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GIS for aquatic animal health
management: a framework for
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Marta Eichemberger Ummus3, Patricia Oliveira Maciel-Honda3,
Severino Segato2 and Nicola Ferrè1

1Laboratory of Epidemiology, Services and Research in Veterinary Public Health, Istituto
Zooprofilattico Sperimentale delle Venezie, Legnaro, Italy, 2Department of Animal Medicine,
Production and Health, University of Padova, Legnaro, Italy, 3Fisheries and Aquaculture Center,
Brazilian Agricultural Research Corporation (EMBRAPA), Palmas, Brazil
Although Geographic Information Systems (GIS) have proved to be reliable tools

for animal health management, their implementations in the aquatic animal

health (AAH) domain are scarce, likely because they require expertise in GIS

technologies, the specific characteristics of aquatic environments, and

epidemiology. Considering the lack of GIS approaches tailored to AAH, this

study presents a framework conceived to guide GIS users through the

development of GIS operative designs for disease surveillance and response.

Its practical application and actual accessibility within two case studies in an

Italian marine environment and in a Brazilian freshwater aquaculture site were

investigated. The main take-home message emerging from both the framework

and its applications is the key importance of project planning in GIS development.

Without a structured planning phase, GIS projects are likely to produce

inconsistent, incomplete, or unsustainable outcomes. The framework

accompanies GIS users, including those with little GIS knowledge, through all

the stages of GIS project development, encouraging them to include the

fundamental planning elements based on the principles of applicability,

sustainability, appropriateness and opportunity of implementation. However,

the framework must be used consciously, not as rigid instructions but, rather,

as a tool that provides orientation to navigate GIS planning in the complex

aquatic contexts.
KEYWORDS

aquatic animal health, animal health management, GIS project development,
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1 Introduction

Since aquaculture has been arguably taking a leading role in

suppling animal food worldwide, aquatic animal health (AAH) has

become an essential piece in the puzzle of global food security,

international trade, and environmental sustainability (Troell et al.,

2014). Although disease is known to be one of the biggest threats to

both stability and growth of the sector (Jennings et al., 2016; Li et al.,

2022), dealing with health issues and risks in the aquatic domain

remains a complex challenge to be faced. Managing aquaculture for

resilience and sustainability requires AAH stakeholders (producers,

policymakers, scientists) to field innovative technological

approaches and adapted management strategies to closely and

consistently monitor, promptly react, and, possibly, anticipate

changes and evolutions in rapidly evolving disease events and

dynamics, as well as environmental stressors that can, in turn,

affect AAH (i.e., from global climate change to enhanced disease

transmission between different populations, or introduction and

spread of invasive species) (Hambrey, 2017; Bang Jensen et al., 2021;

Pacheco et al., 2025). In fact, nowadays, monitoring animal diseases

and handling health emergencies, such as disease outbreaks or

biosecurity breaches, require highly accurate and updated geospatial

data for efficient spatiotemporal data analysis and visualization;

especially when the aim is to promptly inform decision makers and

animal health operators (Henriksson et al., 2018; Khashoggi and

Murad, 2020; Alam et al., 2022). However, if, on the one hand,

Geographic Information System (GIS) solutions have proved to be

reliable tools for disease surveillance and disease response

(Mengistu and Haile, 2017; EFSA (European Food Safety

Authority) et al., 2022), their implementation within AAH

initiatives requires for operators to have not only substantial skills

and expertise in GIS technologies for data management and spatial

analysis but also a great understanding of the unique characteristics

of aquatic environments (i.e., marine, transitional, and freshwater).

Indeed, such environments are often complex and dynamic, making

geospatial data definition, representation, and analysis particularly

challenging (Meaden and Aguilar-Manjarrez, 2013; Adams et al.,

2016). Including in regions of the world with well-established AAH

systems and services, GIS expertise among professionals is often

inadequate, and so is their familiarity with the full potential of GIS

technologies; not to mention that resources are usually constrained

and data availability limited (including environmental, farm

registry, and animal health data) (Falconer et al., 2020; Riuzzi

et al., 2024). This most likely results in poorly planned GIS

projects and, as a consequence, in GIS implementations that fail

to deliver reliable outputs and to maximize environmental readiness

and exploitation, or that require costly redevelopment to meet

evolving needs (Jayanthi et al., 2022). Unlike in GIS projects for

terrestrial animals, data capture for aquatic ecosystems requires

tailored data models, workflows, and tools, together with specialized

approaches. Yet, despite the need for such standardized GIS

approaches specific to AAH has been largely recognized

(McCallum et al., 2004; Norman, 2008), they still appear to be
Frontiers in Marine Science 02
lacking as most of the existing GIS methodologies are designed for

terrestrial applications and cannot be directly adapted to aquatic

systems (Guerry et al., 2012; Oidtmann et al., 2013). To the best of

these authors’ knowledge, only a few attempts have been made to

design and implement new and innovative technological solutions

that can be put at the fish sector’s disposal (Guerry et al., 2012),

none of which specifically supporting AAH management. This gap

leaves stakeholders working within the aquatic domain without

clear guidance on planning, implementing, and maintaining GIS

projects to address the unique needs of aquatic health monitoring

and management (Falconer et al., 2020; Dorotea et al., 2023).

