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ABSTRACT

Climate nonstationary and exacerbated disturbance regimes, as well as ubiquitous human alteration of landscapes
and seascapes, are increasingly challenging ecosystem restoration. In this scenario, restoration strategies based on static
reference states, or short-term structural goals, tend to provide delicate results that fail when subjected to extreme events,
new stress factors, or changing baselines. The current essay is a synthesis of the new paradigm of engineering resiliency
towards ecosystem restoration that combines the principles of design-oriented engineering and theories of ecology of
complexity, thresholds, and adaptive capacity. We explain conceptual differences and complement between ecological and
engineering resilience, as well as highlighting resistance, recovery trajectories, and adaptability as aspects of the operation
of performance. We also study fresh resilience-enabling strategies, such as nature-based solutions and gray-green systems,
ecological engineering and system-level design, digital technologies of monitoring and prediction, and adaptive management
based on the concept of feedback-control. In the land, freshwater, coastal, and urban systems, we evaluate such strategies
underway to increase the integration of persistence of functions and provide ecosystem-vitality despite disturbance, as well
as the inescapable problems related to scaling, governance, equity, and long-term sustainability. Last but not least, we define
the areas of priority in research, such as the standardized measures of resilience, long-term monitoring, uncertainty-aware
models, and responsible innovation to reduce unintentional ecological and social effects. Reconceptualizing restoration as

a performance-based design challenge that is enshrined in coupled human-natural systems, engineering resilience provides
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a transdisciplinary, rigorously grounded approach to creating ecosystems that survive and adapt in a fast-changing world.

Keywords: Engineering Resilience; Ecosystem Restoration; Nature-Based Solutions; Adaptive Management; Gray-Green

Infrastructure

1. Introduction

Blistering and extensive destruction of ecosystems has
become one of the characteristics of the twenty-first-century
environment!!?!, Due to climate change, alterations in land-
use, pollution, and depletion of biodiversity, natural systems
operating at the terrestrial, freshwater, coastal, and marine
levels are under unprecedented pressure, which is beyond
the range of variation experienced historically. As a reac-
tion, the restoration of ecosystems has become the main
focus of global agendas on sustainability, such as the United
Nations Decade on Ecosystem Restoration and national cli-
mate adaptation plans. Nevertheless, with deep investments
and scientific developments, there are several cases where a
restoration project never yields the same results, especially
when the environmental uncertainty and disturbance inten-
sity increase. Such constraints underline the necessity to
approach the system of restoration of ecosystems to a spe-
cific predetermined state of history with a paradigm shift to
designing systems that are resilient to changes and adaptable,
able to regenerate in the fast-evolving world 3=,

Resilience has consequently become a central principle
in the modern Restoration science. Initially associated with
the discipline of ecology, resilience is loosely the ability of
a system to withstand disruption without losing its funda-
mental structure, functioning, and feedbacks!®!. Ecological
resilience pays more attention to the stability domains of a
system, thresholds, and regime shifts, whereas the traditional
ecological concept of engineering resilience pays more atten-
tion to how resistant the system is to disturbance and how fast
it can recover the equilibrium after perturbation. To illustrate
the conceptual convergence and divergence of ecological and
engineering resilience, Figure 1 presents a map highlighting
the key attributes of each resilience type and their integration
in ecosystem restoration efforts. Although the ecological
resilience concept has become very popular in managing
the environment, its application in restoration practice has
remained general, qualitative, or retrospective. Engineering
resilience, on the other hand, has quantitative, design-based
instruments previously applied in such engineering fields
as civil, mechanical, and systems engineering, but not yet

applied in ecosystem restoration>7-%].

Figure 1. Conceptual map linking ecological resilience and engineering resilience in ecosystem restoration.

Other conventional methods of restoring ecosystems
have mainly been based on the old-fashioned reference con-
ditions, species composition goals, or structural standards

to historical baselines. Although these methods have been

successful in comparatively steady settings, they are also
being surpassed by the non-stationary climate, disturbed
disturbance regimes, and emerging ecological structures.

The restoration projects, which fail to consider stressors that
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might occur in the future, can be successful in the short run,
but have low durability, high maintenance, or be vulnerable
to collapse after extreme events like droughts, floods, fire, or
outbreaks of invasive species. Such results highlight a key
deficiency, namely, restoration has frequently focused on
what ecosystems should appear to be, as opposed to the func-
tioning of ecosystems and the manner in which ecosystems
react to distress[!%].

Resilience engineering provides an additional perspec-
tive to interpret ecosystem restoration not as an ecological
reconstruction exercise, but as a design problem!!!). In this
respect, the ecosystems are treated as complex adaptive sys-
tems where performance in the case of disturbance can be im-
proved through the deliberate design, feedback, redundancy,
modularity, and adaptive capacity. Industrial engineering
fields have long faced similar issues with the infrastructure
systems, and resilience, recovery time, and flexibility are
the key performance indicators. When these principles are
translated into ecological settings, the restoration strategies
that are designed can explicitly consider the dynamics of
disturbance, sleep, and wake processes in the system, as well
as the functionality of the system over the longer term['2131,

However, over the last few years, ecological engineer-
ing and nature-based solutions, as well as hybrid gray-green
infrastructure, have started to fill the gap between ecological
theory and engineering practice!'¥. To illustrate, adaptive
hydrological controls and real-time monitoring are gradu-
ally introduced to engineered wetlands that are to be used in
flood reduction and water purification. Coastal reclamation
initiatives are currently combining living shoreline and con-
structs to increase wave attenuation to sustain biodiversity.
The re-conceptualization of urban ecosystems is being done
as multifunctional systems that deliver ecosystem services,
climate regulation, and social benefits and remain resilient
to anthropogenic pressures. These trends have indicated a
more general move toward resilience-oriented restoration,
but there is still no general conceptual and methodological
framework [13].

