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Abstract

The biosphere is undergoing an unprecedented transformation driven by global warming, habitat
loss, and resource depletion, threatening biodiversity through widespread species extinctions and
population declines. Although conservation and restoration remain essential, the risk of irreversible
tipping points demands new strategies. Synthetic biology offers one such approach: engineering
existing ecosystems by modifying functional traits of resident communities to enhance resilience and
prevent abrupt shifts. Despite and because of public concern, advances in biosafety and control have
been achieved, mainly on a cellular scale. However, after decades of bioremediation efforts, a central
question emerges: not only can interventions be perfectly controlled, but also whether they can persist
and sustain ecological function. Meeting this challenge requires a paradigm shift in design philosophy,
from classical to emergent engineering, embracing adaptation, feedback, and multiscale complexity as
the foundation of ecosystem design.

Keywords: synthetic biology; ecosystem engineering; ecological resilience; complex systems; emer-
gence; biodiversity; biocontainment

1. Emergent Engineering

Kay Sage, one of the most prominent artists associated with Surrealism in the United States,
painted The Butterfly Machine in 1942. This enigmatic artwork serves as a poignant metaphor for
the paradox of engineering nature. Drawing on the surrealist tension between logic and dream,
the painting depicts a structure that is highly ordered, almost surgical in its design, yet incapable
of fulfilling the very function it alludes to (Fig. 1). It resembles a machine for producing life, but
cannot generate flight, self-repair, or reproduction. In this failure, The Butterfly Machine mirrors the
limitations of classical engineering when applied to living systems. Although traditional engineering
excels in building deterministic and centralized systems, it falters in the face of biology, decentralized,
adaptive, and historically contingent assemblages that cannot be reduced to static blueprints. The
painting thus prefigures a central challenge of our time: the inadequacy of conventional design
principles in the stewardship of the biological world and by extension, of living, evolving ecosystems.

Modern advances in robotics may one day enable the design of a synthetic butterfly. However,
while the construction of such a system remains elusive, classical engineering has achieved extraordi-
nary feats: sending humans to the Moon, uncovering the hidden structure of the atom, and building the
computational and networked infrastructures that underpin modern society. In stark contrast, it has
struggled in fields such as drug discovery and therapeutic development, despite decades of massive
investment [1,2]. Similar difficulties have marked the so-called "war on cancer" or long-standing efforts
in ecosystem bioremediation [3,4]. What unites these challenges is that their targets are not machines,
but decentralized, adaptive systems, the hallmark of what we now call complex systems [5,6]. Over the
past few decades, both theory and experiments have revealed that such systems operate according
to principles that defy the classical assumptions of engineering, suggesting the need for alternative
design logics rooted in emergence, adaptability, and distributed control.
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The classical axioms of engineering can be summarized as follows [7].

1.  Design according to well-understood principles that hold for components in isolation and in
aggregate.

2. Use nearly fault-free components to achieve very high levels of combined precision.

3. Minimize error and system failure rates by eliminating uncertainty and reducing the degrees of
freedom of the components.

4. Operate within linear regimes where collective dynamics are predictable and controllable.

5. Reduce noise and adaptability of components to prevent unexpected emergent behaviors.

Figure 1. Kay Sage (left), was a Surrealist painter known for her architectural, desolate dreamscapes. On the right, her 1941
painting The Butterfly Machine, a work that reflects themes of constraint and transformation, recurrent in Sage’s exploration of
existential landscapes. Image Courtesy of the Mattatuck Museum, Waterbury, CT, USA; Donation: Gift of the Estate of Kay Sage,
1965.

From the early ambitions of cybernetics [8], scientists and engineers have sought to model and
regulate natural systems through artificial means, driven by the promise of prediction and control'.
This cybernetic view was introduced within systems ecology and provided the basis for a top-down
engineering, as sketched in Fig. 2a-c, where three different scales of coarse-graining are shown,
associated with three microcosm scales. These controlled microcosms were used to test a diverse
range of interventions. However, complex adaptive systems fundamentally challenge this assumption.
As interacting collectives, they give rise to emergent properties that are not simply the sum of their
parts. High component failure rates are absorbed by systemic robustness, achieved through statistical
averaging, redundancy, degeneracy and organization across multiple scales. Crucially, adaptive
systems often operate near criticality, non-linear regimes where thresholds and tipping points dominate
dynamics [10]. In such contexts, variability and noise are not obstacles to control, but essential features
that support adaptability, innovation, and resilience.