With the goal of filling in this gap, the present study describes

the structure and goals of a framework designed to provide a

tailored methodological approach to GIS project development for

aquatic animal health (AAH) management and based on the key

principles of: (i) applicability, (ii) sustainability, (iii)

appropriateness, and (iv) opportunity of implementation in

aquatic contexts. Furthermore, its application within two case

studies in two different aquatic environments, marine and

freshwater, will be documented with the further specific goal of

testing and reflecting on its practical implementation and actual

accessibility, while also identifying experienced and potential

benefits coming from its design, as well as challenges and

limitations. Lastly, some final recommendations will be shared to

ensure the effective adoption and exploitation of the framework to

enhance capacity to plan and implement GIS projects in the

AAH domain.
2 The framework: context of
establishment and validation

In line with the priorities set by the World Organisation for

Animal Health (WOAH) in its Aquatic Animal Health Strategy

(World Organisation for Animal Health (OIE), 2021), the

framework was developed within the international cooperation

project Aquae Strength (“Strengthening capacity on aquatic

animal health and epidemiological surveillance”)1, which aimed at

providing technical assistance and sharing professional know-how

to enhance AAH management, especially through the

implementation of advanced GIS techniques to support disease

surveillance and disease response. The project activities threw, once

more, a spotlight on the challenges posed by the application of GIS

for AAH purposes, confirming a different level of GIS “maturity”

(i.e., organization’s capacity to fully leverage geospatial technology,

data, and expertise to implement GIS projects) and application in

aquaculture across the world, as well as the following main

issue areas:
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• Data: lack of centralized data repositories for fish farms,

limited data access;

• Limited resources: human resources, insufficient tools,

funding constraints.
Mostly, such issues are thought to be caused by a lack of

standardized GIS methodologies for AAH, leading to inefficiencies

in the use of human, time and financial resources (EFSA (European

Food Safety Authority) et al., 2022). Therefore, considering also the

peculiar challenges that aquatic environments pose, an approach that

is both standardized and tailored seems to be needed.

Figure 1 showcases the flow of activities that led to the

establishment and validation of the final framework, entitled “A

framework for planning GIS projects in the aquatic animal health

domain”2, by a panel of ten international GIS professionals with

extensive experience and technical knowledge in both AAH

management (i.e., veterinary epidemiology, disease surveillance

and response) and GIS technologies (i.e., geospatial technologies,

data management, and spatial analysis). The experts were selected

among the project partners and those that had been involved in the

previous project activities3. The first version of the framework was

drawn and then shared with the experts, who were asked to provide

their revisions and suggestions for modifications and further

improvements, especially on structure, methodologies, and key

elements. Two rounds of revisions were performed and managed

by email and then final modifications and suggestions were

discussed and agreed on during a workshop that was held in

Padua (February 5th, 2025) and that led to the production of the

final version of the framework. Designed as a step-by-step

procedure to guide GIS end users through the development

phases of a GIS project for disease surveillance and disease

response to support AAH management, the framework is meant

to target: (i) individuals with minimal experience or mainly

unfamiliar with GIS technologies and applications, especially for

AAH purposes; (ii) GIS users with various levels of expertise in

search of guidance on data and features specific to aquatic

environments, or that need resources to compare their own

applications, integrate suggested methodologies and standards,

and evaluate the accuracy and completeness of their own projects.

As shown in Figure 2, the framework describes five main project

development phases, further developed through six propositions

and nine corollaries, offering main practical guidance and insights

for GIS end users and addressing critical aspects of GIS planning in

the aquatic domain. For more detailed instructions and guidelines

related to the specific propositions and corollaries, the reader is also

addressed to the relevant annexes.
framework for planning GIS projects in the aquatic animal health

ain”. (2024). http://gis.izsvenezie.it/cooperation/woah/aquae-strength/

hments/activities/pdf/A%20framework%20for%20GIS%20projects%

%20aquatic%20animal%20health%20domain_ver3.1.pdf [Accessed

mber 8, 2025].

eographic Information System in surveillance and diseases response for

tic animal disease – Publications. http://gis.izsvenezie.it/cooperation/

/aquae-strength/publications.php [Accessed September 8, 2025].
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The main features of these five phases are as follows:
1. Conceptual design: development of the information

product, which serves as the backbone of the project; GIS

end users define the project goals, identify stakeholders,

and determine data requirements.