To make matters worse, there is an increasing com-
plexity of the socio-ecological systems. Ecosystems are not
standing alone and are fully integrated with human activities,
governance frameworks, and economic engines. Restora-
tion initiatives should thus be run in coupled human-natural
systems where social approval, policy limitations, and re-

sources influence the design and results. The engineering
of resilience and its focus on integrating systems, providing
measures of performance, and implementing management-
by-objectives are especially well-positioned to handle these
interdependencies. Resilience-based designs can also be
changed over time as feedbacks of stakeholders, monitor-
ing data, and learning experience are incorporated in the
designs to facilitate adaptation to the evolving environment
and social conditions['®!7),

The possibilities of engineering the resilience of ecosys-
tem restoration are also extended by technological advances.
Continuous monitoring of the conditions of ecosystems and
environmental stress reactions can be accomplished with
remote sensing, unmanned aerial systems, environmental
sensors, and digital twins. With the help of machine learn-
ing and artificial intelligence, it is possible to predict the
effects of disturbance and recovery paths and to implement
proactive management instead of reactive intervention. New
materials science and biotechnology, including biodegrad-
able structures, engineered substrates, and assisted evolu-
tion techniques, provide new means of improving ecosystem
functionality and resilience. Nevertheless, the ethical, eco-
logical, and governance aspects are also discussed by these
innovations that should be thoroughly considered 8],

Although there is an emerging interest in resilience-
based restoration, the literature is still scattered across fields,
case studies, or a limited range of technologies or ecosys-
tems. Very little literature integrates concepts of engineering
resilience with ecological theory in a manner that is easily
accessible to practitioners in the field of restoration, policy-
makers in the field, and researchers of the interdisciplinary
approach. Furthermore, the absence of unified metrics and
systems of evaluation of resilience complicates comparing
the results of restoration and constrains the transferability
of best practices. These gaps are becoming increasingly
widespread as efforts towards restoration become increas-
ingly more massive around the world.

This review will serve as a synthesis of engineering
resilience as a new framework of ecosystem restoration, an
innovative approach to ecosystem restoration, a new devel-
opment of methodology, and applications in a variety of
ecosystems. Particularly, the aims of the present review
are to: (i) explain the conceptual foundations of engineer-

ing resilience during ecological settings; (ii) review new
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engineering-based strategies that promote ecosystem resis-
tance, recovery and adaptability; (iii) evaluate applications
and case studies that exhibit resilience-based restoration out-
comes; (iv) offer critical challenges, gaps in knowledge, and
future lines of research. It is hoped that this review will con-
tribute to the development of a trans-disciplinary approach
that can be used to design resilient ecosystems capable of
supporting the ecological process and human well-being as

global change accelerates®!%-20],

2. Conceptual Framework of Engi-
neering Resilience in Ecosystems

2.1. Evolution of Resilience Concepts across
Disciplines

The idea of resilience has existed across a variety of
disciplinary traditions, and each has focused on different prop-
erties of the system as well as analytical priorities. Resilience
in ecology has become a concept that is used to describe the
response of the ecosystem to disturbances without necessarily
leading to a fundamental change in the structure or functioning
of the ecosystem. This view focuses on the fact that there are
various stability domains, nonlinear dynamics, and critical
thresholds beyond which the system can rearrange to achieve
other states. Ecological resilience, therefore, is concerned
with persistence and transformation of the system in the long
term as opposed to immediate restoration to balance?!.

Conversely, engineering resilience has its roots in fields
that deal with the reliability and performance of systems,
including structural, mechanical, and infrastructure engineer-
ing. It is typically described as the ability of a system to
withstand an interruption and come back to a set functional

state within a reasonable period of time. This interpreta-

tion puts a higher value on resistance, recovery rate, and
efficiency, usually on the assumptions of known system be-
havior and a limited amount of knowledge on uncertainty.
Although the assumptions seem to be limiting in ecologi-
cal terms, they serve as a useful basis to quantify system
performance as well as design decisions %],

The increased appreciation of the fact that ecosystems
are adaptively complex and performance-constrained has
driven the trend towards efforts to combine ecological and
engineering views. In place of considering these frameworks
mutually exclusive, modern resilience theory is viewing them
as complementary framework. The concept of engineering
resilience adds a quantitative rigor, design thinking, and op-
erational metrics to ecological resilience and insight into
the adaptability of the system, diversity, and long-term sus-
tainability. All of them are the foundation of a theoretical
framework that can be used to restore dynamic environmen-

tal ecosystems in a resilient manner.

2.2. Defining Engineering Resilience in Ecolog-
ical Contexts

Engineering resilience has applications to ecosystems
beyond recovery to the state of equilibrium and includes the
ability of ecological systems to continue functioning despite
disturbance. This involves the rate of recovery as well as
conservation of vital processes like the nutrient cycle, en-
ergy, and species interaction. Engineering resilience in the
restoration context, then, focuses more on functional perfor-
mance as opposed to adherence to the historical reference
conditions. As summarized in Table 1, the key differences
between ecological and engineering resilience offer distinct
advantages for ecosystem restoration, particularly when as-

sessing disturbance responses and system adaptability [>23].

Table 1. Comparative definitions of resilience concepts relevant to ecosystem restoration.

Socio-Ecological Practical Implication for

Dimension Engineering Resilience Ecological Resilience o . .
g g g Resilience Restoration Design
Performance under Persistence of System capacity to Choose goals as functional
Core focus disturbance; recovery to function/structure across adapt/transform with performance and learning

target function regimes; thresholds

human feedbacks capacity, not only reference states

Near-equilibrium,
performance curves,
reliability

Typical system
model

Nonlinear dynamics,
multiple stable states

Combine performance metrics
with threshold awareness and
governance realities

Coupled human—natural
feedbacks, institutions

Disturbance as load;
recovery time and service
loss

Primary

disturbance lens reorganization

Disturbance as driver of

Embed disturbance regimes into
design scenarios and policy
constraints

Disturbance shaped by
risk, policy, behavior
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Table 1.

Cont.