This poses a central dilemma inherited from the aftermath of cybernetics: How can we design
systems that we do not fully control? Classical design principles, grounded in linearity, stability, and
central oversight, are ill-suited to the realities of complex systems. At the heart of this work is the
question of whether a framework can be articulated for the design of successful large-scale ecosystem
interventions, where control is not imposed from above but emerges from the integration of structure,
adaptability, and feedback at all levels. Importantly, natural ecosystems already contain what is known
as ecosystem engineers, i.e. species that have a disproportionate impact on the flows of energy and
matter. An example is shown in Fig. 2d-e, where a small part of the soil crust of a dryland ecosystem is

1 An excellent analysis of this attempt and its many failures can be found in Adam Curtis documentary Machines of loving grace

[91.
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shown (d), displaying a rich ecological diversity, including cyanobacteria (e) that are well-known soil
ecosystem engineers.

Amid the challenges of global warming and future tipping points [11-13], the 21st century may
witness the emergence of new paradigms that connect ecology and engineering. The window for
response is shrinking rapidly, requiring a reevaluation of ecological risk and the search for new tools.
Synthetic biology offers an unprecedented engineering framework for designing resilient ecological
paradigms. More concretely, molecular and genetic engineering provides a promising toolbox, but
progress requires new approaches that integrate these capabilities with ecological principles and dynamic
feedback. Although adaptive components, such as synthetic cells or genetic circuits, may behave reliably
in isolation, their collective behavior at higher scales often defies expectations [14] (see Box 1).

The possibility of engineering ecosystems can arise if classical engineering axioms are challenged
through the lens of complexity theory, embracing the concept of emergent engineering [7]. Emergence
stands out as a prominent characteristic of complex systems in which interactions among components
yield properties that cannot be fully understood by examining individual components alone [15].
As stated above, classical engineering relies on well-established principles that apply to all (fault-
free) components in isolation and as a collective, aiming to eliminate uncertainty, achieve linear
predictability, and minimize the impact of unforeseen events. However, emerging engineering must
embrace significant component variability and focus on collective outputs (e.g., redundancy). Design
considerations should prioritize the distribution of outcomes rather than singular optimal values.
Nonlinear dynamics and critical transitions, which operate at the heart of complex systems, become
crucial design properties to explore. Furthermore, rather than striving for fixed states, adaptation
becomes central in the design process.

Can we integrate these properties and adopt this mindset when designing desired ecosystem
states, ensuring they remain resilient and safely distant from critical thresholds? This requires moving
beyond deterministic ideals such as total risk elimination, perfect stability, or complete control, and
instead embracing the inherently dynamic and evolving nature of adaptive systems.

Ecological Engineering Natural ecosystem engineers Emergent bioengineering

Figure 2. From left to right: (a—c) A cybernetics-like representation of multiscale ecosystems inspired by Odum, illustrating
how interacting physical, chemical, and biological components can be viewed as coupled feedback networks, providing
a conceptual framework for potential top-down interventions. (d-e) Natural ecosystem engineers in soil crusts, where
microorganisms—particularly cyanobacteria—structure the matrix and play a central role in channeling flows of energy,
water, and carbon. (f-i) Emergent bioengineering, in which synthetic biology (h,i) enables the design of strains (g), chosen among
extant ecosystem engineers, that can be inoculated back into resident communities (f), enhancing resilience at the community
level, while biodiversity and community structure act as a stabilizing “firewall” (thick arrows), controlling the engineered
populations, buffering perturbations and constraining system-level responses.
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BOX 1. A Toolbox at the Genetic Scale

Genetic manipulation provides essential capabilities and constitutes a valuable toolbox to perform: sensing, logic
control, memory, delivery, and biocontainment, among others [16-19]. However, molecular safeguards such as kill
switches and auxotrophies, while robust at the molecular and cellular levels and effective in the laboratory, are imperfect
and vulnerable to mutation when applied in open ecosystems, even when supported by more robust CRISPR-based
systems [20-22]. Xenobiological strategies, which incorporate noncanonical genetic components to limit compatibility
with natural life, add another potential safety layer; however, they recently raised concerns on mirror life spreading
[23]. Genetic tools remain essential, but they are not sufficient in isolation: effective and responsible deployment of
engineered microbes ultimately depends on ecological rules governing community assembly, interaction networks,
and environmental feedbacks. Designing reliable interventions, therefore, requires integrating molecular innovation
with system-level ecological understanding.