2. Logical design: the high-level objectives identified in the

previous phase are translated into a detailed plan. This

involves defining data schemas, exploring relevant

technologies, and integrating reusable resources, such as

background maps to streamline the development procedure.

3. Development plan: definition of the methods for data

collection, system implementation, pilot testing, and

users’ feedback gathering to refine the system before

full deployment.

4. Maintenance: design of a maintenance plan to ensure the

long-term sustainability of the GIS solution. This plan

should consider regular updates, data quality assessments,

and system performance monitoring.

5. Communication of the outcomes: transformation of the

spatial data into clear, accessible, and actionable insights,

enabling informed decisions to manage AAH.
3 Application of the framework: two
case studies

To evaluate and reflect on its applicability, effectiveness, and

accessibility, the proposed framework was implemented in two

aquatic environments, marine and freshwater. These two case

studies demonstrated its versatility as it is applied in different

environmental contexts, and they documented how the

framework’s step-by-step process is put into practice in a real-

world scenario. Despite the peculiar characteristics and specific

requirements of the aquatic environments and, especially from an

epidemiological perspective, the differences among them (e.g.,

marine vs. freshwater vs. transitional) and with the terrestrial

contexts that can strongly influence disease spread, the primary

purpose of the two framework applications was to produce static

maps representing the current disease status from an AAH

perspective, the first step to approach the creation and use of a

GIS system for epidemiological purposes. Performing further

statistical or epidemiological analyses, which would require the

integration of dynamic environmental parameters and modelling

approaches, was not part of the specific objectives of this study; even

though it remains a crucial area for future development to fully

exploit GIS potential in aquatic epidemiology.
3.1 Marine environment

3.1.1 Setting and population
The study area coincided with the Tuscan coastline running from

Piombino (north; province of Livorno) to Orbetello (south; province
frontiersin.org
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of Grosseto): about a hundred kilometers facing the Tyrrhenian Sea.

The area has always had a strong vocation for aquaculture, and it has

been primarily dedicated to sea bass (Dicentrarchus labrax) and

gilthead seabream (Sparus aurata) farming, with a smaller

percentage of meagre (Argyrosomus regius)4 farming. The
Frontiers in Marine Science 04
aquaculture method involves the use of floating cages placed about

4 miles away from the coast. In the summer of 2024, the area

experienced a severe Lactococcus garvieae outbreak, the first one

reported in the marine environment in Italy (Salogni et al., 2024);

before that, the pathogen had only been found on rainbow trout
FIGURE 1

Chart representing the context and flow of activities for the establishment and validation of the framework within the Aquae Strength international
cooperation project.
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(Oncorhynchus mykiss) farms. In April 2025, to investigate the spread

of the pathogen, the Toscana Region issued a regional surveillance

plan, which provides for constant sampling on farms in the area and

for sampling from any wild animals found dead. In May 2025, the

Italian Ministry of Health issued a national surveillance plan to assess

the possible presence of the disease in other regions of the country

and to begin laying the groundwork for a study on the factors that

triggered this new health emergency. The two plans are still

underway, and only at the end of the data collection process will it

be possible to make initial epidemiological assessments. Although the

outbreak was, in fact, occurring at the time of the application of the

framework, the GIS project developed within this case study was

conceived primarily as a “proof-of-concept” to demonstrate the value

of GIS as a tool to support outbreak management. Simulated data

were used since data collection from farms and laboratory results was

still ongoing and because the local authorities had not given their

consent to use the preliminary actual data. The project was not

designed to develop an operational system for immediate decision-

making but, rather, to showcase potential functionalities and the

added value of GIS using simulated and representative data. By

providing a functional demonstration, the GIS project aimed to help

decision-makers appreciate the potential benefits of integrating GIS

into their routine disease response workflows, ultimately encouraging

its formal adoption and incorporation into the decision-

making process.
4 Associazione Piscicoltori Italiani. https://www.acquacoltura.org/

[Accessed September 8, 2025].
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3.1.2 Phase 1: conceptual design
The framework was applied to develop a GIS pilot project to

demonstrate how such a system could integrate and present data

and outputs to support disease response against Lactococcosis. The

stakeholders ’ (regional and local veterinary authorities)

requirements were gathered through a series of meetings and

interviews aimed at understanding the type of GIS tool that

would best meet their operational needs, thereby laying the

groundwork for defining the initial “information product” to be

delivered. Their main request was to provide a tool capable of

identifying fish farm locations, disease cases, and farms within a 5

km buffer zone surrounding the outbreaks (Oidtmann et al., 2013).