Dimension Engineering Resilience Ecological Resilience

Socio-Ecological Practical Implication for

Resilience Restoration Design
. R . . Balance redundancy and
. Resistance, recovery rate, Diversity, connectivity, Adaptive governance, P undancy 2
Key properties diversity with institutional

robustness, redundancy

adaptive reorganization

equity, agency capacity to adapt

Not meeting performance

Failure mode thresholds

state

Regime shift to alternative

Include early-warning indicators
and flexibility to avoid lock-in

Maladaptive lock-in,
inequitable outcomes

Service/function
maintained and rapidly
restored

System remains within

Success criterion . .
desired regime

Evaluate both biophysical
outcomes and social durability

System sustains function
and legitimacy over time

One of the main characteristics of engineering resilience
in ecosystems is the explicit consideration of the disturbance
regimes. Instead of managing disturbances as exceptions,
this framework views disturbances as normal constituents
of the ecological processes. Engineering resilience aims at
designing restoration actions that predict the occurrence and
intensity of disturbances with their spatial distribution in order
to increase system strength and minimize vulnerability. This
strategy is in line with the developing opinions that success
in restoration must be gauged on system performance during
stress and not stability during optimal conditions>],

Notably, ecological resilience engineering does not
mean strict regulation and simplification. Indeed, it com-
monly depends on the complexity in ecology, including
species diversity, functional redundancy, and spatial hetero-
geneity, to increase the system’s robustness. The engineering
design principles are then used in a manner that serves to
promote and not to inhibit natural adaptive processes. This is
the tension between deliberate design and ecologically-based
self-organization and might be seen as the main challenge
and opportunity of resilience-based restoration.

2.3. Dimensions of Engineering Resilience

The concept of engineering resilience in ecosystems
can be visualized on many inseparable dimensions that com-
bine as a unit to define the performance of the system under
disturbance. Resistance is a property of a system that allows
it to withstand perturbations without degrading its function-
ality. Due to ecological factors, resistance can be affected
by species characteristics, habitat structure, and availabil-
ity of resources. Recovery is a way of describing how fast
and in what direction system functions are restored after
being disturbed, and it is a feature of both biophysical and

management treatments (251,

Adaptability is a third dimension of engineering re-
silience that is becoming more and more important. Adapt-
ability demonstrates the ability of ecosystems to change in
structure and operation due to a change in circumstances and
thus remain viable in the long term. This aspect is especially
important when considering climate change as a case where
the future environmental conditions could be significantly
different compared to the past. Engineering-wise, flexibility
can be facilitated in terms of the modular designs, flexible
management styles, and feedback systems that allow learning
and adaptation as time progresses.

These dimensions do not work independently but inter-
act in intricate ways. Highly-resistant systems can be slower
in the recovery process when perturbations are stronger than
the design values, though moderately-resistant but highly-
adaptive systems can be better in the long run. To develop
stable and resilient restoration interventions, it is important

to note the existence of these trade-offs.

2.4. Metrics and Assessment of Ecosystem En-
gineering Resilience

The measurement of engineering resilience in ecosys-
tems is a methodological issue because of the complexity of
the system and the lack of data[?®!. However, there has been an
advancement in the development of metrics to reflect important
elements of system performance. One of the common measure-
ments of resilience after disturbance events is recovery time,
the quantity of ecosystem services returning to normal, and
the deviation of the baseline functional indicators. These mea-
sures allow comparative analysis of the restoration plans and
influence the adaptation management. As shown in Table 2,
operationalizing engineering resilience in ecosystem restoration
requires selecting appropriate metrics for resistance, recovery,

adaptability, and other resilience dimensions 71,
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Table 2. Operationalizing engineering resilience in ecosystem restoration.

Resilience What It Represents Example Measurable . . Recommended
. R R . . Typical Data Sources  Common Pitfalls .
Dimension in Restoration Indicators Practice
. . . . Tie indicators t
Degree of functional Peak service loss; % Field sensors, Measuring only e dicato st
. . . Lo services and disturbance
Resistance loss during canopy mortality; turbidity =~ post-event surveys, structure, not
. . . . . type (flood, drought,
disturbance spike; erosion rate remote sensing function
fire, heat)
. . . . Use multi-year
Time-to-threshold Time-series Short monitoring . .
Speed and pathway of o . . . trajectories and
Recovery . recovery; recovery slope; monitoring, satellite windows miss .
functional return . . . . post-event sampling
service restoration rate time stacks delayed failures .
windows
Ability to maintain Performance variance . Overfitting Evaluate under
. . Models + monitoring, . .
Robustness performance across under variable forcing; designs to mean extreme-event scenarios
Loy . o stress tests " .
variability failure probability conditions and uncertainty bounds
. Redundanc .
- Functional overlap among . . Y Promote functional
Backup capacity if . Trait databases, mistaken for . . .
Redundancy . species/patches; network . « diversity and spatially
components fail N landscape metrics more of the L.
connectivity indices . distributed components
same
Directional shifts in
i, . Define acceptable
. . composition while I .
- Capacity to adjust o . Long-term monitoring,  Interpreting change envelopes
Adaptability maintaining function; . w .
under change . governance logs change as failure (“safe-to-fail
adaptive management . .
. trajectories)
response time
. o . Achievement of new stable . . . Co-define targets with
Transformabil-  Ability to shift to new . Scenario modeling, Lack of social £
. . . functioning under novel o . stakeholders; document
ity desirable regime longitudinal evidence  acceptance

climate

trade-offs

A functional indicator is also useful in resiliency anal-
ysis since it connects ecological processes with ecological
services and management goals. As an illustration, proxies
of system functionality can be primary productivity, water
purification capacity or flood attenuation performance. The
level of monitoring technologies and data analytics has im-
proved the viability of monitoring these indicators on appro-
priate spatial and temporal scales 8],

Regardless of these developments, there is no single uni-
versally accepted measure of resilience, which has echoed the
situation of situational aspects about ecosystems and restora-
tion ambitions. A pluralistic approach that involves the in-
corporation of quantitative indicators and qualitative system
knowledge is therefore beneficial in engineering resilience
assessment. These integrative tests are useful in making better
decisions during design and enhancing the ability to predict
system behavior during future disturbance conditions.

