63) 1.30 (1.67)
ChnNo 3.71(4.09) 2.85(3.10) 2.37 (2.31) 4.03 (4.36) 4.31 (4.60) 3.52 (3.86)
Loop 0.40 (0.69) 0.33 (0.47) 0.32(0.27) 0 (0.030) 0(0.098) 0.62 (0.73) 0(0.21)
Cannib 0.32 (0.46) 0.14 (0.14) 0.12 (0.21) 0.032 (0.082) 0.038 (0.069) 0.66* (0.45) 0*(0.13)
Omniv 0.60 (0.75) 0.40" (0.60) 0.52 (0.41) 0.54 (0.60) 0.76 (0.77) 0.60 (0.62)

Niche-model means are in parentheses. See text for property descriptions. See Supplementary Information for complete results for all three models.
*Normalized errors between 2 and 3 model s.d.
1 Normalized errors =3 model s.c.



Chordless cycles in recent data

Niche overlap graph of St Martin Island

Recent food webs have chordless cycles
and are non-interval; the niche model
generates only interval and non
chordless food webs.

Chordless cycles are numerous in recent food-webs :

Food-web : Number Number of chordless cycles of size :
of taxa 4 5 6 7
Coachella Desert 30 42 0 0 0
Chesapeake Bay 33 0 0 0 0
Skipwith Pond 35 0 0 0 0
St-Martin Island 44 230 91 29 0
Everglades graminoids 63 568 130 12 0
Cypress 64 0 0 0 0
Bridge Brook Lake 75 0 0 0 0
Mangrove Estuary 90 4231 8840 5424 6616
Ythan Estuary 92 213 156 10 0
Florida Bay 122 5769 15825 35824 21158
Little Rock Lake, North Basin, Winter 124 102 8 0 0
Little Rock Lake, Annual web 180 1210 3572 8888 5203

Little Rock Lake, South Basin, Summer 200 3689 8788 23340 13104




3.3. Phylogenetic constraints = nested-hierarchy model

Sylviidae Fringillidae

Species inherit the morphology and physiology of their ancestors, and are
constrained to occupy similar trophic niches.

"Unordered" food web matrix (Grande Carigaie):

species as predator

species as prey




Food web matrix ordered by taxonomy

The nested-hierarchy model [Cattin et al. 2004]

Parameters : - number of species S & number of trophic links L
- sequential model

species as predator
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Performance of the nested-hierarchy model

a Species as consumer b Species as consumer [ Species as consumer
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Figure 1 Comparison of one simulation of the niche model (a) and of the nested hierarchy
model (¢), with respect to a real food web (h); Bridge Brook Lake*. The food-web matrix
depicts the trophic relationships, where a vertical mark indicates that the species in the
column consumes the species in the row (columns and rows contain the same species).
Table 1 Comparison of properties for seven food webs
Property Skipwith Pond Little Rock Lake Bridge Brook Lake Chesapeake Bay Ythan Estuary Coachella Desert St Martin Island
T 0.06 [0.04) 0.08 005 [0] 003 010 [0 010 014 [028] 0.15 008 (038 007 006 [0] 0.08 009 [0.17] 0.08
i 0B85 [082] 082 085 [087] 088 073 [068 074 060 [062] 059 074 [053] 077 086 [080] 08 075 [069 077
B 009 [0.04] 040 010 [0.13] 008 017 [0.323 016 026 [010] 026 018 [009] 047 0.09 [010] 008 047 [014] 015

Gen.s 076 [0.92] 083 106 [1.40] 1.08 098 [1.09 1.03 112 [0F1] 147 117 [(1.16] 1.8 081 (073 083 106 [1.02] 1.09
Vil 055 [0.54] 059 059 [0.57] 059 063 [0.61 072 073 [1.03] 080 066 [1.400 071 053 [060] 060 064 [0.78] 0.71

Maim 073 [0.76] 067 069 [0.768) 054 061 (071 056 048 [0.34] 048 058 [050] 050 074 [072) 0.67 062 [054] 053
Chimean 523 [4.81] 5.38 - 486 [2.55] 4.30 3.28 [277] 3.30 639 (489 6.94 605 (718 578 676 [420] 5.62
Ch g 156  [1.32] 1.58 - 1651 [078] 152 136 [1.14] 142 189 [1.50] 217 168 [1.89] 164 165 [1.30] 1.82
Chisg 421 (352 3.70 - 320 [262] 280 235 [211] 232 4389 (399 433 462 [490] 404 896 [352] 5.7
Lo 025 [0.12] 0.40 - 005 [0 043 000 [0.24] 0.02 001 [0 006 026 [0 042 003 [0 0.11
Cans,, 043 [0.32] 010 014 [0.15] 003 021 (012 003 008 [0 000 007 [004) 001 044 (066 009 013 [0 0.02
e} 077 (0.8 076 - 061 [0.36] 060 042 [038 041 061 (053 061 075 [079) 078 063 [060] 063
Cya 0 [a) 0 0 [639] 626 O ] 0 0 [ 0 0 [2os] 18 0 [36) 1 0 [226] 6