Specifically, the required output was a set of static maps on two

scales (1:300,000 for an overview of the farms; 1:55,000 for details

on the farms involved). The QGIS software was used to develop the

GIS project (QGIS Development Team, 2024). No complex

functionalities were required.
3.1.3 Phase two and three: logical design and
development plan

Following the guidance provided by the framework in Annex 3 -

GIS Technical Specifications (Figure 2), the set of technologies and

data sources necessary for the GIS project were identified and

organized as follows:
• Basemaps: sourced from Open Street Map (OSM Standard;

open-source)5 and Google Satellite Imagery (Google

Satellite; fee-based)6 useful to represent the spatial context.
FIGURE 2

Structural representation of the framework outlining the five suggested steps to plan GIS projects for aquatic animal health purposes through their
propositions, corollaries, and annexes.
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• Administrative boundaries: sourced from the geodata portal

of the Toscana Region7 representing Municipalities,

Provinces and the Region.

• Fish farms: data sourced from the Italian National Database

and then directly from farmers to complete the dataset.

• Outbreaks (i.e., laboratory test results from fish samples): in

case of positive laboratory test results from fish samples, for

specific diseases, fish farms were identified as “outbreaks”

with a specific status (‘suspect’, ‘confirmed ’, ‘not

confirmed’) and specific dates. Simulated laboratory data

were generated using the data structure and formats of the

Laboratory Information Management System (LIMS) of the

Istituto Zooprofilattico Sperimentale delle Venezie as a

reference model.

• Environmental parameters: EMODnet Bathymetry8 was

used to acquire bathymetry information, if needed.
In line with what is suggested in the framework’s Corollary 2.2:

There is no one-size-fits-all solution in GIS and Corollary 2.3: GIS

technologies should be selected based on the available resources and

project requirements (Figure 2), the technologies to be used were

chosen to optimize outputs according to the project’s specific scope

and constraints. Only essential GIS functions were applied (i.e.,

‘identify’ and ‘filtering’, along with ‘proximity’ for buffer creation,

and ‘select by location’ to identify farms within the buffer zone).

However, the use of Corollary 2.1: Organising a technology inventory

list for GIS projects, also included in the framework, was not

included as it was not part of the project’s mandate, despite its

recognized value for long-term system planning and maintenance.

A SWOT analysis was conducted for the proposed solution,

producing the following considerations:
• Strengths: (i) QGIS is a free system with a strong and active

community; (ii) the shapefile-based system is easy to

manage and requires minimal technological maintenance.

• Weaknesses: (i) knowledge and responsibility were

concentrated on one GIS user; (ii) limited data

management capabilities (i.e., no exploitation of database

advantages); (iii) limited automation due to the need of

manual intervention.

• Opportunities: limited dataset size allows for easy migration

to a dedicated infrastructure.
pen Street Map. https://www.openstreetmap.org [Accessed September

25].

oogle for Developers. https://developers.google.com/ [Accessed

mber 8, 2025].

egione Toscana - SIPT: Cartoteca. https://www502.regione.toscana.it/

copio/cartoteca.html [Accessed September 8, 2025]. Metadata are

able at: https://www502.regione.toscana.it/geonetwork/srv/ita/

log.search#/metadata/r_toscan:05678d81-f6fc-4184-84f4-

84d9b4d [Accessed September 8, 2025].

uropean Marine Observation and Data Network (EMODnet). https://

dnet.ec.europa.eu [Accessed September 8, 2025].
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• Threats: (i) risk of data loss or corruption due to the lack of

database support and manual data handling; (ii) scalability

issues as the volume of data grows due to the shapefile-

based storage that may become inefficient and difficult to

manage; (iii) dependency on a single key GIS user could

slows down or disrupts operations when they are not

available; (iv) limited ability to integrate with modern

external platforms may lead to technological obsolescence.
Neither risk management nor operational plan were required,

and no specific metrics were used for the performance evaluation.

3.1.4 Phase four and five: maintenance and
communication of the outcomes

A procedure to update outbreaks and zones in case of any new

positive case was organized, together with a procedure to update

data on marine fish farms. Base maps do not require maintenance.

