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A watershed is defined as ‘a topographically delineated area that is drained by a stream
system’ [1]. This area can be considered as a whole system composed of different sub-
systems (e.g., agricultural or urban systems), being the site of different complex processes
(i.e., hydrological, geomorphological, ecological) that are affected by large temporal and
spatial variability. From a strictly hydrological point of view, the different processes are
dependent on several natural and anthropogenic factors [2] which shape the history and
evolution of a watershed. Moreover, this physiographic unit provides several ecosystem
services, from water regulation to nutrient cycling, that are essential for humankind. The
demand for these services has dramatically increased in recent decades, continuing to grow
as global environmental change intensifies in the 21st century [3]. Watershed services, such
as food and energy production, water supply, and healthy, pleasant living environments,
must be utilised sustainably. This has been widely recognised in recent years, leading to
several terms for these activities with a particular focus on approaches that either mimic
or work with natural processes [4]. To preserve the watershed’s ability to provide these
services, it is essential to assess and model watershed functions and processes. These
activities are the knowledge basis for short-term landscape restoration after natural or
anthropogenic disturbances and long-term land planning and management of natural
resources. Moreover, watershed assessment and modelling are in line with the indications
by the United Nations Agenda 21 for sustainable development, which recommends the
integrated management of land resources, which broadly include soils, water, and biota and,
in general, all ecosystem components for watershed protection [5]. A watershed approach
is recommended for land resources management, and the watershed scale is adopted as a
spatial unit of analysis in a defined area for ecological, social, and economic purposes [6].

Watershed management includes land use planning, control of erosion and sedimen-
tation processes, flooding mitigation, conservation of soil, water, and forests, as well as
promotion of food production, security, and livelihoods [7].

Managing natural resources at the watershed scale results in multiple benefits for
environmental protection and resource provision to people [2,8,9]. “Watershed manage-
ment’ was identified by the California Department of Conservation in 2015 as ‘the study
of the relevant characteristics of a watershed aimed at the sustainable distribution of its
resources and the process of creating and implementing plans, programmes, and projects
to sustain and enhance watershed function that affects the plant, animal, and human com-
munities within a watershed boundary’. In other words, watershed management consists
of organising and guiding land, water, soil, and other natural resources in watersheds
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to provide the appropriate goods and services while mitigating impact on the resources
themselves [1]. This process is multifaceted and interdisciplinary: it involves not only
technical and scientific knowledge about hydrology, geomorphology and ecology, but also
requires social, economic, policy and education approaches targeted at preserving and val-
orising the inter-relations among soil, water and plants as well as the connection between
upland and downstream areas [10]. These multidisciplinary aspects and the reciprocal
inter-relations among the different watershed components require an integrated approach,
which is actualised in the so-called ‘integrated watershed management’. This involves the
integration of technologies within the natural boundaries of a drainage area for optimum
development of land, water, and plant resources to sustainably meet the basic needs of
people and animals [2,11]. Integrated watershed management has now become increas-
ingly prominent, since the related theoretical approach and associated practice include
various social, technical, and institutional dimensions as well as conservation, social, and
economic objectives [12].

The implementation of this integrative approach over the last few decades has been
sped up by three drivers: (i) the rapid and recent advances of computer science (big data
processing and application of mathematical simulation models) and geospatial technology
(remote sensing imagery, geographical information systems, global positioning systems);
(ii) the incredible development of communication capacity which has allowed a real-time
sharing of information and data of different types; and (iii) the involvement of many
stakeholders, decision-makers and local and global communities in the monitoring and
planning activities of integrated watershed management.

However, integrated watershed management heavily relies on hydrological and geo-
morphological sciences and technologies, which influence all drivers and effects of natural
evolution and human actions on the watershed. These drivers range from issues of water
quality, hydrogeological hazards, vegetation and fauna restoration, and soil conservation.
The simulation tools of these effects (e.g., the hydrological models and ecological monitor-
ing techniques) have undergone special development from theoretical and practical points
of view.

In general, ref. [1] identified six steps for the integrated watershed management
process (Figure 1): (1) survey of the status of the watershed and identification of its situation;
(2) identification of stakeholders; (3) selection of interests and objectives; (4) setting up of
the target and plan; (5) implementation of the plan; and (6) evaluation of management
success and failures, reassessment of objectives, and adjustments of the plan to improve
management success.