2. Ecology as a Design Language

Engineering interventions require understanding how ecological communities respond to per-
turbations, including the roles of biodiversity, network structure, and self-organization. Ecology is
fundamentally a systems science: higher-level properties such as stability and resilience cannot be
reduced to individual components alone. This implies that purely reductionist approaches are insuffi-
cient, but also that simple, well-grounded models can still capture essential system-level phenomena
and inform effective design principles at the appropriate scale [24] (Fig. 2). Crucially, a different path
can be followed by combining the systemic multiscale view of traditional ecology (Figs.2a-c) with our
understanding of how ecological communities work, particularly in relation to ecosystem engineers
(Figs. 2d-e). Using synthetic biology (which allows us to work at sub-cellular scales) we can use
species that are already present in the community, engineer them to perform some given function
(such as reducing water loss) and bring them back. While they will be enhancing biodiversity, this
emergent property can play the role of a firewall: a diverse community naturally controls the size of its
populations. A closed loop, instead of a top-down control. is at work (Fig. 2f-g).

A key inspiration for this perspective is C. S. Holling’s distinction between engineering and
ecological resilience [25]. While traditional engineering focuses on efficiency and rapid return to a
single equilibrium, ecosystems are multistable systems characterized by alternative stable states and
resilience domains. This motivates a shift toward emergent bioengineering, in which interventions
aim to reshape system-level dynamics rather than enforce precise control. This idea is illustrated
in Fig.3. Panels (a,b) show Holling’s classical stability landscape for a dryland ecosystem, where
a vegetated (green) and a degraded (desert) state coexist, and resilience is associated with the size
of the basin of attraction for the desirable state. Panels (c—e) formalize this picture using a minimal
facilitation—-aridity model exhibiting bistability and tipping points. Panels (f-h) extend the model by
introducing a synthetic microorganism S, which modifies the effective dynamics, shifts the critical
threshold, and enlarges the basin of attraction of the green state. Synthetic interventions thus reshape
the stability landscape itself, making tipping points harder to reach and expanding the system’s
range of resilience. Building on these ideas, we now introduce a set of core objectives for emergent
bioengineering.

1. Complexity and fragility as primary design elements

Ecological change is inherently nonlinear and often abrupt: ecosystem dynamics is deeply asym-
metric, with building-up processes (as in ecological succession) that can end in a sudden change.
Ecological networks typically exhibit resilience due to their architecture, but can experience cascade
effects as critical thresholds are crossed. Once new states are achieved, reversal can be difficult or
effectively unattainable despite active intervention. Effective bioengineering must therefore recognize,
anticipate and incorporate these nonlinear dynamics and critical transitions as core elements of design,
rather than treating them as exceptions or control failures (Fig. 3).
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Figure 3. Modelling engineered resilience. (a) Conceptual illustration of a dryland ecosystem exhibiting two
alternative stable states (green (aG) and desert) represented in (b) as marbles on a landscape, where resilience
is quantified by the size of the basin of attraction of G, B(G). Engineered resilience can enlarge this basin,
Bs(G) > B(G), thereby increasing the stability and persistence of the desired green state. (c-e) Dynamical
representation of a minimal facilitation-aridity model, showing bistability between green (x = x)and desert
(x = 0) states as aridity ¢ increases, with a critical transition at d..The associated potential Vj(x) illustrates the
resilience barrier AV separating both states. By introducing a synthetic strain (S) that enhances facilitation, the
modified model (f-h) shows that this intervention shifts the critical point to é.(S) > d. and increases the potential
barrier AV(S) > AV, effectively enlarging the basin of attraction of the green state and extending its resilience
range.(i—k) Conceptual cross-sections of soil structure (biocrust) corresponding to the desert state (i), a healthy
natural biocrust (j), and an engineered biocrust with enhanced resilience due to introduced microbial functions

(K).

2. Distinguish Scale Dependence

At each organizational scale, new phenomena emerge that cannot be reduced to the properties
of components at lower levels, requiring scale-specific models with their own effective variables
and causal structures. Ecological systems therefore exhibit scale-dependent and scale-independent
attributes, and distinguishing between them is essential to understand how natural or engineered
interventions propagate across scales (Fig.2). Spatial and temporal patterns are inherently patchy,
shaped by nonlinear multiscale dynamics, and ecosystems absorb noise and component-level failure
through redundancy and statistical buffering. At the community level, the fate of a newcomer—natural
or synthetically designed—is often unpredictable [26,27], yet colonization success declines with in-
creasing species richness [28]. Thus, while specific interventions are scale-dependent, biodiversity
emerges as a scale-independent and predictable firewall [29], providing a key systemic asset for robust
and resilient bioengineering.
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3. Prioritize outcome distributions over single optima

Ecosystems display multiple equilibria, as shown in Fig. 3. Although they may appear stable,
traditional engineering typically targets rapid convergence to a single steady state. In contrast,
ecosystems can occupy multiple regimes with distinct stability domains and alternative states [30-32].
Emergent bioengineering should therefore focus on the magnitude of disturbance a system can absorb
before shifting to a new configuration with different drivers and structures. Given the multistable
nature of ecosystems, standard optimality-based design should be replaced by strategies that target
robust distributions of desirable outcomes. Aggregate properties such as diversity, biomass, and overall
multifunctionality—which vary systematically across regimes—may thus provide more meaningful
engineering indicators than detailed system configurations.