2.5. Engineering Resilience in
Human—Natural Systems

Coupled

The restoration of the ecosystem is gaining momen-
tum in the landscapes that have been influenced by the pro-

cesses of human activity, governmental structures, and socio-
economic limitations. Consequently, the concept of engi-
neering resilience has to be viewed in the wider scope of
the coupled human and natural systems. The ecological
resilience can be either strengthened or weakened by hu-
man interventions based on their interaction with natural
processes and feedbacks 1.

The concept of engineering resilience offers a systemic
solution in the integration of both social and ecological as-
pects, in that restoration systems are considered multifunc-
tional designs. These designs will be intended to provide
ecological advantages and also address human demands, in-
cluding the reduction of risks, the provision of resources,
and cultural values. Adaptive governance, involvement of
stakeholders, and alignment of policies are thus considered
as inseparable elements of resilience-oriented restoration.
Resilience-based approaches recognize the existence of an-
thropogenic power by inculcating ecological systems in engi-
neered and social infrastructures with the aim of improving
ecological integrity. The integrative approach is the key to
attaining lasting restoration results in the period of rapid

environmental change and human evolution 31,

88



Journal of Environmental & Earth Sciences | Volume 08 | Issue 05 | May 2026

3. Novel Engineering-Based Ap-
proaches in Ecosystem Restoration

3.1. Nature-Based Solutions and Hybrid Engi-
neering Designs

The nature-based solutions have become the key
paradigm in the development of system restoration ap-
proaches based on resilience, which is where natural pro-
cesses are utilized to overcome environmental issues to trans-
form them into ecological, social, and economic advantages.
Engineer-wise, these solutions are being more and more for-
mulated in terms of a functional system performance which is
designable, modelable, and optimizable. They can be in the
form of restored floodplains to smooth out peak flows, veg-
etated shoreline to lessen energy in waves and urban green
space to moderate microclimates. The nature-based solu-
tions are in line with the engineering resilience principles by
explicitly connecting the ecosystem structure to quantifiable
performance outcomes 3.

As a matter of fact, numerous restorations work cur-
rently assume hybrid designs which incorporate ecological
elements together with the traditional engineered designs.
These gray-green systems aim to exploit the advantages of
both methods to make them stronger and at the same time
more flexible and adaptable. As an example, living shore-
line can be combined with submerged breakwaters in coastal
protection plans to facilitate short-term reduction in risks
and ecological growth in the long term. The hybrid systems
are especially useful in high-risk or densely populated loca-
tions where interventions that are entirely nature-based might
not be initially able to meet the performance requirements.
The difficulty is to develop these systems in ways that do
not simplify ecologies but rather enhance the dynamism of

the ecosystem with engineered components as facilitating
{32341

3.2. Ecological Engineering and System-Level
Design

Ecological engineering is a paradigm in the applica-
tion of engineering resilience concepts on the restoration of
ecosystems. It entails the conscious planning of ecosystems
that combine the human society with the natural environ-

ment to the advantage of both. In contrast to traditional

engineering, ecological engineering is a field that works un-
der uncertain and self-organizing conditions and designs that
can adapt to variability need to be made, not dictated[*3.
Ecological engineering is characterized by system-level
design. Concepts of restoration interventions. Grasping of
restoration interventions is among a wide panorama of el-
ements that are seen as relating to each other in a larger
landscape matrix with local activities that have an impact on
regional processes, including hydrology, nutrient flows, and
species dispersal. Redundancy, spatial heterogeneity, and
modularity in the design of a system will improve engineer-
ing resilience. Such properties enable the localized failure
to be spread without spreading effects, which enhances the
stability of the whole system and recovery capability 3¢,
The recent development in the field of landscape-scale
planning and ecosystem modeling has enhanced the ability to
apply system-level designs. Through simulating disturbance
events and recovery paths, designers have the opportunity
to compare various settings and discover the strategies to
optimize resilience in both space and time. These methods
change the restoration practice to the proactive, design-based

solutions instead of reactive interventions.

3.3. Digital Technologies for Resilience Assess-
ment and Optimization

With the incorporation of digital technologies, the range
of tools to be used in the restoration of the ecosystem based
on the concept of resilience has greatly increased. Satellite
images and unmanned aerial systems are remote sensing plat-
forms that contain high-resolution information about ecosys-
tem structure, functioning, and processes of change with
time. These data allow for constant tracking of restoration
results and early observing stress indicators, which allow in
time to respond to the management of stress.

Internet-of-Things technologies and environmental sen-
sors also allow real-time monitoring of the main variables,
including soil moisture, water quality, and microclimatic
conditions. Combined with data assimilation and modeling
frameworks, such observations help create digital represen-
tations of ecosystems, which can be utilized in testing design
assumptions as well as predicting system behavior in future
disturbances. These digital twins can provide an effective
vehicle for experimenting with resilience trade-offs and opti-

mization of restoration approaches before action3].
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The methods of machine learning and artificial intel-
ligence are being used to analyze various ecological infor-
mation that is complex and high-dimensional ecological in-
formation. These are tools that facilitate the identification
of nonlinear relationships, thresholds, and emerging patterns
that cannot be easily identified by the conventional methods
of statistics. Digital technologies help to enhance the predic-
tive capacity, which leads to a more anticipatory and adaptive
type of ecosystem restoration in line with the engineering
resilience principles37].

3.4. Adaptive Management and Feedback-

Control Strategies

Engineering resilience is heavily based on adaptive
management, which relies on learning and adaptability by
reacting to the feedback of the system. Adaptive manage-
ment frameworks applied in the restoration of ecosystems
acknowledge that there is always uncertainty and that the de-
sign of the restoration will change over time as new informa-
tion is released. Adaptive management would be enhanced

with the introduction of engineering resilience that adds the

formal concepts of control that connect monitoring data to
management action.

The feedback-control strategies also allow the restora-
tion systems to react dynamically to changes in the environ-
ment. An example is that to achieve the functional perfor-
mance of wetlands, variable hydrological manipulations can
be used to manage the water levels to respond to seasonal
changes or extreme conditions. Equally, real-time warn-
ings of ecosystem stress or recovery can be used as adaptive
vegetation management. Such strategies make restoration
not one-time but a process of system tuning and optimiza-
tion (38401,

The success of adaptive management is based on the
choice of proper indicators, specific performance levels,
and the capability of the institution to make decisions. Re-
silience engineering brings systematic approaches to the def-
inition of such aspects, enhancing clarity and responsibility
in the restoration practice. Table 3 offers a summary of
engineering-based restoration approaches and the mecha-
nisms they utilize to enhance resilience, such as modularity,

redundancy, and process restoration 4143,

Table 3. Novel engineering-based restoration approaches and their resilience mechanisms.