Modern watershed management that adopts the aforementioned integrated approach
is often constrained by multiple factors and objectives [13]. Firstly, natural processes of
watershed evolution (e.g., hydrological regime, vegetation dynamics, soil characteristics)
are affected by a large level of spatial and temporal variability, making a watershed a
highly dynamic system. It is clear that monitoring these natural processes (i) increases
our knowledge of this intrinsic variability; (ii) provides guidelines for governing water-
shed’s evolutionary trends; and (iii) limits the high uncertainty of watershed functioning
due to the stochastic variability of natural factors (e.g., weather) and induced responses
(e.g., hydrological and erosive rates).

Secondly, these natural processes are numerous and highly inter-related, which means
that a driver of a watershed component (e.g., extreme precipitation turning to a flood) may
exert a high impact on another component (e.g., vegetation disruption and severe changes
in soil properties). Since all natural resources are interconnected in a watershed, synergistic
actions from various stakeholders through integrated management are essential [14]. This
requires a multidisciplinary approach (intrinsically embedded in the integrated watershed
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management) from land planners and authorities with the integration of different skills
and knowledge of technicians. The need to work in larger interdisciplinary teams is partly
due to the requirement of linking individual specialists” contributions to enable a better
understanding of the ‘system” under study [15].

Identify stakeholders and
organisations related to watershed
management

Select management targets and

plans

A 4

Implement the plan, including
monitoring and strenghtening of
management strategies

Figure 1. Conceptual model for developing an integrated watershed management plan
(source: [1], modified).

Thirdly, the natural and anthropogenic disturbances (e.g., deforestation, wildfire, hy-
drogeological hazards) sum up the heterogeneity of watershed processes and their high
spatial and temporal variability, adding high entropy to the watershed system. There is,
therefore, a need for proper control of natural processes and mitigation of anthropogenic
impacts. This need requires the adoption of tailored analysis techniques and conservation
measures that are specific to the environmental conditions. This is now possible, con-
sidering the incredible advances in data processing offered by technology, such as the
availability of computers with high data processing capacity, cloud storage, remote sensing,
and geographic information systems (GISs). All these tools allow a detailed representation
and simulation of watersheds at fine temporal scales.

Last but not least, related to the multiple ecosystem services provided in watersheds,
the numerous management needs are sometimes contrasting. Their optimised management
requires a careful approach by all stakeholders. For example, to maximise water supply
and carbon sequestration in forests among their ecosystem services, land planners and wa-
tershed managers need to assess the trade-offs of water use and carbon stock of vegetation
to store atmospheric CO; and provide water supply to downstream water users [3].

Therefore, it is essential to adopt effective monitoring and management tools to limit
the impacts of the aforementioned constraints, valorise the natural resources in watersheds,
and favour a balanced and sustainable functioning of all components. These monitoring
and management tools must inform science-based decisions to reduce the risk of negative
impacts of management actions [16].

In this regard, an optimal solution is the adoption of Decision Support Systems
(DSSs), computerised ‘knowledge-based’ systems supporting the collection, analysis and
processing of large bodies of data at the watershed level. Thanks to the powerful capacity
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given by DSSs, these data, which are of different types, scales and resolutions, can be
easily and quickly managed. DSSs help decision-making, timely problem-solving, and
improved efficiency in planning and management of watersheds [17]. Moreover, DSSs are
also particularly efficient in modelling and analysing scenarios of climatic evolutionary
trends and anthropogenic impacts, simplifying the choices of decision-makers from among
the possible different actions [18]. For instance, the hydrological and eco-hydrological
models, which are essential tools of DSSs, offer a high capability of predicting forest and
water evolutionary trends as well as the interactions of ecosystem services. This supports a
better evaluation and optimisation of the complex management options at various scales
for multiple purposes and under changing climate patterns [3,19]. However, the use of
these modelling tools is still difficult, considering the increasing complexity and integration
of models which are needed to address the aforementioned inter-relations and variability
of environmental processes in watersheds functioning under a changing environment.

Therefore, there is a need for studies that analyse the tools required to provide a better
understanding of watershed physical and ecological processes and propose new strategies
for the sustainable management of watershed resources (soil, water, vegetation, etc.).

In line with the aforementioned needs, this Special Issue presents six papers submitted
in response to the call.

The first study [20] analysed the importance of the engagement of local stakeholders
in river restoration through the appreciation and integration of local communities and
their local ecological knowledge. The common river restoration problems and supportive
elements that may be found in local ecological knowledge have been discussed. The
study concluded that the local stakeholders” involvement and strong establishment of
their position in the river restoration processes have a large potential for improving water
resources management and restoration of aquatic ecosystems and remain a key factor in
the successful future of river restoration.