As already highlighted in section 3.1.1 Setting and population,

the outbreak map produced for this paper represents simulated

data. Figure 3 shows farm localization (Panel A) and a simulation of

the final outbreak map (Panel B) where the buffer zone around the

outbreak includes the farms identified as at risk to introduce the

pathogen due to the proximity to infected farms.
3.2 Freshwater environment

3.2.1 Setting and population
The study area coincided with the state of Rondônia, in the

North Region of Brazil. Specifically, the hydrological area of interest

was the Machado River Basin. Aquaculture plays a significant role

in the region’s economy, especially thanks to the farming of

tambaqui (Colossoma macropomum), one of the most widely

farmed fish species in Brazil9. This species is native to the

Amazon and Orinoco River systems, including their tributaries,

and belongs to the Serrasalmidae family (Gomes et al., 2020). In

Rondônia, this species is farmed using primarily semi-intensive

systems in excavated ponds, typically created by damming the

headwaters of rivers (Pacheco et al., 2025). Despite the economic

significance of tambaqui farming in this area, such production is

challenged by parasitic outbreaks, among which those caused by

acanthocephalans like Neoechinorhynchus buttnerae are of growing

concern (Hilsdorf et al., 2021). In fact, high prevalence rates of N.

buttnerae, obligate endoparasite of tambaqui, have been associated

with the presence of ostracod zooplankton, intermediate hosts in

the parasite’s life cycle, as displayed in Panel A of Figure 4. This is

exacerbated by inadequate biosecurity practices on many farms,

including the absence of liming, species rotation, and sanitary voids

between production cycles (Perez Pedroti et al., 2025). Given the

full, mainly downstream, connection between ponds and

watercourses and the life cycle of N. buttnerae (de Araújo Castro
stituto Brasileiro de Geografia e Estatıśtica. (2023). Produção da

ária municipal. https://biblioteca.ibge.gov.br/visualizacao/periodicos/

pm_2023_v51_br_informativo.pdf [Accessed September 8, 2025].
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et al., 2020), the movement of infected fish or the flow of water

contaminated with eggs or intermediate hosts are the predominant

ways for the parasite to spread. This is especially true considering

the long pre-patent period (28 to 56 days), which can make a

parasitized fish be received with a false-negative diagnosis, and the

fact that the larva is highly resistant and can remain viable inside the

egg for several months (Kennedy, 2006).

3.2.2 Phase one: conceptual design
The framework was implemented to develop a one-time effort

GIS project dedicated to mapping the potential hazard of spread of

the parasite N. buttnerae among the fish farms located in the study

area. Given the risk of downstream dispersal of parasite eggs and
Frontiers in Marine Science 07
infected zooplankton following an outbreak, it is recommended that

all hydrologically connected sites be monitored for at least two

months after initial detection. This two-month timeframe is based

on expert judgement and operational considerations, rather than on

a formal quantitative risk assessment. In freshwater systems, the

dynamic nature of water flow and network geometry strongly

influences disease spread. GIS applications for aquatic diseases

must account for moving water by performing network analyses,

such as flow-direction mapping and downstream dispersal

modelling. Although these analyses were not performed in this

study, aquatic GIS, unlike terrestrial disease mapping, must handle

flow networks and temporal water-quality changes to identify

transmission hotspots and guide targeted interventions (Meaden
FIGURE 3

(A) shows farm localization; points (blue dots) represent the centroids of the farms. (B) is a simulation of the final outbreak map where centroids
(blue and yellow dots) were used to identify the farms. The buffer zone (red circle) around the outbreak (red cross) includes the farms identified as
at-risk (yellow dots).
FIGURE 4

(A) summarizes the life cycle of Neoechinorhynchus buttnerae; contaminated definitive or intermediate hosts and eggs are all potential dispersers of
the parasitosis. (B) shows the spatial distribution of fish farms and their associated hazard levels; the map also identifies high-priority monitoring
areas based on their hydrological connectivity and confirmed parasite presence.
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and Aguilar-Manjarrez, 2013). Consequently, the main request by

the stakeholders (veterinarian authorities) was the possibility to

study the downstream dispersion of the parasite eggs and infected

zooplankton following an outbreak, and, in particular: (i) map the

aquaculture pond systems and categorize their water sources (e.g.,

dammed surface water, groundwater, and rain-fed), (ii) map the

spatial occurrence of N. buttnerae infections, (iii) identify areas with

greater hazard of infection based on their hydrological connectivity

and upstream-downstream relationships, and (iv) classify areas at

risk of infection to support targeted monitoring and control

strategies. In this context, “hazard of infection” is defined as the

operational likelihood, for management purposes only, that a pond

records at least one infected fish within two months, based on

upstream infection occurrence status and hydrological connection

between earthen ponds. The QGIS software was used to develop the

GIS project (QGIS Development Team, 2024).

