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Eco-evolutionary dynamics in
complex ecological
communities

Flora Aubree, Vincent Calcagno

Abstract Natural ecosystems are complex assemblages composed of many
species, interacting together both directly and indirectly, through their envi-
ronment. The coupled population dynamics (growth, death and reproduc-
tion of species) and evolutionary dynamics (Darwinian natural selection act-
ing on species attributes) in such systems can generate a wide range of be-
haviors. Ecology has long studied how ecosystem complexity should affect
their stability and/or productivity, but evolutionary dynamics has received
less attention. Using the mathematical framework of adaptive dynamics, we
can study how ecological diversity impacts the evolutionary dynamics of
ecosystems, and reciprocally, how evolutionary past can alter the diversity-
functioning relationship in communities.

1 General background

Biodiversity is an important property of ecosystems that impacts several as-
pects of ecosystem functioning such as productivity [11], stability in the face
of perturbations, and robustness to invasive species [7]. It is commonly ex-
pected that the more diverse a community, the more productive and robust
it is, and there is some evidence that more diverse ecosystems provide more
services [7] [8]. Studies of biodiversity-functioning (B-F) relationships are
traditionally conducted from an ecological perspective, without explicit con-
sideration of evolutionary processes, in particular Darwinian natural selec-
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tion and adaptation. However, it is increasingly clear that evolutionary dy-
namics play an important role in predicting the structure of natural commu-
nities and their response to environmental changes, even on the relatively
short timescales relevant to human activities. It is therefore necessary to un-
derstand how evolutionary dynamics and ecological dynamics interact and
how their interaction determines ecosystem properties. Theoretically, this re-
quires moving from classical dynamical models in which species traits and
parameters are treated as constant (or externally forced) to ones in which
these parameters are themselves dynamic variables that change under the
action of mutation and ecological interactions, and whose changes feed-
back on the ecological dynamics. Here we will briefly introduce one pos-
sible approach to this problem, and we will illustrate two applications of
these concepts. The first investigates how the diversity (number of species)
in a community impacts its evolutionary stability (possibility of diversifica-
tion or not), with the finding that diversity often facilitates further diversi-
fication. The second explores how the evolutionary history of an ecological
community (i.e., evolutionary “young” or “mature”) might change the ex-
pected relationships between diversity and ecosystem functioning (produc-
tivity, resilience to perturbations and invasions).

2 Modeling framework

We consider ecosystems containing a certain number s of interacting species,
each characterized by its population density #; and one ecological trait x;,
i € (1,5). The ecological trait is taken to represent the ecological strategy of
the species and determines its interactions with the environment and with
the other species (“ecological niche”). Ecological dynamics are governed by
a set of s ordinary differential equations of the form

dﬂi

dt

with 7; the characteristic timescale of the species (intrinsic growth rate)
and g some growth function.

The growth function is considered to be non-linear but sufficiently smooth,
and can otherwise have different forms depending on the type of ecological
interactions at play in the community (resource competition, interference,
predation, etc.). An archetypal growth function is the generalized Lotka-
Volterra model 1 — k(lTi)ZjE(l,S) a(x;,xj)nj, where k(x;) is the “carrying ca-

=rnig(ny,...,ns,xq,...,%5) i € (1,5), (1)

pacity” of species i and a(x;,x;) is the per-capita interaction coefficient of
species j onto species i. Most standard scenarios for ecological interactions
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can be described with appropriate functional forms for k and a, but some
cannot fit the Lotka-Volterra form (see Section 4.1). It is assumed that the
ecological system (1) eventually reaches a stable node as t — oo, at which
some species shrink out to zero density (“extinct” species) and others equi-
librate at equilibrium density n;(“resident” species).

The above described ecological dynamics are supplemented by a process
of evolutionary dynamics, whereby the species trait values x change through
time under the action of Darwinian natural selection. In principle this im-
plies at least adding to (1) a set of s equations for dx;/dt. In practice, we use
a slow-fast approximation known as adaptive dynamics [4], that we briefly
introduce here. It is assumed that each species produces, at some (low) rate,
mutant individuals with slightly deviant trait value x,, = x; + J, where x; is
the trait of the parent and ¢ is a random deviate with zero mean and vanish-
ingly small variance. Since mutants are initially very rare they do not have
a significant impact on the ecological dynamics of the resident species, and
since mutations are infrequent, the resident species have time settle at their
equilibrium abundances ;. If the initial density of a mutant population is
nm, we define the invasion fitness of the mutant as

. 1 dn,,
flxm) = nallrilo <nmdt) , 2)

If f(xp) < 0 the mutant population declines and disappears, whereas if
f(xm) > 0 mutants increase in abundance and settle in the community (“in-
vade”). One advantage of this approach is that fitness naturally emerges
from the ecological dynamics specified in (1). Note that fitness is context
dependent and depends on the composition of the entire community.