The second paper [21] proposed strips planted with Miscanthus x giganteus, a perennial
grass to replace the most common trees and shrubs, for runoff and erosion control on
a loess slope. The results indicate the good anti-erosion effectiveness of the established
strip, although, in the first years of growth, this grass has not yet reached the stage of
full development.

The third article [22] explored the distributions of poached cycads, evaluating the
factors driving poaching activity and suggesting possible solutions towards the conser-
vation of Encephalartos transvenosus Stapf & Burtt Davy E in some of the nature reserves
in South Africa. Here, the number of cycads is drastically reducing, and they are nearly
extinct, which may negatively impact watersheds in protected and buffer areas, since the
regeneration of this plant occurs over a long period. The results demonstrated that unem-
ployment and trade are the leading causes of poaching of cycads, and the most effective
way of stopping as perceived by the rangers is patrolling the nature reserves.

The fourth paper [23] investigated ten hill torrents in Pakistan, covering an area
affected by flash flooding in 2022 due to extreme precipitation events. The authors used
the Hydrologic Engineering Centre’s Hydrologic Modeling System (HEC-HMS) model, a
semi-distributed event-based hydrological tool. The study presents appropriate storage
options with the relevant retention potentials based on hydrological analysis of these hill
torrents to enhance the spate irrigation potential as flood control in the future.

In the fifth study [24], the changes in the active drainage network of a mountain
watershed during extreme hydro-meteorological events as well as the consequences of
the related changes on the hydrological response and the flood hazard /risk management
processes in Poland were investigated. The hydrological processes in that watershed, which
is prone to flash floods, were analysed by ALS-LiDAR data, GIS tools, and the SCS-CN
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and GIUH models. The results revealed that the significant structural changes in the
active drainage network have noticeably increased the peak flow and 1%-probable flood
hazard zone.

The sixth article [25] assessed the complexity of nutrient pollution attributed to harmful
algal blooms by analysing 20 years of flow and nutrient data within two headwater basins
in South Florida (FL, USA). To this end, an advanced regression method and the Weighted
Regression on Time, Discharge, and Season method were used. The results highlighted
that nutrient management practices only had a weak impact on TP and TN flux trends in
one of the two basins, where TP and TN fluxes increased in the second basin. This was
presumably due to differences in contemporary point source loading and legacy nutrient
pools from non-point source inputs 20 years or more before the analysis period.

The papers in this Special Issue contribute to research on the integrated management
of natural resources and environment at a watershed scale. The authors have demonstrated
how novel monitoring and modelling tools help in better understanding and accurately
simulating natural and anthropogenic processes in watersheds in a changing world. These
activities closely agree with the objectives of international government policies, which
support analysis frameworks to achieve the 17 goals of the 2030 Agenda for Sustainable
Development, adopted by all United Nations Member States in 2015.

However, there is still much to do from the scientific and practical points of view
to address the issues of sustainable and rational integrated watershed management. For
instance, according to [26], enhanced credibility and utility of integrated watershed man-
agement for decision-makers need more comprehensive model testing with a specific focus
on methods for uncertainty characterisation in watershed-scale processes. These needs are
challenging, especially for data-poor environments, where the availability of observed data
is a severe constraint against more informed and confident decision support. Therefore,
research should explore the natural and human-induced variability in watershed-scale
processes, adopting a holistic approach that includes all components of the functioning of
this hydro-system.

If proper and multidisciplinary databases match the aforementioned variability in
soil, water, and biota characteristics, process-based models—of ecological, hydrological or
combined nature—will valorise their extraordinary simulation capacity. These tools may
easily account for the pressure of climate change impacts and ensure cross-disciplinary ap-
proaches to preserve the ecological and socio-economic functions provided by watersheds
on a global scale.

Finally, anthropogenic actions within integrated watershed management will continue
to rely on engineering works for regulating the fluxes of water and sediments downstream
of the sourcing areas. In addition, nature-based solutions (NBSs) ranging, for instance, from
green infrastructures to ecological engineering works, must be prioritised in order to build
a more resilient and durable ecosystem, empowering the watershed’s ability to provide the
required physical and ecological functions. In this regard, research should investigate novel
types of NBSs across a variety of climatic and geomorphological contexts. Once a prototype
is successfully experimented and validated in a specific environment, its transferability to
another hydro-system is not automatic. In close agreement with [4,27], we think that these
actions, including conventional engineering works and NBS solutions, should be tailored
to the specific characteristics of locations in the landscape. Careful attention should be
paid to how these actions interact with each other to optimise their beneficial effects and
minimise the potential negative impacts.
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