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From Plant Traits to Plant Communities:
A Statistical Mechanistic Approach

to Biodiversity

Bill Shipley,'* Denis Vile,? Eric Garnier?

We developed a quantitative method, analogous to those used in statistical mechanics, to predict
how biodiversity will vary across environments, which plant species from a species pool will be
found in which relative abundances in a given environment, and which plant traits determine
community assembly. This provides a scaling from plant traits to ecological communities while
bypassing the complications of population dynamics. Our method treats community development
as a sorting process involving species that are ecologically equivalent except with respect to
particular functional traits, which leads to a constrained random assembly of species; the relative
abundance of each species adheres to a general exponential distribution as a function of its traits.
Using data for eight functional traits of 30 herbaceous species and community-aggregated values
of these traits in 12 sites along a 42-year chronosequence of secondary succession, we predicted

94% of the variance in the relative abundances.

have traditionally been conceived through

the lens of population ecology (/I—4). A
classic example is the Lotka-Volterra system of
equations in which the per capita growth rate of
each of S species is linked through an S-by-S
“community”” matrix of interaction coefficients.
This quickly becomes impractical. Interaction
coefficients are difficult to measure and the
number of binary interactions, even if un-
affected by environmental variation, increases
with the square of the number of species in the
regional pool. Although such models can
qualitatively describe community assembly in
very simple empirical systems involving a few
unicellular species in well-mixed and simple
environments (3, 3, 6), they have not been able
to do this in more complex field situations
involving many species. Empirical attempts to
predict relative abundance from plant traits

Ecological models of community assembly
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without any theoretical context have largely
failed (7). A more recent demographic approach
is to assume that the per capita growth rates or
average individual fitness of all species in a
metapopulation are equal, leading to neutral
models of community structure (4, 8). Neutral
models cannot predict which species will have
which relative abundance; indeed, they imply
that this is impossible because the dynamics
are completely random. Furthermore, their
community-level patterns (9) and the assump-
tion of average individual fitness of all species in
the metacommunity (/0) have been rejected by
empirical data.

We adopted the view of community as-
sembly as a process of species sorting, leading
to the concept of community assembly by en-
vironmental filters (//-13). A pool of §
species determines those that can disperse to
a site. A sorting of these species by the en-
vironment, including the environment as
modified by the interacting species, deter-
mines the relative abundances of those that
actually occur at a site. This is simply a result
of the nonrandom demographic processes of
dispersal, growth, survival, and reproduction
of individuals within and between species, as

determined by the functional traits they pos-
sess, when the interspecific variations of such
functional traits are greater than their intra-
specific variations.

Species sorting by the environment is a
process of selection over short (ecological)
time scales, resulting in changes in species
composition over an environmental gradient.
The breeder’s equation of quantitative genet-
ics (14) (Eq. 1b or its multivariate equivalent)
describes how the mean value of a quantita-
tive trait j of genotype i, occurring with
proportion py at site k in a population of n
genotypes at time x, changes over the time
period during which a selection event occurs.
The amount of change in the mean trait value
(%;) after the selection event is a function of its
heritability (4%, the slope of a regression of
offspring trait values on midparent trait
values) and the force of selection [S;(x)] for
that trait at time x:

(1a)

[4(1) = 50)] = #(0)s;(0)  (1b)

Equation 1 is usually applied to selection be-
tween genotypes of a single species, but it also
applies even if the genotypes occur in different
species. Because intraspecific variances of our
functional traits are much smaller than their
interspecific variances (15), we assumed that
such trait values can be approximated as
species-specific attributes. We also assumed
that intraspecific genotypic evolution of the trait
values during ecological time is insignificant
relative to preexisting interspecific variation.
Given these two assumptions, selection will
primarily occur between species, and the
heritability will be close to unity, although this
is not a requirement of the model. Iterating over
time gives

x—1

> P (k)S;(k) +
k=0

o
—~~
=

(2)

The relative abundance of each species in the

regional pool, and therefore the value of £(0),
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will be the same for all sites in the region. Once
community assembly begins, any differences
between sites in  #;(x)—called “community-
aggregated” traits (/6)—will reflect differ-
ent selective pressures over time or across
environmental gradients. These community-
aggregated traits reflect the constraints on
community assembly imposed by the process
of species sorting.

Once plants are at a site, the biomass
(abundance) of each will be proportional to
the total amount of resource units that each
species is able to capture at that point in time.
The total number of such captured resources
Ni(x) at site k at time x, and the number that are
captured by each species n;(x), defines the
abundance structure of the community: {n(x),
Noi(X), ..., ngi(x)}. Defining relative abundance
as pi(x) = ny(x)/Ni(x) describes community
structure independent of site productivity.

Assume first a strict equivalence of species
such that each species is equally likely to
disperse and capture resources. There would be
no species sorting and community assembly
would be purely random. The number of
different ways (/) that the N resource units,
comprising the living biomass at a site, could
be partitioned into a particular community
structure is

G- (3)

}11!712!...}15!