3.2.3 Phase two and three: logical design and
development plan

Based on the stakeholders’ requirements, an operational

workflow was defined to identify and prioritize areas with greater

hazard of N. buttnerae spread (steps 1 to 4):
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1. Selection of the study area; the Machado River Basin was

chosen as the analysis unit since it is a naturally bounded

hydrographic system with high internal hydrological

connectivity and the largest number of aquaculture

facilities mapped via satellite imagery. This basin also

benefits from recent georeferenced occurrence data for N.

buttnerae (Perez Pedroti et al., 2025).

2. Construction of the spatial database; according to Annex 3 -

GIS Technical Specifications (Figure), where the framework

specifies that technologies should be selected according to the

available resources and project needs, the following relevant

datasets were compiled: high-resolution satellite imagery

(PlanetScope10, Google Earth11) for pond mapping; official

administrative boundaries (IBGE12); aquaculture ponds

classified by water source (damming, rain-fed, groundwater)

via image analysis; parasite occurrence points; and a digital

elevation model (INPE Topodata13) for flow and connectivity

analysis. Datasets underwent preprocessing for topological

consistency and coordinate reference standardization.

3. Analysis of spatial relationships; using the ‘clip’ and

‘intersect’ geoprocessing operations, spatial rules were

established to identify hydrologically connected ponds

that were downstream of infected sites. The evaluation
Earth online – PlanetScope. https://earth.esa.int/eogateway/missions/

tscope [Accessed September 8, 2025].

Google Earth Platform: https://mapsplatform.google.com/maps-

d u c t s / e a r t h / c a p a b i l i t i e s / ?

source=google_earth&utm_medium=site&utm_campaign=next-

tm_content=legacy [Accessed September 8, 2025].
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Septe

13

http:
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carried out by the study team indicated that ponds

supplied by dammed surface waters presented a higher

hazard of parasite dispersal via infected zooplankton,

whereas rain-fed or groundwater-fed ponds had a lower

hydrological hazard but could still be exposed through fish

movements (broodstock, fingerlings, juveniles).

4. Definition of priority monitoring zones; critical monitoring

areas were delineated downstream from confirmed

occurrences, focusing on earthen ponds connected to

dammed water bodies. Additional watercourse segments

without mapped ponds were also identified as potentially

relevant for temporary monitoring due to hydrological

linkage with infected sites.
A SWOT analysis was conducted for the proposed solution,

producing the following considerations:
• Strengths: the efficient use of free national datasets (IBGE,

INPE) enabled low-cost and scalable GIS development.

• Weaknesses: disease data were obtained through indirect

georeferencing, limiting positional accuracy. This may affect

the precision of hazard classification and spatial

decision-making.

• Opportunities: data were gathered and organized in a

structured way while also integrated with environmental data.

• Threats: the environmental variability may impact future

uses due to altered hydrological conditions, and lack of

funding for field validation may constrain the accuracy of

future applications.
3.2.4 Phase four and five: maintenance and
communication of the outcomes

In this freshwater case study, no maintenance process was

defined. The overall outcome of this framework application was a

GIS project designed to support an exploratory analysis of N.

buttnerae cases in relation to the river network and distribution

of fish farms. By visualizing these spatial relationships, the map that

was produced enables end users to identify potential risk areas for

disease spread and supports a more informed decision-making

process to develop surveillance and prevention strategies. Panel B

of Figure 4 shows the output map displaying the spatial distribution

of fish farms and associated hazard levels. It also identifies high-

priority monitoring areas based on their hydrological connectivity

and confirmed parasite presence. Panel A, instead, summarizes the

life cycle of N. buttnerae.
Instituto Brasileiro de Geografia e Estatıśtica – Downloads. https://

.ibge.gov.br/geociencias/downloads-geociencias.html [Accessed

mber 8, 2025].

TOPODATA Banco des Dados Geomorfométricos do Brasil – INPE.

