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Abstract (the research project is detailed below)

The emergent properties of communities composed by a large number of interacting species are often
assessed under the hypothesis that the environment — and sometimes the community itself — does not
change in time, or that it changes due to stochastic fluctuations on a time scale shorter than species
demography.

However, most ecosystems on Earth, as well as lab-assembled communities, experience regular
environmental changes due, for instance, to dial, seasonal, or dilution cycles. Models for simple ecosystems
composed of a small number of species showed that such periodic forcings, in combination or not with
stochastic fluctuations, can alter the system’s dynamics and affect ecosystem diversity considerably.

In this thesis, we propose to address the role of regular forcings in models for complex, species-rich,
interacting communities. We expect these systems to experience a tension between the tendency of species
to synchronize with environmental variation, and a reduction in coherence caused by species heterogeneity.

We will use tools from dynamical systems theory (e.g. synchronization theory, control theory, stochastic
resonance, stochastic coherence, etc.) to investigate the role of different intrinsic and environmental time
scales in the maintenance of species diversity in the short and long term.

This work has potential applications for interpreting observational data in varying environments and for
assessing the risks of diversity decline associated to enhanced environmental forcing in the wake of climate
change.
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The ecology of species-rich communities under environmental variation

Background and state-of-the-art

Ecological communities are collections of species interacting with one another and with the
environment that they collectively shape. The feedbacks between community composition (what
species there are, and how many individuals of each species) and the environment underpin
community dynamics and its emergent functions, such as primary productivity, nutrient cycling, or
biodiversity.

Whereas communities of multicellular organisms, like animals and plants, have been observed and
studied for centuries, the complexity of microbial communities has been revealed only in recent
decades, thanks to the availability of molecular techniques for sequencing environmental samples.
These methods, which are nowadays routinely used for both scientific and applied purposes in
medical, ecological and environmental sciences, revealed that local microbial communities — e.g. of
the soil or the ocean — host a huge genetic diversity, which sums up to an astronomic number of
different ‘species’ (clusters of genetic sequences) at the global scale [de Vargas et al. 2015].

With the notable exception of a few lab-assembled communities held in controlled environments,
describing the interactions between every component of a complex, species-rich community is
practically unfeasible. For this reason, a lot of effort has been recently put into understanding what
features of complex ecosystems emerge independent of the details in their composition and in the
interaction rules. Theoretical studies have thus expanded classical population dynamics models to
include a large number of interacting species. Methods borrowed from the statistical physics of
disordered systems were used to show that communities are expected to display qualitatively
different dynamical regimes, depending on the statistics of their interactions and not on the detail
of what species does what [Altieri & De Monte 2025]. The relevance of such approaches in
describing the qualitative behaviour of microbial communities has been demonstrated in synthetic
communities [Hu et al. 2022], but it is still to be assessed for real-world ones.

One important feature of the vast majority of ecosystems on Earth is the presence of fluctuations
that are outside the control of any single species. For instance, the sunlit ocean is periodically
perturbed by day-night and seasonal cycles, so that the ecology of phytoplankton in a given
location results from the combination of the intrinsic community dynamics, the amount of transport-
mediated dispersal, and periodic forcings. Whereas random environmental fluctuations either in the
growth rates [Grilli 2020, Mallmin et al. 2025] or in the interaction coefficients [Suweis et al. 2024]
have been shown to be important for explaining macroecological patterns in species-rich
communities, much less attention has been devoted to the interplay of the different time scales of
intrinsic ecological dynamics on the one side, and periodic or aperiodic fluctuations on the other.
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Research guestion

This PhD project will explore whether external fluctuations are able to qualitatively change the
conclusions drawn from models for species-rich communities.

The fact that environmental stochastic fluctuations play a key role in maintaining community
diversity, e.g. through spatiotemporal storage [Chesson 2000], is nowadays broadly accepted and
has been demonstrated in a number of models and experiments. While models with fluctuating
environments usually focus on the effect of 'noise’ (e.g. white, coloured, environmental or
demographic) on some system that is otherwise at equilibrium, communities are in reality always
subjected to periodic variations with time scales often comparable with the demographic ones.
Periodic environmental variations are also imposed by culture conditions in lab-assembled
communities, that are typically maintained by serial dilution.

How periodic environmental changes would change the conclusions drawn from complex
community in the absence of forcing remains an open question. Evidence from models of simple
communities composed of a few species indicates that periodic forcing can synchronize
populations across patches, thus disrupting the rescue effect of dispersal within spatially extended
metapopulations [Matter 2021]. On the other hand, the mismatch between the ‘internal’ time scales
associated to species ecology can drive oscillating communities to become stable [Giral, De Monte
& Barbier 2025; Giral, Barbier & De Monte 2025], thus possibly more resilient to external
fluctuations. The combined effects of synchronization — that tends to equalize species dynamics —
and diversity-induced loss of coherence is particularly unpredictable when the community dynamics
can be itself out-of-equilibrium [Rogers et al. 2024; Mallmin et al. 2024] or multistable [Aguadé et
al. 2024], where forcings have the potential to displace considerably the ecosystem from its
unperturbed state.