4. Design around adaptation rather than control

Ecosystems are moving targets. Conventional engineering seeks fixed control and constant yields,
but in ecological systems the same disturbance can be buffered initially and still drive collapse later
when transmitted across scales [33,34]. This is especially relevant for synthetic biology, where engi-
neered organisms are embedded in evolving environments. Management and design must therefore be
adaptive and function-oriented. For example, microbial communities assembled from different initial
conditions often converge to similar metabolic functions despite distinct compositions [35,36]. Rather
than enforcing fixed configurations, synthetic systems should enable controlled adaptation, allowing
engineered traits to adjust within guided boundaries and remain responsive without continuous
external control. In this sense, evolution becomes a feature that supports long-term resilience and
functional persistence [34,37,38].

These objectives translate complexity into a design logic that is urgently needed for ecosystem
engineering. Environmental biotechnology stands as an established field of ecosystem intervention,
and one that would benefit greatly from this emerging paradigm. It promises cleaner alternatives
to physicochemical remediation using microbial metabolism to transform or valorize contaminants
[39,40]. Efforts in microbial ecology and synthetic biology now also offer practical routes to mitigate
ecosystem degradation in soils, reefs, and other threatened environments. Soil microorganisms are
especially promising targets, with the potential to reduce contaminants, improve nutrient cycling,
buffer stress factors such as salinity and drought, and restore key ecosystem services [41-50].

Despite advances in synthetic biology and metabolic engineering [51,52], field outcomes often
fall short [53], and synthetic biology-based alternatives are frequently dismissed due to persistent
challenges in scaling from laboratory conditions to heterogeneous environments, achieving in situ
performance, and ensuring ecological safety and containment when stimulating native communities or
introducing engineered strains [54]. Progress therefore rests on three interconnected pillars: identifying
influential microbes and genes, developing robust genetic tools to modify microbial function and
persistence, and, critically, understanding community-level ecological principles that guide safe
and effective design. While synthetic biology has produced a substantial toolkit for controlling
engineered organisms, much of this effort remains fragmented and overly reductionist (Box 1). We
argue instead that robust ecosystem engineering must be grounded in ecological first principles,
embracing the adaptive and complex nature of the biosphere and exploiting fundamental constraints
on ecosystem structure and function, so that synthetic biology complements, rather than replaces,
ecological understanding and management.

3. Biodiversity as Both Shield and Scaffold

Based on the principles of Emergent Engineering, recent work casts biodiversity as a design
principle. It is not only a desirable target for engineering, it can also be a firewall for containment and
a scaffold for engraftment of bioremediation synthetic deployments [55,56].

Elton first proposed [57], and Case later formalized [28] the idea that species-rich communities
are harder to invade. Case’s invasion theory reveal that the probability a newcomer successfully
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establishes declines as resident community size grows. In these models, adding an invader to a
feasible, stable community typically leads either to its establishment at the cost of resident extinctions
or to outright invasion failure, with failures becoming more common in larger systems. This highlights
biodiversity as a firewall or a shield: rich ecosystems both buffer against invasions and limit the spread
of genetically engineered microbes, which often carry costly traits and struggle to compete. Leveraging
this, one can engineer a native wild-type strain into a synthetic variant and reintroduce it, so that its
spread remains confined to the original niche and the broader network is minimally perturbed. Theory
and simulations show that such native-derived synthetic strains almost always integrate successfully
with few additional extinctions, using existing diversity to buffer their impact and, in turn, to scaffold
successful engraftment. [29,58].

Bioengineered microbial taxa derived from the resident ecosystem can be constrained by existing
community structure. Although this captures control over establishment and spread, it leaves a central
question unaddressed: what functional role can the newcomer play in positively shaping community
dynamics beyond mere persistence?

BOX 2. Scaling up: Horizontal Gene Transfer

Scaling up ecological engineering requires selecting suitable microbial chassis, designing functions that benefit entire
communities, and developing reliable methods for large-scale dissemination. A promising strategy is to exploit
horizontal gene transfer (HGT), particularly conjugation, to spread engineered plasmids through resident microbiomes
while keeping organisms within their native niches [59]. Both simple and community-level models show that plasmids
should persist long term in native communities across wide range of key parameters such as: plasmid transmissivity
or loss rates, yielding stable coexistence of wild and plasmid-carrying species, increasing biomass production and
total strain-diversity, when the engineered function enhances abiotic common goods [60]. These results suggest that, if
applied with precision and validated experimentally, synthetic HGT could help restore degraded ecosystems while
maintaining ecological balance and native biodiversity.