Representative Primary Resilience Best-Fit Key Enabling . R
Approach Category Interventions Mechanisms Ecosystems Requirements Risks/Limitations
Floodplain

Nature-based
solutions

reconnection, living
shorelines, urban
forests

Dissipation, buffering,
self-repair

Slow maturation;
uncertain performance
under extremes

Rivers, coasts,
cities

Space allocation,
long-term stewardship

Immediate robustness

Hybrid gray—green
systems

Breakwaters + reefs;
levees + wetlands

+ long-term ecological

Coasts, deltas,
urban coasts

Integrated design
standards, permitting

Ecological lock-in;
maintenance burden

reinforcement
Ecological Constructed wetlands, =~ Redundancy, Freshwater, Systems modeling; Oversimplification if
en inegerin engineered modularity, process agricultural process-based designs are too
& & successional mosaics restoration landscapes monitoring prescriptive
Digital monitoring & Remote sensing, Early.detection, Al especially Data pipelines, Dat'a-'rich but
. sensor networks, Al adaptive response, QA/QC, governance decision-poor
analytics . . L large-scale . . .
early warning improved prediction for action implementations
Wetland:
- Rule curves for water Feedback control, ctlands, o ..
Control-inspired . . rangelands, Clear thresholds, Institutional inertia;
. levels; dynamic learning loops, . . oo
adaptive management . . . fire-prone authority to adjust unclear accountability
grazing/fire regimes recovery acceleration systems

Emerging bio/material

innovations

Biodegradable
structures; assisted
adaptation

Enhanced
establishment, stress
tolerance

Unintended ecological
effects; acceptance
barriers

Ethical review,
long-term monitoring

Coasts, degraded
soils

3.5. Emerging Biotechnological Interventions:
Opportunities and Risks

Biotechnological approaches, including assisted evolu-
tion and selective breeding, offer potential to enhance ecosys-

tem resilience under rapid environmental change. However,
their application raises significant ecological and ethical con-
cerns. Targeted trait selection may reduce genetic diversity,

potentially limiting long-term adaptive capacity. Introduced
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or modified organisms may also generate unintended effects
on non-target species through altered ecological interactions
or gene flow.

The potential irreversibility of such interventions
presents an additional challenge, particularly in open ecosys-
tems where containment is difficult. Moreover, long-term
monitoring of evolutionary and ecological outcomes remains
limited, increasing uncertainty regarding unintended conse-
quences.

Current regulatory frameworks are often insufficient to
address interventions at genetic and evolutionary scales, and
ethical considerations—including ecological integrity and
stakeholder acceptance—remain underdeveloped. Accord-
ingly, a precautionary approach is required. This includes pri-
oritizing controlled, small-scale trials, implementing robust
monitoring systems, and establishing adaptive governance
structures.

While biotechnological interventions may complement
restoration strategies, their application should be carefully
constrained and guided by rigorous risk assessment, trans-

parency, and long-term ecological safeguards 443,

4. Applications, Case Studies, and
Challenges

4.1. Cross-Ecosystem Applications of Resilience-
Oriented Restoration

The operationalization of engineering resilience has
been done over a very broad range of ecosystem types, as
well as indicating the universal dynamics of disturbance and

the specificity of restoration goals. In terrestrial ecosystems,

Table 4. Ecosystem-specific applications, disturbance

fire regime management, drought stress, soil degradation
and invasive species pressures are frequently considered as
the focus of restoration through resilience. The interven-
tions are progressively aimed at reinforcing process integrity
(through hydrological control, nutrient cycling, etc.), but
not merely at recreating assemblages of species of the past.
Catchment scale planning, river reconnection, and redesign-
ing flow regimes are often grounded in resilience-oriented
approaches in freshwater systems to promote ecological pro-
cesses at altered hydrological and climate variability condi-
tions [46],

Coastal and marine environments provide particularly
conspicuous settings to take advantage of engineering re-
silience due to the high-energy perturbations that they face,
as well as the close interconnection to human infrastruc-
ture. Examples of interventions that directly relate ecologi-
cal structure with performance outcomes of protective func-
tions (reduced wave energy and erosion) include living shore-
lines, reconstructions of dunes, oyster-reef installations and
mangrove restoration. Resilience-based restoration in urban
ecosystems can quickly become linked to engineered sys-
tems since the city environment is largely characterized by
altered hydrology, fragmented habitats, and heat and pollu-
tion stressors. In this case, restoration is oftentimes affected
by means of multifunctional green infrastructure, which is
meant to achieve ecosystem services, such as regulation
of stormwater, heat, and biodiversity support, subject to
design and maintenance limitations. Table 4 provides a
comparative overview of ecosystem-specific applications
of resilience-based restoration, highlighting typical distur-
bances, resilience goals, and common challenges in imple-

mentation 47481,

regimes, and challenges in resilience-based restoration.

Dominant Typical Resilience Suitable Approaches Recurring

Ecosystem Context . . Evaluation Emphasis
M ¢ Disturbances Goals (from Section 3) p Challenges
S .. Ecological Recovery trajectories; .
. Maintain productivity, 08IC: . Ty e > Competing land uses;

Terrestrial (forests, Drought, fire, . . engineering; adaptive compositional change .

. : habitat function, s long successional
rangelands) invasives, heat management; within acceptable .

post-fire recovery o timescales
monitoring/Al bounds

Freshwater (rivers,
wetlands, lakes)

Floods, flow
alteration,
nutrient loading

Water quality, habitat
connectivity, flood
attenuation

Nature-based;
system-level design;
control-inspired
operations

Functional indicators
(nutrients, turbidity),
connectivity metrics

Upstream drivers,
governance
fragmentation

Coastal/marine
(shorelines, reefs,
estuaries)

Storm surge,
sea-level rise,
erosion

Risk reduction +
habitat persistence

Hybrid gray—green;
living shorelines;
materials innovations

Performance under
extremes; shoreline
change rates

Permitting,
uncertainty in
extreme-event
performance
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Table 4. Cont.

