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THE COEXISTENCE PARADOX
AND INTRASPECIFIC VARIABILITY

= Most hypotheses and tests to resolve the coexistence paradox have been developed under the
assumption that different individual within a species are fully identical (i.e. using species mean
attributes, such as performance, traits...).



THE COEXISTENCE PARADOX
AND INTRASPECIFIC VARIABILITY

= Most hypotheses and tests to resolve the coexistence paradox have been developed under the
assumption that different individual within a species are fully identical (i.e. using species mean
attributes, such as performance, traits...).

= However, the variability among individuals within species (IV) can be surprisingly high.
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On the sources of IV and

their consequences on conspecifics’ similarity
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Where does observed IV come from ?
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Where does observed IV come from ?

a =
o EO E(XO)
©
(0]
(&)
% Plisiaaanss *®
€ p2
RS
)
o
Species 1 Species 2
Species
b ’ = .
T 1 Eo E(Xo) One observation
© data actually shows a range of values for each
(O] .
O species at E
S o ¢ P 0
g p2 i '
] 1
5 |
Q: s
Species 1 Species 2
Species

Girard-Tercieux et al. 2023



Where does observed IV come from ?

a =
o EO E(XO)
©
(0]
(&)
% Plisiaaanss *®
€ p2
RS
)
o
Species 1 Species 2
Species
b - = .
T i Eo E(Xo) One observation
© data actually shows a range of values for each
(O] .
O species at E
% p1 L p 0
€ p2 ' : , ,
L 1 Two interpretations
8 1
Species 1 Species 2
Species

Girard-Tercieux et al. 2023



Where does observed IV come from ?

a =
S EO E(XO)
©
[}
(&)
% pl--—----- *
€ p2 :
o
@
o
Species 1 Species 2
Species
o I E,=E(X,)
o Interpretation 1
© . e .
@ - Conspecifics are intrinsically different
S pt S - Some heterospecifics have more similar
% p2 ! performance in comparison to some conspecifics
o}
o 4 L
Species 1 Species 2
Species

Girard-Tercieux et al. 2023



Where does observed IV come from ?

a =
o EO E(XO)
©
[}
(&)
% Pl *®
g p2 '
=
@
o
Species 1 Species 2
Species
o B o E,=E(X,)
e Interpretation 1
© . e .
@ - Conspecifics are intrinsically different /)
S pt S - Some heterospecifics have more similar %
g p2 ; : ! performance in comparison to some conspecifics
o}
o 4 L
Species 1 Species 2
Species

Girard-Tercieux et al. 2023



Where does observed IV come from ?

a =
S EO E(XO)
©
(0]
(&)
% pl--—----- *
€ p2 :
o
)
o
Species 1 Species 2
Species
o b o E,=E(X,, ¥)
© Interpretation 2:
§ - what if some unobserved environmental
1 . . . o « e
£ Ez | dimensions actually influence individual
9 | performance at E?
= :
o 4 L
Species 1 Species 2
Species

Girard-Tercieux et al. 2023



Where does observed IV come from ?
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Where does observed IV come from ?
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Where does observed IV come from ?

p2

Performance at EO

p1
p2

Performance at EO
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Two (not mutually exclusive)
interpretations

Different signatures of IV: unstructured vs.
structured in space and time

Very different consequences for
conspecifics’ similarity and coexistence



Where does observed IV come from ?
In search of evidence in data

LITERATURE
Micro-environment, species
differences
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Where does observed IV come from ?
In search of evidence in data
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Where does observed IV come from ?
In search of evidence in data
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Where does observed IV come from ?
In search of evidence in data

EMPIRICAL
Tree inventories in three
natural tropical forests

LITERATURE
Micro-environment, species
differences
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Where does observed IV come from ?
In search of evidence in data
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Where does observed IV come from ?
In search of evidence in data

EXPERIMENTAL
Clonal Eucalyptus plantations

EMPIRICAL
Tree inventories in three
natural tropical forests
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Micro-environment, species
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Where does observed IV come from ?
In search of evidence in data

Le Maire et al. 2019
3 -
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THEORETICAL
Model with clones in a
multidimensional environment
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Where does observed IV come from ?
Insights on intraspecific variability
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THEORETICAL
Model with clones in a
multidimensional environment

EXPERIMENTAL
Clonal Eucalyptus plantations

EMPIRICAL
Tree inventories in three
natural tropical forests

LITERATURE
Micro-environment, species
differences
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Where does observed IV come from ?
Consequences on species coexistence

Large IV can emerge from

-+ high dimensional

s| environmental heterogeneity

!