Mutant invasion implies that the whole system may be pushed to a to-
tally different equilibrium. However, since mutants are almost identical to
their parental species, mutant invasion generically results in a substitution
of the parental species by the mutant population. In these conditions, species
traits evolve continuously through time, at a rate proportional to the selection
gradients, defined as

Vi)=Y e, )

dxm Xm=Xi

If V(x;) > 0, evolution makes the species trait increase through time, if
V(x;) < 0 it makes it decrease.

The process describes gradual directional changes in species traits. Be-
cause of the slow-fast approximation, as trait values evolve the system tracks
the (moving) ecological equilibrium defined from (1). As evolution pro-
ceeds, some species may go to extinction, i.e., the equilibrium may collide
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with the boundary of their persistence domain. Another possibility is that
some species reach a so-called singular strategy at which the selection gradi-
ent vanishes. In this case different possibilities exist. One is that the species
reaches a fitness maximum, and its trait value thus represents an evolution-
ary end point (no further change). Another is that the species reaches a fit-
ness minimum, in which case mutants on both sides (or at least on one side
in some degenerate cases) can invade. In this case it is possible that mutant
invasion does not imply mutant substitution: the mutant population may
coexist with the resident population, and the two populations may subse-
quently diverge in trait space, thus effectively splitting the initial parental
species into two daughter lineages. After a branching event, we need to
add one equation to (1). This type of singular strategies are called branching
points, and the process of branching is regarded as a model of species forma-
tion through ecological interactions (ecological diversification). It is possible
to classify the different types of evolutionary dynamics around a singular
strategy using the two derivatives d*f(x,,)/dx2, and dV (x;) /dx;.

In the following applications we will use a set of different ecological mod-
els (particular instances of (1)) to avoid model-specific conclusions.

3 How diversity impacts evolutionary diversification

3.1 Context and methods

It is well-understood, theoretically, that the more species in an ecological sys-
tem, the less likely it should be for the system to settle at a dynamically stable
equilibrium, and the less stable the equilibrium, if any, would be. A seminal
paper by May [14], using the theory of random matrices, provided a general
argument for this and elicited a long and fruitful debate on the relation-
ships between species diversity and different types of ecological stability.
The debate remained in the field of ecology though, and evolutionary sta-
bility, i.e., the tendency of evolutionary attractors to be fitness maxima (sta-
ble) or fitness minima (unstable), and thus the possibility of diversification,
was disregarded. In parallel, evolutionary biology proposed the controver-
sial hypothesis that species diversity could stimulate further diversification
(the “diversity-begets-diversity” hypothesis), but this was not investigated
using ecological theory.

We thus analyzed whether an ecological system of s species, as mod-
eled in section 2, is more or less likely to be evolutionary unstable, i.e., to
evolve toward branching points rather than fitness maxima, as the number
of species s increases. To this end we simulated the evolutionary dynam-
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ics of ecological communities, starting from different initial levels of initial
diversity, from monomorphic (s = 1) to diverse (s = 5). We did this using
three contrasted forms of ecological interactions, modeled as three different
forms of the growth function g, all of the Lotka-Volterra family: symmet-
ric competition of resources, asymmetric competition with interference, and
a competition-colonization trade-off scenario, where better competitors are
poorer at colonizing empty patches [1,12]. For each model, we systematically
varied two key parameters controlling the modalities of ecological interac-
tions [3].
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Fig. 1 Diversity triggers diversification. Two example simulations are shown. Starting
from one initial species, a fitness maximum is attained and no further evolution occurs
(left). For exactly the same parameters, bringing in an initial diversity of three species
unlocks the possibility of adaptive diversification and repeated evolutionary branchings
occur and diversity explodes (right). Figure from [3].

3.2 Results

We found that for many parameter sets, adaptive diversification was impos-
sible when starting from one species (i.e., evolutionary trajectories halted
at fitness maxima) but became possible after some initial level of diversity
was brought into the system (Fig. 1). For a given parameter set, in all three
models, there generally existed a minimum level of diversity above which
evolutionary branching became possible. In other words, increasing ecolog-
ical diversity may unlock the possibility of further adaptive diversification,
in a form of auto-catalysis. By studying the curvature of the fitness func-
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tion around the evolutionary singularities (42 f (x,;) /dx?,), and how it varies
as s increases, we could identify three components of natural selection that
explained the evolutionary bifurcations (i.e., loss of evolutionary stability).
From the three models we observed two general mechanisms explaining the
positive effect of diversity on diversification, one operating mostly at low
diversity levels and the other at higher diversity levels [3].

It is usually thought that a positive effect of diversity on diversification
necessitates specific processes such as niche construction, cross-feeding or
ecological facilitation. Our results indicate that the same standard ecolog-
ical principles that predict a negative effect of diversity on diversification,
can just as well predict a diversification-promoting effect of diversity. This
might provide an explanation to patterns observed at different scales, such
as the delayed onset of lizard adaptive radiations on some islands, or re-
cent findings that diversification correlates positively with initial diversity
in experimental microbial communities [3]. Importantly, they suggest that
the loss of ecological diversity may drive ecosystems below the threshold
level for diversification, compromising the recovery of diversity, even in the
long term.