//www.dsr.inpe.br/topodata/ [Accessed September 8, 2025].
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4 Discussion

4.1 Evaluation of the framework and of its
application

The framework presented in this paper offers a structured and

tailored approach to GIS planning for aquatic animal health (AAH)

management, which is critical for implementing projects effectively,

especially for GIS end users working in complex aquatic

environments. In fact, when compared to terrestrial contexts,

aquatic environments present specific challenges for infectious

disease surveillance and control. Pathogen transmission can occur

rapidly and over large distances due to hydrodynamic connectivity,

such as water currents, tides, or river flows, which may spread

pathogens far beyond the initial outbreak site (Alaliyat and

Yndestad, 2015). Environmental variables, including temperature,

salinity, dissolved oxygen, and nutrient levels, can fluctuate over

short timeframes and significantly influence host susceptibility,

pathogen persistence and spread, and outbreak seasonality (Urke

et al., 2021; Ding et al., 2024). For instance, in the Italian case study,

bathymetry was considered since the area did not have a deep

seabed, which is a factor to consider due to the poor water

recirculation and the consequent persistence of the pathogen.

Furthermore, in aquaculture, the boundaries of production units

are often more permeable than in terrestrial farming, making

containment strategies less straightforward. These factors make it

necessary to adapt GIS tools to integrate spatial layers and dynamic

environmental data (e.g., hydrological models), which are generally

less relevant or absent in terrestrial epidemiology. Through a step-

by-step process based on a series of chronological phases (Figure 2),

the presented framework is meant to ensure that the developed GIS

projects are sustainable, efficient, and aligned with the developers’

intended goals, as well as applicable and reliable for projects of all

sizes, including small or one-time efforts. Unlike other existing but

more generic models and protocols, the proposed framework

combines technical-practical aspects (e.g., inclusion of a master

data plan) with organizational and communicative components

typical of the AAH research and production sector, that is to say it is

meant to put standard theory into practice in the specific context.

Moreover, and in line with the “holistic approach” wished by the

European Food Safety Authority (EFSA (European Food Safety

Authority) et al., 2022), the interdisciplinary and collaborative effort

through which the framework was produced allowed combining the

experts’ different perspectives and practical insights (Figure 1),

ensuring that the final framework was not only robust from a

technical point of view but that it also addressed real-world

challenges typical of AAH surveillance and management. It also

enabled the collection and provision of practical solutions for

organizing, maintaining, and analyzing spatial datasets, especially

ensuring they are suitable for aquatic environments (Open GIS

Consortium, Inc 1999). The two case studies describing the

practical applications of the framework, both in the marine

aquaculture in Italy and in the freshwater aquaculture in Brazil,

demonstrated its versatility and its capacity to be adapted to

different environments and to guide the development of GIS
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projects that are aligned with stakeholders’ expectations, even

when using simulated data, as may be the case when testing a

new model or information system (Ishiwaka et al., 2021; Karras

et al., 2023; Steele et al., 2024) or when real data are not yet available

because data collection has not yet been completed (e.g., case study

in the Toscana Region, Italy).
4.2 Experienced and potential benefits
deriving from the applications

One of the main strengths of the proposed framework is its

ability to guide end users, especially those with still limited GIS

expertise, through all the stages of GIS project planning and

implementation in complex domains such as the AAH one

(Tomlinson, 2007; Longley et al., 2015). In particular, it

encourages the inclusion of fundamental GIS planning elements

that are often overlooked. In fact, by following the framework’s

phases, GIS end users of the two Italian and Brazilian studies were

able to define goals, select appropriate data sources, structure their

systems, and develop outputs that addressed their stakeholders’

needs. As shown by both case studies, the use of the framework

facilitated interdisciplinary collaboration by introducing a shared

workflow that improved communication between GIS technicians,

epidemiologists, and decision-makers. This collaborative alignment

contributed to the development of outputs, such as thematic maps,

data inventories, and risk assessments, that were in accordance with

the established needs, technically robust, and directly applicable to

the decision-making processes. Overall, even if not all components

of the framework were fully implemented in the two case studies, its

structured methodology proved to be an asset for orienting and

enhancing the design and execution of GIS projects in the two

diverse aquatic environments. The adoption of its approach

promoted project consistency and coherence, reducing the risk of

fragmented development or redundant efforts, while also fostering a

GIS project planning culture (Dennis et al., 2015).

Further potential areas foreseen for the adoption and

circulation of the framework, and deriving benefits, include:
• Capacity building initiatives in contexts where resources are

limited and where GIS expertise, background spatial data,

and farm registry information may be lacking (Jennings

et al., 2016). Its structured approach would help avoid

common pitfalls, like fragmented data integration or

mismatched technologies, eventually improving disease

surveillance and enhancing data sharing.