IV does not imply that

"4 individuals are different, nor

that species niches overlap

| s structured in space and
\. 7] time

Despite |V, conspecifics
| answer more similarly than
heterospecifics

Species differ significantly in

4 ahigh number of dimensions

Shift in species hierarchy in
space and time
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On the representation of IV in models of
community dynamics

Cr -
“F S o gy ®
e | 2. @ iDiv



How is observed IV included in models ?

Number of individuals

\_

o1 p2
Performance (over the studied area)

A random noise around species means

Girard-Tercieux et al. 2024



A virtual experiment

To explore the effect of using random, unstructured IV as a substitute for
environmentally-driven, structured IV, in a coexistence model.

Girard-Tercieux et al. 2024



A virtual experiment

A virtual world
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N independent, spatially-autocorrelated
variables, in a DxD cell grids
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A virtual experiment

A virtual world
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A virtual experiment

A virtual world
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N independent, spatially-autocorrelated
variables, in a DxD cell grids

S species
whose performance is fully described by
N independent optima
TrueP = f(El, E, ...,EN)
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A virtual experiment

Our imperfect characterization of this world

Sites
E, E, Ex 1:1 1:2... 1D 2:1.. DD
Tl ) ¢
Only a few environmental variables are actually " Q
observed and quantified at the relevant scales Q
2
n ||

DxDxS performance matrix
observed from, e.g., forest inventories
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A virtual experiment

Our imperfect characterization of this world

E E,
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Statistical inference:
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Girard-Tercieux et al. 2024
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A virtual experiment

Our imperfect characterization of this world

Sites
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A virtual experiment

Our imperfect characterization of this world

Two ways to predict performance:

/\:/ +f xEmnvl_ +f, XxEnvl_ ? Partial knowledge without IV
0,sp L,sp site sp

p, site 2, site
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A virtual experiment

Our imperfect characterization of this world

Two ways to predict performance:

—

site = /)’W+ B, e Envi  + [)’wa Envl_* Partial knowledge without IV
— . o
PulV = +/ xEnvl +p, xEnvl *Te Partial knowledge with
p, site 0,sp L,sp site 2,1 site sp, site

unstructured IV (ulV)
G - N(O’ Vs’p)

& .
sp, site

Girard-Tercieux et al. 2024



A virtual experiment

Comparison of the communities simulated with the same simulator of community
dynamics, but using TrueP, or one of the two predicted P

Girard-Tercieux et al. 2024



A virtual experiment

Comparison of the communities simulated with the same simulator of community
dynamics, but using TrueP, or one of the two predicted P
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A virtual experiment

Comparison of the communities simulated with the same simulator of community
dynamics, but using TrueP, or one of the two predicted P
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A virtual experiment

Comparison of the communities simulated with the same simulator of community
dynamics, but using TrueP, or one of the two predicted P
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A virtual experiment

Comparison of the communities simulated with the same simulator of community
dynamics, but using TrueP, or one of the two predicted P
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A virtual experiment

Comparison of the communities simulated with the same simulator of community
dynamics, but using TrueP, or one of the two predicted P
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A virtual experiment

Take home messages:

Adding randomness does not compensate lack of knowledge

Unstructured IV is a bad surrogate for unobserved environmental variation

Number of individuals

p1 o2
Performance (over the studied area)




A simple mechanism to explain the stable
coexistence of a high number of species
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Context

- IVis not a direct cause of species coexistence.

- Can we provide a simple theoretical mechanism explaining species coexistence ?
- How IV is related to this mechanism ?

-  How to integrate this mechanism in empirical community models ?




Context
Objectives

Using a theoretical model, we aim at
showing that:

- Coexistence emerges from
high-dimensional interactions between
species and the environment (E X §).
Niche theory (Hutchinson).

- E X S can be modelled using a species
covariance matrix.

0044

Carpinus betulus  Fagus sylvatica llex aquifolium Juglans nigra Populus alba Quercus frainetto

gl Ul

Populus nigra Ulmus minor Acer campestre Ruscus aculeatus Platanus hispanica Janiperus
oxycedrus

apemis

Ficus carica Quercus petraea Populus tremura  Cercis siliquastrum Phlllyrfea’ Acer monspessulanum
angustifolia




Methods

Theoretical model . :
S species on K sites

(several individuals from

COMMUNITY different species compete in

- Community: individuals of S species that interact

each site)
locally over K sites.
- Each site have a particular environment defined by
E dimensions x, ..., X_ . 090 O
1 E . A ‘ A A ‘
DEMOGRAPHY A |0 & A
- Dispersal x Performance (~growth) x Survival AO $eA

- Dispersal is a fixed fraction of performance and
uniform on all sites (same for all species).