D 0 (035 016 0 [0.08] 009 0O [0.004] 009 O [008] 002 O [032) o002 O 028 017 0 [0.17) 0.07

Foreach food web, empirical values are in brackets, means (mediansfor Cy,) for the niche model are on the left, and those for the nested hierarchy model on the rig ht. See Methods for a descriptionof
the properties of the food webs. Little Rock Lake food web is toolarge for O aan Cliag, O g, Lo and O to be computed in a reasonable length of time.



3.4. The mimimum potential niche model [Allessina et al. 2008]
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4. Statistical models to study network structure

Other recent "stochastic" models of food web structure :

- The generalized cascade model [Stouffer et al. 2005]
Model encompassing cascade and niche models as extremes

- The matching model [Rossberg et al. 2006]
Trophic interactions depend body-size and abstract traits, which are
subjected to evolution. Model of evolution on a long time scale..

- The extended generalized cascade model [Capitan et al. 2013]
Non contiguous prey above the diagonal.

First mechanistic model of food-web structure :

-The ADBM (allometric diet breadth model) [Petchey et al. 2008]
First mechanistic model using allometric rules and optimal foraging
theory to infer the trophic network. Uses Body-Size as an explanatory
variable.
- the model predicts a single matrix configuration for a given observed
food-web



Statistical model for networks : 15t steps (GLM context)

The response variable is the The explanatory variable is the
adjacency matrix of the network : body size of species (length or mass) :

for food web the predation matrix . .
log(body size of prey) — log(body size of

0
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T P(a, =1)  probability that there
is a trophic link

From this we can infer a
fitted adjacency matrix

4.1. The body size model [Data: Tuesday Lake]
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From body size model to latent traits model

Body size model

body size m j

The linking probability
depends only on the
body size ratio

4.2. The latent traits model

predator j

Latent traits
modei

V; latent trait of vulnerability

m; body size

>

latent trait of foraging
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Now the linking
probability depends on
the body size ratio and
the latent traits
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log(body size of prey)-log(body size of predators)

UG =1>
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the parameters are : a, G, y, 6 and for
each species v, and f;

—> Proportion of correct trophic links : 87%



Observed predation matrix

Observed predation matrix

Observed predation matrix

Observed predation matrix

Observed predation matrix
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Biological interpretation of latent traits

Latent traits

Phylogenetic tree

Libytheinae *

vector of
vulnerability Danainae %
Satyrine clade “
vector of Heliconiine clade w
foraging Nymphaline clade “
vulnerability
distance Is there some
matrix correlation? phylogenetic
< > distance
generality matrix
distance Method : Partial Mantel tests
matrix

Distances in latent variables

Phylogenetic distances



Results of Mantel tests

Body size versus Body size versus Phylogeny versus Phylogeny versus
latent vulnerability latent foraging latent vulnerability latent foraging
Correlation Correlation Correlation Correlation

Food web coefficient p coefficient p coefficient p coefficient p
1 .092 .075 132 .014 484 <.001 .660 <.001
2 178 .007 .052 .143 —.043 .830 222 <.001
3 139 .078 324 <.001 224 <.001 —.018 .583
4 124 .052 409 <.001 .358 <.001 .399 <.001
5 .020 .340 .243 <.001 .75 .037 .289 <.001
6 222 <.001 —.154 974 —.094 .890 .153 .001
7 —.115 974 .373 <.001 .012 .403 —.084 967
8 .030 285 291 <.001 225 <.001 374 <.001
9 221 .089 —.015 .522 214 .015 —.095 .839
10 .000 A73 .168 .002 .042 174 .076 .019
11 .033 .107 .021 .261 —.036 .700 .025 .338
12 .093 116 —.181 .960 .005 .455 —.056 .790

4.3. The matching-centrality model

ntrality term only
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Matching-centrality representation of Little Rock Lake
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The Zachary Karate club social network

Reconstruction of the 9.11 terrorist network
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Forecasting the behaviour of new nodes
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Forecasting the behaviour of new nodes
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Forecasting the behaviour of new nodes
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