Dominant Typical Resilience Suitable Approaches . . Recurring
Ecosystem Context . . Evaluation Emphasis
¥ Disturbances Goals (from Section 3) p Challenges
Heat. ff . s . Reliabilit . .
cat, runo Service reliability Green infrastructure € .1ab1 1, Maintenance funding,
extremes, . . maintenance .
Urban ecosystems . (cooling, stormwater, networks; digital . equity impacts, space
pollution, equity) twins; hybrid designs performance, service constraints
fragmentation quity S g distribution

Soil function, nutrient
retention, connectivity

Soil loss, drought,

Agricultural mosaics .
chemical stress

Ecological
engineering;
nature-based buffers

Soil metrics; service
trade-offs

Adoption incentives,
policy alignment

In these environments, a fundamental change has been
made: restoration projects are becoming assessed by the level
to which they preserve functionality and services during dis-
turbance, as opposed to their similarity to a reference state
pre-disturbance. This change is consistent with the perfor-
mance, reliability, and recovery paths focus of engineering
resilience, and specifically so in a climate nonstationary in

which past baselines might not be viable objectives.

4.2. Evidence from Case Studies and Lessons
on Performance

Case studies have the benefit of offering important in-
formation on how engineering resilience can be translated
into restoration practice, especially when they are accom-
panied by clear performance goals, monitoring data, and a
direct consideration of disturbance regimes. Projects in the
field of coastal restoration that incorporate biological ele-
ments in engineered construction are often more robust in
the initial years, during which engineered natural elements
may not have the strength to perform the protective role.
However, with time, the ecological elements may be more
effective because habitats become more mature, which may
eliminate the need to use hard infrastructure. These paths
describe a key benefit of resilience-based designs, i.e., they
may confer short-term stability, whilst allowing long-term
ecological self-reinforcement*°],

In river and floodplain restoration, resilience-based
designs tend to focus on reconnecting and space of hydro-
logic processes, enabling systems to dissipate energy and
recover after floods. Recovery capacity can be increased by
the application of projects that can restore lateral connectiv-
ity, and sediment processes that allow habitat to regenerate
and remain complex geomorphologically. But these under-
takings also expose a similar problem; results are highly

contingent on upstream management, land-use processes,

and governance choices that transcend the area of restoration.
Resilience engineering can therefore not be considered as a
local property, but an emerging feature which is influenced
by regional forces.

Cases in restoration of the urban setting are often cited
as demonstrating the importance of redundancy and dis-
tributed design. Green infrastructure networks (bioswales,
constructed wetlands, permeable surfaces, and urban forests)
can also offer resilience in case one or more parts of the
network malfunction or perform poorly. It is also through
these systems that the significance of maintenance and insti-
tutional capacity can be seen as determinants of long-term
performance. In contrast to most non-urban restorations,
urban resilience is frequently conditional upon unceasing
human intervention and makes the concept of self-sufficient
ecosystems difficult, necessitating an explicit consideration
of operational limitations.

Although case studies usually record favorable results,
they also highlight that resilience is not equal to general
improvement. Increasing system resistance can slow respon-
siveness or limit ecological processes, or prioritizing adapt-
ability can permit species changes that disrupt stakeholder
anticipations. Most informative cases, therefore, are the
ones that explicitly describe trade-offs and report on system
behavior over time, and do not only use post-intervention

indicators in the short-term[*°!,

4.3. Scaling, Transferability, and Long-Term
Durability

Moving resilience-oriented restoration between pilot
projects to the landscape or regional levels is a frontier. Most
of the interventions involving engineering would work ef-
fectively in a controlled or well-financed environment and
experience limitations when applied to heterogeneous envi-

ronments with different governing capacities. The limitation
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on transferability arises when the designs are viewed as tem-
plates and not as context-specific solutions based on the
local disturbance regimes, ecological processes, and socio-
economic conditions Y,

Durability in the long-term is especially problematic
due to lagging features of the restoration systems and subse-
quent slow failures that are not recorded by short monitoring
windows. Ecosystems can be balanced in the initial post-
restoration times only to become susceptible as the climate
pressures, frequency of disturbance, and maintenance dimin-
ish. Engineering resilience emphasizes the importance of
considering the results of restoration over time scales that
are in harmony with ecological processes, such as succes-
sional patterns and processes that change slowly, such as soil
formation and groundwater interactions.

Whether success is achieved on a large scale is also
a tricky question. Mega restoration can be associated with
large-scale restoration mosaics that have various aims and
limitations. It has been proposed that the success of indi-
vidual sites should not be judged in isolation but by the
stability and recovery ability of a system overall, using a
resilience-based framework. This would suggest that it re-
quires network-based assessment, spatial planning strategies,
and integrated forms of governance that are capable of bring-
ing various projects into common resilience objectives 3331,
4.4. Socio-Economic, Governance, and Policy

Constraints

Since restoration is an activity operating within a cou-
pled human-natural system, socio-economic and governance
processes often dictate the extent to which engineering re-
silience can be used in a meaningful way. The funding struc-
tures tend to support the short-term deliverables over the
long-term performance, which can encourage the restora-
tion designs that encourage immediate visible effects com-
pared to those that are sustainable against disturbance. Like-
wise, the regulatory regimes can be characterized by focusing
on correspondence with historical standards or strict defini-
tions of habitats and restricting the adaptiveness of adaptive,
resilience-focused responses.

Resilience goals may also be defined by the stakeholder
values in a way that causes tension between ecological dy-
namics and social expectations. Communities can adopt a

focus on the short-term risk mitigation, aesthetic values, or

particular species outcomes, whereas resilience-oriented de-
signs can involve ecological tolerance and risk acceptance.
To facilitate these negotiations, the approach of engineer-
ing resilience can help by ensuring that trade-offs are made
clear and that restoration objectives are defined in terms of
performance during disturbance. This, however, needs trans-
parency in the way performance is determined, beneficiaries,
and what risks are being addressed 4.