- Survival is density dependent (same for all species).

- Performance: three different models (SK, SU, UU).




Methods

Theoretical model
Three models for performance i ot (individual i, species s, site k, time t)

1.  SK model (structured, known): Performance is a function of species parameters and
environment (E x S).

g =f(ExS)

2. SU model (structured, unknown): Performance depends on species covariance
matrix (2) derived from E and S.

g =f()

3. UU model (unstructured, unknown): Performance is random.

g = f(o°l)



Preliminary results
Simulation outputs

If E is large (E >> 1):

SK (E x S) and SU (2): stable
coexistence.

UU (random): no stable
coexistence.
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Preliminary results
Covariance matrix and competition

If Eis large (E >> 1):

| a) E=2 * b)E=20 &
SK (E x S) and SU (2): Strong : j =3
diagonal dominance in the . &
species covariance matrix. é ; .-’f ®
Intra. correlations > inter. @ ..o g Al
correlations. 4 0O g0 - siosa- B

i onacnau o

Competition concentrates within
the species (a necessary B
condition for species

coexistence).



Results

Sorting
SK (E x S) 3
(o) + —
2 2
. : <
Species sort according to where -
they can dominate. o ® 2
Each species outperforms the o ]
others on particular sites. e
i

Species Suitability



Results
Effect of dimensionality

SK and SU generate
coexistence

The number of coexisting
species in SK and SU increases
quickly with E

Number of coexisting species
>> E (eg. >50 for £=10).
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Conclusions

Coexistence emerges from
high-dimensional E x S interactions.

Coexistence is obtained without
considering tight trade-offs.

High dimensional E does not mean a high
number of resources (eg. light, water,
nutrients).

E is high by nature: [topography, soil,
climate, resources] + [ressources can be

divided in bins (e.g. high/low light levels)].
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Conclusions

- High dimensional E x S interactions can
be modelled using a species
covariance matrix.

- To understand coexistence: we should

think in terms of covariance between
individuals locally, not in terms of
intraspecific variance (IV).

|Covariance
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Testing the diagonal dominance in forests at
the global scale
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Objectives

Hypothesis
- Coexistence is obtained when there is diagonal dominance in the species covariance
matrix, i.e. if intraspecific correlation > interspecific correlation.

Question
- Is this true in forests at the global scale ?
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Methods

- Forest plot data with at least four consecutive inventories.
- In different forest biomes (including tropical forests) at the global scale.
- Comparing intra- vs inter-specific correlations for tree growth and fecundity.

Forest plot location

s P

biome

60N ¢ dry tropics

e grassland transition
40°N A ;
® pine savanna
® sandhills
20°N 4
® sclerophyl semi—-deciduous
® taiga treeline

® temperate mixed

20°S 4 ¢ temperate montane
¢ tropical montane

40°S 4 .
e wet tropics

60°S -

120°W 60°W 0° 60°E 120°E



Results

- All correlations were positive.

- For a high proportion of comparisons,
intraspecific correlations > interspecific
correlations.

- We observe in the data the diagonal
dominance necessary for species
coexistence.

- Universal for all forest biomes (although
the magnitude of the difference differs
between forests).
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Towards realistic empirical community models
generating diversity

(FRB | CESAB



Objectives

Context

- Empirical community models fitted on data (forest dynamics models, DGVMs) are
not able to generate diversity without artefacts (seed rain, perfect trade-offs).

- Usually, diversity is not obtained because the number of environmental dimensions
determining species demography is reduced.

Question

- How to develop community models fitted on data that generate diversity while
not having access to all environmental dimensions ?



Methods

Inference

1. Fit a performance model at the individual level (eg. tree growth as a function of
tree size and competition).

2. Compute a residual species correlation matrix from residuals of the demographic
model.

3. Transform this species correlation matrix into a species covariance matrix.

Simulation
1. Transform the species covariance matrix into an individual covariance matrix.
2. Use this covariance matrix to simulate individual performance

(eg.) tree growth = f(size, competition, species covariance).



Discussion

Work in progress. We still need to implement such model.

Such models would allow to test some hypothesis, scenarios
(using the fixed part of the model), while generating
diversity and being realistic.

Simulations would account for both species response to the
environment and species correlations, leading to more
realistic and diverse communities.

Off course, this approach do not prevent models to include
meaningful ecological processes in the fixed part.

L

WORK IN PROGRESS



Thank you for your attention
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