Understanding how structured environmental variation affects the ecological dynamics of complex
communities is particularly relevant when considering that the first disruptive effect of climate
change is the increase in the variability of environmental fluctuations. Besides a continuous ramping
up of temperatures, communities will face a gradual amplification of the forcings they respond to.
Therefore, the outcomes of this research project will not only be important for comparing models
and empirical observations, but may also inform conservation policies.

Methods

Communities will be modelled as a heterogenous set of species whose abundances change in time
according to intra- and inter-specific interactions, dispersal and external fluctuations (periodic
and/or aperiodic). We will use the well-established frameworks of generalized Lotka-Volterra or
McArthur equations [Altieri & De Monte 2025], modified so as to introduce forcing terms that act
either on species-specific parameters (growth rates and intraspecific competition), on interaction
parameters, or on dispersal rates. Parameters for the time-autonomous dynamics will be chosen
randomly either uniformly, reflecting an overall ignorance on the species-scale processes, or
according to some structure that encapsulates ecological knowledge of the system — and that can
provide the community with intrinsic dynamical time scales. For instance, periodic oscillations can
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emerge as a result of transitive interactions between functional groups of species [Giral, Barbier &
De Monte 2025].

When the autonomous dynamics is at equilibrium, linear stability analysis will allow us to tackle
sufficiently small periodic variations in systems close to an equilibrium. We will test the extent to
which such an approximation holds, and when and how such linear regime fails.

When the community dynamics is out-of-equilibrium, we will leverage synchronization theory to
characterize the resonance between autonomous community oscillations and forcings. Particularly,
we will address the different mechanisms promoting or countering coherent fluctuations, and study
how such fluctuations relate to the forcing signal.

The effect of periodic variation on community features such as species richness and species
abundance distributions will be determined combining numerical simulations and analytical work
inspired by previous and ongoing work of the hosting team.

In parallel to theoretical work, the PhD student will survey published data on inferred species
interactions, so as to choose autonomous equations that have a structure similar to empirical ones.
Ideally, we would like in the end to be able to make quantitative claims on what time scales matter,
or not, in the interaction between environmental variation and community dynamics.

Supervisors and hosting team

The main supervisor, Silvia De Monte (directrice de recherche at CNRS), is a modeller working on
models for the eco-evolutionary dynamics of heterogenous biological populations. She has been
working for many years on microbial, and notably planktonic, population dynamics, combining data
analysis and mathematical modelling. Her main interest is understanding how community-level
properties — e.g. macroecological patterns, biogeography, collective functions — self-organize and
evolve.

She will be supported in the direction of the PhD by Emil Mallmin, currently a post-doctoral
researcher at the Max Planck Institute of Evolutionary Biology. Trained as a statistical physicist, Emil
Mallmin transitioned to theoretical ecology and developed a formal framework for assessing the
role of endogenous or environmental fluctuations on the diversity of species-rich communities
[Mallmin et al. 2024, Mallmin et al. 2025].

The PhD student will be hosted at the Institute of Biology of Ecole Normale Supérieure, in the Eco-
Evo-Math team. This interdisciplinary team covers various aspects of the ecological and
evolutionary dynamics of biological populations along the spectrum between fundamental
theoretical research and applications to human health.

The PhD student will be embedded in a group of PhD students of team (one of them started in
2025 under Silvia De Monte's supervision), and in a work group, mostly composed of physicists,
working on theoretical and empirical approaches to community dynamics. Together with the
scientific activities offered by IBENS and the neighbouring institutions, the PhD candidate will be
exposed to a number of different questions and approaches that will favour their development as a
mature independent scientist.
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Timeline

Year 1: Bibliographical research on theory and empirical observations on community response to
external fluctuations. Development, in collaboration with Emil Mallmin, of numerical tools for
exploring the effect of environmental forcing of different nature (stochastic and deterministic) on
the dynamics of species-rich communities described by Lotka-Volterra or McArthur equations.
Exploration of the regimes and structuring of a manuscript classifying the different qualitative
responses.

Year 2: Use analytical methods to obtain, exactly or with some approximation, information about
the key features of environmental variation that determine the qualitative outcome: e.g. find the
frequency of forcing that induces tipping points in the community dynamics. Preparation of a
manuscript collecting the results.

Year 3: Application of the theoretical understanding to realistic situations, e.g. starting from
interactions that respect the statistical features of observational data, or analysing community time
series so as to extract the information ‘hidden’ behind periodic variations.

Year 4: Finishing data analysis, writing of manuscripts and of the PhD thesis, dialogue with
experimenters for an empirical test of the model.
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