Urban and coastal environments are particularly likely
areas where equity impacts influence municipal restorations,
which could overlap with land values, access to ecosystem
services, and displacement pressures. The resilience-based
restoration may unintentionally serve the needs of the well-
resourced communities and transfer risks to others. Con-
sequently, equity, participation, and accountability forms
of governance are critical elements of resilient restoration

planning %3],

4.5. Technical Limitations, Trade-Offs, and Un-
intended Consequences

When founded on engineering, the technical challenges
present engineering-based approaches to restoration become
underestimated in traditional discourses of restoration. Re-
silience designs involve assumptions concerning regimes of
disturbance in the future, which are becoming more unpre-
dictable due to climate change. In the case of overconfidence
in predictive models, the resulting designs might be very ef-
fective in the way they are supposed to be, but in the case of
extreme or new circumstances. This supports the value of
safety margins, redundancy, and adaptive capacity, instead
of using optimization to a limited set of conditions.

Resilience-based design is a type of trade-off. The ensu-
ing lowering of resistance via structural reinforcement can de-
crease habitat dynamics or limit successional dynamics. This
could involve accommodating intermittent disruption and
partial system restructuring that can be politically or socially
controversial. Furthermore, ecological spillovers, including
the change in the transportation of sediments, nutrient cy-
cles, or specific species distributions, could be caused by re-
silience interventions outside of the project. Such spillovers
can be positive or negative, but they highlight the signifi-
cance of analysis at the system level and the learning after
the implementation [°1,

New technologies may also have unwanted effects. In-

93



Journal of Environmental & Earth Sciences | Volume 08 | Issue 05 | May 2026

dicatively, biotechnological interventions that help enhance
stress tolerance may influence genetic diversity, interactions
between species, or evolutionary pathways in a manner that
is hard to predict. Equally, the hybrid gray-green systems
can trap the landscapes into specific forms that lack long-
term flexibility when the engineered elements are obstacles
to the natural reorganization. They are not risks that oppose
innovation but emphasize the importance of stringent evalua-
tion systems, ethical interrogation, and governance systems,

which can respond to the emergent evidence.

4.6. Knowledge Gaps and Research Priorities
for Resilient Restoration

The conceptual and methodological gaps that exist limit
the use of engineering resilience to restore ecosystems. A
consistent issue is that there are no standardized metrics
that can be used across a variety of ecosystems but that are
sensitive to context. Without regular evaluation systems,
restoration strategies cannot be compared, generalization
cannot be performed, and evidence-based policy cannot be
supported. The innovations in monitoring technologies have
potential, but they should be combined with the conceptual
models that help to understand what has to be measured,
during what time periods, and for what types of decisions.

The second main gap is associated with the translation
of the resilience theory into practical design principles. Al-
though terms such as redundancy, modularity, and adaptive
capacity are commonly appealed to, their practical applica-
tion in an ecological system needs to be better guided and
empirically justified. This involves learning about the role of
biodiversity and functional diversity in ecosystem resilience
in various contexts and how interventions by engineers can
be used to enhance these attributes without simplifying the
workings of an ecosystem 2757381,

Lastly, there are still a few long-term studies, especially
ones that test the response of the system to actual disturbances
as opposed to what is simulated. By the fact that resilience is
essentially unveiled in times of strain, the empirical informa-
tion of disturbance events, drought, floods, storms, heatwave
and biological invasions is essential in verifying design as-
sumptions, as well as enhancing future interventions. To
assemble evidence of this magnitude will demand a quid-
ian commitment of funding, globalized monitoring systems,

open data policy, and interdisciplinary efforts by the ecology

disciplines, engineers, and social scientists.

5. Conclusion and Future Perspec-
tives

5.1. Engineering Resilience and Restoration

The timely and ever more fixed framework of engineer-
ing resilience provides an ecosystem restoration tool that is
both urgently needed and increasingly relevant in the era of cli-
mate nonstationary, growing disturbance regimes, and further
human pressure. Throughout the conceptual underpinnings
of the discussion in Section 2 and the new approaches and
applications in Sections 3 and 4, there is a major theme in
that restoration can no longer be measured primarily in refer-
ence to unchanging reference conditions. Rather, restoration
success is increasingly characterized by the ability of ecosys-
tems to remain operational, to recover successfully, and to
adjust to environmental changes, and yet still be able to offer
biodiversity sustenance and ecosystem services.

The change does not override ecological resilience
theory but complements it and operationalizes it through
a design-oriented lens. Resilience engineering adds feasible
stress to performance targets, quantifiable metrics, system
dependability, and optimization by trial and error. When
such factors are combined with ecological understanding of
thresholds, self-organization, diversity, and long-term sys-
tem dynamics, the practice of restoration would be in a better
position to tackle the uncertainty and disturbance as inherent
aspects rather than external interruptions. Strongest restora-
tion plans are hence those plans that do not rely on the concept
of resilience as a desirable quality, but instead, the design
parameter based on the principles of monitoring, modelling,

and adaptive governance?%#1,

5.2. Implications for Restoration Design, Mon-
itoring, and Decision-Making

A resilience-based approach implies that the planning
of restoration needs to start with clear definitions of func-
tional performance during disturbances. This demands the
expression of priorities of which ecosystem functions and ser-
vices should be prioritized, the levels of degradation that are
tolerated in times of disturbance, and the recovery paths that
form success. These definitions can help to clarify the trade-
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offs and facilitate clear negotiation between the stakeholders, ties in restoration design, Figure 2 offers a stepwise deci-
especially when social priorities vary among communities, sion framework for selecting and adapting resilience-based

sectors, and levels of governance®®). To navigate uncertain- restoration strategies over time.