4 How evolutionary history impacts the diversity-
functioning relationship

4.1 Context and methods

Studies of biodiversity-functioning (B-F) relationships are traditionally con-
ducted from an ecological perspective, without explicit consideration of evo-
lutionary processes. Yet, it is clear that by altering the trait distribution and
thus species interactions, evolutionary history (intended here as the history
of coevolution of species within an ecosystem) may have a non-negligible
role in determining the existence, magnitude and shape of B-F relationships.
Several studies have already been undertaken in that direction, looking at
the impact of fast evolution on ecosystem properties [6], of environment
changes on robustness [16] or of the species coevolution on ecological sta-
bilities [10].

Here we propose to study whether B-F relationships could depend on
the evolutionary history of ecosystems. Specifically, we will generate two
types of communities: random (“young”) and coevolved (“mature”). In ran-
dom communities species traits are drawn independently from an entropy-
maximizing distribution. In coevolved communities, trait values are set at a
(co-)evolutionary equilibrium, finding trait combinations that cancel all se-
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lection gradients (eq.3) and are local attractors of evolutionary trajectories.
This permits one to contrast communities with no evolutionary history at
all with maximally coevolved (mature) ones. We did this for different lev-
els of species richness s (1-10) and under five scenarios of ecological inter-
actions (eq.3) representative of known species coexistence mechanisms. In
addition to the three scenarios used in section 3 we considered two non-
Lotka-Volterra scenarii: the tolerance-fecundity trade-off scenario [15] and
the size-structured trophic chain scenario [9]. Three types of B-F relation-
ships are then quantified: (a) Total productivity defined as the sum over
species of the positive contributions to net growth rate (eq.1) ; (b) Temporal
stability defined here as the asymptotic resilience (closest to zero eigenvalue
of the Jacobian matrix of (1)); and (c) Robustness to invasion is assessed by
two metrics: the probability of establishment of invasive species with ran-
dom trait x,. (invasion resistance), and, for successful invasions, the expected
number of resident species that are driven to extinction (invasion tolerance).
For a range of parameter values, the B-F relationships were systematically
compared between random and co-evolved communities.

4.2 Results

B-F relationships were affected by evolutionary history in all five scenarii.
In random communities, productivity, as expected, increased with diversity
in most cases, with the notable exception of the CC trade-off scenario (Fig-
ure 2). A history of coevolution had quantitative and qualitative effects on
the diversity-productivity (D-P) relationships. Quantitatively, D-P relation-
ships had smaller amplitudes in mature communities compared to random
ones, to the point of being almost undetectable in the tropic chain scenario,
and they have a much more concave shape. Qualitatively, coevolution can
reverse the slope of the D-P relationship, as observed in the CC trade-off
scenario. Overall, evolutionary history strongly affects the expected D-P re-
lationship, with a general tendency of D-P relationships to be shallower,
and more consistently positive in mature communities compared to random
communities.

Asymptotic resilience decreased with diversity in all scenarii, as expected
in such models, and irrespective of evolutionary history. In the CC, TF and
trophic chain interactions, there was no appreciable difference in the shape
of the diversity-stability (D-S) relationships. However, the shape change in-
duced by the past evolutionary history in the niche and body size scenarii
was notable. It changed from convex to sigmoid, respectively, in mature and
random communities, and led to more stability for mature communities at
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Fig. 2 Productivity for the (a) niche, (b) body size, (c) CC trade-off, (d) TF trade-off and (e)
trophic chain scenarii. Colors stand for the different model parameters varied.

high diversity. It resulted that the fast decrease for mature communities at
low diversity slowed down at higher diversity, while the contrary occurred
for random communities.

Invasion resistance was not drastically influenced by past evolutionary
history: the invasion probability, which was decreasing with diversity as ex-
pected, was only slightly smaller in coevolved communities (except in the
CC scenario where it was slightly higher). By contrast, for the invasion tol-
erance results clearly showed that coevolved communities were much less
perturbed by invasive species than random ones: almost no species disap-
peared for all species richness explored, and the invasive species remained at
a very low abundance compared to resident species. To the contrary, random
communities lost a lot of species when invaded and the invasive species was
more abundant. In sum, past evolutionary history did not impact clearly the
probability of invasion, but changed considerably the response to an effec-
tive invasion.

To conclude, all scenarii of ecological interaction and all the observed
functional properties were sensitive to the past evolutionary history. Nat-
ural unperturbed ecosystems and young (or recently perturbed) ecosystems
did not behave and react the same. Those studies confirm that evolutionary
history should be a parameter to consider while studying ecosystem func-
tioning.
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5 Conclusion

As is visible in the examples presented here, ecological and evolutionary
dynamics have reciprocal interactions, and it may be insufficient to study
them individually. Adaptive dynamics provides a useful method to incor-
porate adaptive evolution into ecological models and expand our theoretical
understanding the dynamics of ecosystems. The approaches presented here
can be expanded to relax some critical assumptions, such as the rarity of mu-
tations and slow-fast approximation [2], the absence of spatial structure [13],
the scalarity of species traits [5] and beyond.
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