J

Let us illustrate with a simple model how community diversity naturally facilitates the integration
of a synthetic in a given resident community while keeping it at bay [29,58]. The importance of this
modeling approach is that it shows how this emergent bioengineering approach works and why
negative cascade effects can be avoided. We consider a community composed by a set of species whose
populations are indicated by N; where i = 1,2, ...n, and a set of resources {Ry}, where k = 1,2, ...m.
The details are presented in [29], but in summary, the idea is that the intervention is based on the use
of a strain (Nsy,) engineered from a resident species. This is important since in this way the synthetic
strain will share all the ecological interactions of the wild type. Specifically, this synthetic strain can
reduce the loss of a given shared resource, such as water. The equations read:

dN; -
[th = 1iN; (Z CikRk> —o;iN; (1)
k=1
for the species populations, whereas the resources will change in the following:
dR w R
T — o~ | 20 e | R~ — LR @
dt = Nsyn
=1 1 + 5kt¥ /\

with the last term introducing the effect of the synthetic strain (Nsy,), reducing the loss of the a-th
resource (here 0y, = 1if k = a and zero otherwise) whereas, in the absence of the synthetic strain (i. e. if
Nsyn = 0), Ry decays at a rate ;. This model reveals that biodiversity acts as a firewall on the synthetic
strain, which performs its function and improves the community without species loss. The overall
picture is intuitive and robust. Diversity helps the synthetic strain to establish. A resident-derived
engineered microbe can reduce resource loss while preserving (sometimes boosting) biodiversity and
biomass by staying ecologically embedded in the existing network. This makes diverse communities
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natural “firewalls”: they facilitate controlled introduction of designed organisms while preventing
ecological runaway, a desirable feature for ecological engineering.

4. Discussion

The future of the biosphere faces increasing pressures, from climate change and habitat degrada-
tion to unsustainable modes of growth. As the window to avoid transitions to undesirable tipping
points continues to shrink, there is a growing need for intervention strategies that go beyond obser-
vation and prediction alone [11]. A central prerequisite for such interventions is recognizing that
ecosystems are multiscale self-organizing systems, in which function and stability emerge from in-
teractions across organizational levels rather than isolated components [6]. This challenges the direct
transfer of classical engineering paradigms—based on top-down control and modularity—to living
systems. Ecological systems are adaptive, nonlinear, and shaped by feedbacks between organisms
and their environment. Bioengineering must therefore move beyond strict control toward guided
self-organization, exploiting biodiversity-driven resilience rather than suppressing it. Emergent bio-
engineering aims to bridge engineering intent and ecological complexity by deliberately enhancing the
intrinsic resilience of ecological networks through targeted synthetic biology interventions, following
Holling’s distinction between engineering and ecological resilience [25].

Microorganisms provide a particularly powerful substrate for this paradigm. They have histor-
ically reshaped the biosphere at planetary scales [61] and today mediate key metabolic and biogeo-
chemical processes. As an interface between chemical reaction networks and ecological organization,
microbial communities are ideally suited for emergent bioengineering, allowing synthetic traits to be
embedded within existing, diverse ecosystems rather than imposed externally. From this perspective,
biodiversity is not an obstacle but a central design asset. High-diversity systems provide redundancy
and statistical buffering, allowing engineered functions to be absorbed and stabilized by the surround-
ing network. Biodiversity thus acts as a scale-independent and predictable firewall, constraining
failure propagation and reducing the risk of catastrophic regime shifts [29]. Rather than aiming for
optimal performance under fixed conditions, emergent bioengineering targets robust distributions of
desirable outcomes across variable environments.

A remaining challenge is the effective expression and scaling of engineered traits across environ-
mental microbiomes [62], for which mechanisms such as domesticated horizontal gene transfer offer a
promising route when guided by an Emergent Bioengineering framework linking molecular design to
community- and ecosystem-level outcomes (Box 2).

Finally, this framework reframes evolution from a threat to a design partner. Instead of freezing
systems in fixed configurations, emergent bioengineering embraces evolutionary dynamics as a
mechanism for long-term persistence and functional maintenance. The goal is not precise control,
but resilient coexistence: steering ecological systems within bounded regions of state space so that
synthetic functions remain stable, adaptive, and ecologically integrated.
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