Select Resilience
Mechanisms

Define Functional

Characterize Stressors

Objectives & Success
Criteria

: & Disturbance Regimes

Adapt Operations &
Update Design

Learning Loop

Cross-cutting Checkpoints
Uncertainty-aware Scenario Planning : Governance & Maintenance Capacity : Equity & Distribution Of Benefits/Risks

Resist « Recover « Adapt

Choose Intervention Design Monitoring Set Thresholds &
Portfolio Indicators & Data Decision Triggers
(Nature-based / Hybrid / Ops) Streams For Action

Scale/Transfer with
Context Checks & Long-

horizon Tracking

Iterate Under New Evidence / Disturbances

Figure 2. Decision framework for resilience-oriented restoration under uncertainty.

The practicality of engineering resilience promotes the
establishment of restoration designs with redundancy, modu-
larity, and heterogeneity, which decreases the chances of lo-
calized failures to cause system-wide collapse. It also encour-
ages a broader role of monitoring as a decision-support pro-
cess as opposed to a post-hoc assessment instrument. Mon-
itoring can be used to offer near real-time signs of ecosys-
tem stress and recovery as sensor networks, remote sens-
ing platforms, and data analytics are increasingly available,
which can then be responded to in adaptive management
more rapidly, targeted, and effectively.

Nevertheless, institutional capacity is also needed in
the adoption of resilience-based decision-making. Adaptive
management has been touted and is not distributed evenly
because of limitations in the availability of funds, power,
technical knowledge, and agency coordination. The concept
of engineering resilience supports the notion that restoration
is not an ecological intervention, but a long-term commit-
ment to the operation, particularly in the landscapes that
are greatly modified. This capacity will be as relevant as
technical design improvement, especially where long-term
maintenance and continuity of governance are required to

attain long-lasting results [,

5.3. Toward Standardized Metrics and Compa-
rable Evidence

The problem of standardized metrics that can be trans-
ferred is one of the most unrelenting impediments to engineer-
ing resilience in ecosystem restoration. Although resilience
is context-specific in nature, it is possible to move forward by
creating metric families that can be customized to ecosystem
type and management goals and still have fundamental com-
parability. The disturbance response, functional degradation,
recovery rates, and longer-term responsiveness, as such mea-
sures, should be registered, and these measures need to be
directly associated with ecosystem services and biodiversity
results[!!],

Comparability is also reliant on the uniformity of time
periods of observation in line with ecological processes.
Short appraisal periods can overvalue success because they
can be established at early stages of establishment before sig-
nificant disturbances can take place, but longer appraisals can
identify delayed failures or trade-offs, which only become
apparent during stress. Developing strong evidence will thus
demand long-term surveillance schemes, common protocols,

and open data infrastructures into which synthesis across
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areas and ecosystems can be performed. In the absence of
the investments, the aspect of resilience will continue to be
hard to measure and hard to generalize to anything other than
individual cases.

5.4. Designing Restoration under Deep Uncer-
tainty

Ecosystem restoration increasingly operates under deep
uncertainty, where future disturbance regimes and system
responses cannot be reliably predicted. In this context,
resilience-oriented design should prioritize robustness across
multiple plausible futures rather than optimization for a
single trajectory. Scenario planning enables evaluation of
restoration performance under contrasting disturbance and
climate conditions, supporting strategies that remain effec-
tive under uncertainty.

Adaptive pathways further enhance resilience by struc-
turing interventions as flexible, staged actions linked to mon-
itoring thresholds. This allows restoration designs to be
adjusted over time, reducing the risk of maladaptive lock-in.
In parallel, safe-to-fail experimental approaches support iter-
ative learning by testing interventions at scales where failure
does not compromise system integrity.

These approaches align with decision-science frame-
works such as robust decision-making and dynamic adaptive
policy pathways, which emphasize flexibility, learning, and
performance under uncertainty. Integrating these principles
strengthens the capacity of restoration systems to remain
functional and adaptable under nonstationary environmental

conditions[61-631,

5.5. Research Priorities and Future Directions

There are a number of research priorities that appear to
be of critical importance to engineering resilience in ecosys-
tem restoration. To begin with, there is a necessity to further
incorporate ecological theory and engineering practices to
use the abstract concepts of resilience into practical design
principles. These involve explaining how redundancy, di-
versity, connectivity, and modularity may be transparently
done on various ecosystem types and disturbance regimes,
and how this interacts with the engineered parts over time.

Second, prediction ability should be enhanced without

exaggerating confidence. This demands models that bring
in explicit facing of uncertainty, nondynamic behavior, and
extreme event behavior, and validation of such models by
real-life disturbances. Planning that involves the exploration
of a variety of possible futures by use of scenario-based
planning methods would be more effective than single best
estimate projections, especially when climate-driven risks
are changing quickly.

Third, the resilience-based restoration will mandate
further emphasis on the landscape connectivity and cross-
boundary governance. The drivers that determine the out-
comes of restoration efforts go beyond the extent of the
project environment to include upstream land use, regional
hydrology, and policy incentives. Research and practice
should then shift to the networked design and multi-project
planning frameworks, which consider the system interac-
tions, cascading risks, and accumulating benefits.

Lastly, interdisciplinary cooperation should be main-
tained for the future of resilient restoration. Ecological
restoration involving the incorporation of engineering re-
silience is not merely a technological change but a change in
methodologies and institutions. The next steps can only be
achieved through the common language, combined training
opportunities, and collective platforms that will be able to
bridge ecologists, engineers, social scientists, policymakers,
and the local stakeholders. This kind of integration can facil-
itate restoration approaches that will not only be effective in
the current conditions, but that will be strong and flexible in
the future uncertainties.

There is a shift in the direction in which ecosystem
restoration is moving into a phase where historical baselines
are becoming more unpredictable, and disturbance regimes
are becoming more intense. Engineering resilience offers a
practical approach to addressing this fact with the focus on
functional performance, recovery paths, flexibility, and learn-
ing through trial and error. Resilience-oriented restoration can
redirect practice by reconstructing fragility into long-lasting
system design by thoughtfully incorporating the principles
of ecological resilience, based on the principles of inclusive
governance and long-term evidence. The task to come is not
to recover ecosystems, but in fact to design a situation where
ecosystems can survive, restructure, and keep sustaining life

and human well-being in an evolving world.
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