Site and time indices are suppressed for
simplicity. N will be less than the number of
atoms of carbon and mineral elements in the
biomass because these must respect the
stoichiometry of the tissues, but it will be
very large. Taking logarithms, Sterling’s
approximation [log(n!) ——==> nlog(n)—n]
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can be rearranged to form the following
equations:

M-

In(W) = NIn(N) - 2 [niln(n;)]  (4a)
S
) Dph(p) (@)

The most likely community composition is the one
maximizing /¥ and, given large N, this is equivalent
to maximizing Shannon’s (/7) index of informa-
tion entropy. If all species are not strictly equiva-
lent, because their traits allow individuals of some
species to capture more resources, then not all par-
titions will be equally likely to occur. The species
sorting, based on functional traits, results in
particular community-aggregated trait values, and
therefore excludes partitions that contradict such
values. A maximally random community (p) con-
strained by these community-aggregated values
(Egs. 1 and 2) are the values of p; that
maximize ¥ conditional on all # plus normal-

N
ization () p; = 1). This is found, using the
i=1
method of Lagrangian multipliers, by defin-
ing a new system of equations: f(p;) =

S
A ( E—prrzf)
i=1

and solving for the 7+lvalues of A; when the
partial derivates are set to zero. The general
solution to this problem (/8), from the maxi-
mum entropy formalism, is Eq. 5, where ﬁi is
the predicted relative abundance of species i,
possessing the 7" functional traits t; = {#;1,...,t17).
The maximum likelihood values of the nine
estimated values of A in our study were
obtained using the Improved Iterative Scaling
algorithm of Della Pietra et al. (19, 20).

T
(X(,f xjt,,)
e~ /=l
- (5)
[e (7»0‘ 7&/&'/”
J=1

We conducted our study in 12 vineyards
that had been abandoned between 2 and 42
years previously, within a 4-km? area of
southern France. The aboveground dry
biomass of all species in each of four plots
measuring 0.25 by 0.25 m was used to
estimate relative abundances for each site.
Details of the sites and the methods of vege-
tation sampling are given in (/6). We mea-
sured eight functional traits on 30 species,
representing at least 80% of the total biomass

In(W) = ho(1 = 2pi) =2

J=1

A

Pi~ s

>

i=1
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over the chronosequence, and calculated the
community-aggregated traits as defined in Eq.
la. Details of the measurements of these traits
and their values are given in (27). Figure 1 shows
the eight community-aggregated traits of these
12 sites during the chronosequence. Using
these observed community-aggregated traits,
the maximum entropy estimates predicted 94%
of the observed variation in the actual relative
abundances of these 30 species in the 12 sites
(Fig. 2).

For generality, it is preferable to predict
the community-aggregated traits, given in-
formation on environmental conditions, rather
than measuring them. Therefore, we predicted
the community-aggregated traits in each site
from its successional age using cubic-spline
regression (Fig. 1). Using these predicted
values, we obtained the predicted community
structure for each age (Fig. 3, B and D). The
observed successional dynamics of each
species, smoothed using a cubic-spline
smoother, are shown in Fig. 3, A and C; we
also show this on a log, scale (Fig. 3, C and D)
to emphasize the rare species. The observed
and predicted successional dynamics are quite
close (r=0.96).

Curiously, given the historical dominance
of the demographic Lotka-Volterra equations,
Volterra recognized the difficulties of this ap-

Smoothed observed relative abundance

proach and even considered a statistical
mechanistic approach (22). Very few authors
have followed his lead (23-31). Classical
statistical mechanics ignores, but does not
deny, the detailed dynamics of atomic colli-
sions and assumes a random allocation of
atoms to energy states whose total (and there-
fore mean) energy is constrained. Our model
ignores, but does not deny, the details of
resource allocation, population dynamics, sto-
chastic processes, and species interactions. It
assumes a constrained random allocation of
resource units to species; the constraints are
generated by natural selection and are quanti-
fied by the community-aggregated trait values.
The relative abundance of each species in a
species pool is therefore a function of how
closely its functional traits agree with the
community-aggregated traits.

Determining whether our model is gener-
ally successful will require further testing. If
successful, it could provide a quantitative link
between functional ecology, community ecol-
ogy, and biogeography, while still being
applicable in the field. Furthermore, it could
predict which species could successfully
invade new environments and how plant
communities will change after changes in
environments. Because it includes compo-
nents of both niche-based and neutral models,

Predicted relative abundance
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Fig. 3. (A and C) Observed relative abundance of each of 30 species during a 42-year chrono-
sequence of secondary succession. Curves for each species were obtained using a cubic-spline
regression. (B and D) Predicted relative abundance of each species, obtained by maximizing the
Shannon entropy conditional on the measured community-aggregated trait values of each site, shown
in Fig. 1. (A) and (B) show relative abundances on an arithmetic scale and (C) and (D) show the same
data on a logarithmic scale in order to emphasize the rarer species. (E) The smoothed observed relative
abundances of each species at each successional age plotted against the relative abundances predicted
by maximizing the Shannon entropy conditional on the measured community-aggregated trait values

at each successional age.

it could also point to a way of reconciling these
two different conceptions of community as-
sembly. Realizing these potentials will require
further empirical testing, a consistent quan-
tification of major environmental gradients,
and a demonstration of generality in the pat-
terns of community-aggregated traits along
such gradients.
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ERRATUM post date 13 pril 2007

Reports: “From plant traits to plant communities: a statistical mechanistic approach to biodi-
versity” by B. Shipley et al. (3 Nov. 2006, p. 812). In the denominator of Eq. 5 on page 813,
the expression in the parentheses should have been set as an exponent of e. The correct equa-

tion is
T
(%72 }\jtij)
=1

A e

pi = .
(}\o*z 7‘.;"1,;‘)
=

e

B

i=1
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