• Academic training by scholars and educators, who can

use the framework as a valuable resource to bridge the gap

between theoretical GIS concepts and real-world

applications for AAH. The framework could be

included in academic curricula for veterinary and

animal science students, providing them with hands-on

experience in GIS planning and implementation of GIS

projects, also using case studies and examples as it is

presented in this paper.
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• Academic research, which may take the opportunity to

explore if and how its principles can be adapted to

address emerging environmental and health challenges in

any given area, such as climate change, emerging diseases,

or biosecurity (Jennings et al., 2016; Henriksson et al., 2018;

Pacheco et al., 2025).
Table 1 summarizes the abovementioned benefits experienced

from the application of the framework within the two case studies,

as well as those foreseen for its future and further implementations.
4.3 Challenges and limitations: lessons
learned from the applications

While the two case studies confirmed the framework’s overall

applicability and usefulness, they also highlighted areas where GIS

project planning in the AAH domain can be further strengthened.

In fact, the limitations observed underscored project-level execution

deficiencies reflecting a poor GIS planning culture that is widely

spread. In both applications, two framework components were not

fully leveraged: the GIS strategic plan and the GIS data plan. The

omission of a GIS strategic plan, which should provide users with a

long-term direction for resource use and allocation, may

compromise the continuity and scalability of GIS projects,

particularly when one single operator is fully responsible for the

technical duties or when institutional long-term vision is lacking

(Dennis et al., 2015). Similarly, the inclusion of a GIS data plan

document in the GIS planning ensures a structured way to

strategically manage, document, and plan the use of key

geospatial data within the organization, with emphasis on

background maps, shared layers, and reusable datasets (EFSA

(European Food Safety Authority) et al., 2022). Especially within

the application in the Brazilian freshwater environment, for

example, reliance on geospatial information extracted from

published literature significantly limited spatial accuracy and the

ability to assess the effective value of a structured GIS data plan.

This presents an opportunity to further demonstrate the role of
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such planning documents in ensuring reliable, reusable, and well-

documented data infrastructures (Tomlinson, 2007; Longley

et al., 2015).

Moreover, both the investigated case studies confirmed that,

while in-house GIS personnel are essential for the launch and

development of the project, complex tasks like advanced spatial

analysis, model development, or system integration often require

specialized expertise (McDaid Kapetsky and Aguilar-Manjarrez,

2007). The framework encourages project managers to recognize

when external consultants are needed, ensuring that projects are not

hindered by in-house personnel’s skill gaps or limited technical

capacity. Indeed, the effectiveness of the GIS project’s output is

expected to be maximized thanks to the collaborative effort between

external experts and in-house human resources (Sinton, 2015; Fang

et al., 2018). Furthermore, it must be noted that both the

applications primarily focused on the production of static maps,

without fully exploring the broader range of GIS functionalities

outlined in Annex 5 - GIS functional aspects, including spatial

querying, inventory management, or spatial modelling. And even

if all maps, including when static, represent spatial phenomena that

are naturally dynamic, especially in aquatic environments, and their

cartographic representation does not always need to be dynamic to

fulfill an analytical or communicative purpose, this limited

exploitation of the GIS possibilities suggests, once more, that GIS

is largely perceived merely as a cartographic tool, while its full

potential as a dynamic decision-support system is widely

overlooked. In both case studies, the production of static maps

was enough to support the main goals of the pilot application of the

framework; that is, to test its coherence, usability, and alignment

with stakeholders’ needs. However, it is important to emphasize

that the primary objective of the framework is not the production of

maps per se but, rather, the establishment of a structured and

replicable approach for developing GIS projects that support AAH

by providing a coherent, well-structured, and context-sensitive

guideline. That said, we do recognize the importance of more

advanced and dynamic mapping approaches (e.g., exploratory

spatial and temporal data analysis or epidemiological modelling,

web-based GIS applications, interactive dashboards, risk
TABLE 1 Benefits and limitations experienced from the application of the framework within the Italian and Brazilian case studies. Potential benefits
foreseen for future applications of the framework.

Experienced benefits Potential benefits Experienced limitations

• Guidance for GIS end users of all levels
throughout all stages of GIS project
planning and implementation

• Versatility and adaptability of the tool to
different environments and working
conditions

• Production of a shared workflow that
enhanced interdisciplinary communication
and collaboration

• Development of outputs both in line with
the established needs, technically robust,
and directly applicable to the decision-
making process

• Enhancement of project consistency and
coherence and limitation of fragmented
development and redundant effort

• Capacity building initiatives in
contexts with limited data, resources,
and GIS expertise

• Academic training as a resource to
bridge the gap between theoretical GIS
concepts and real-world applications

• Academic research to explore if and
how its principles can be adapted to
address emerging challenges in other
research areas

• Overlooking of some major key planning components (i.e., strategic
plan and data plan) which may hinder the long-term continuity and
scalability of the project by leading to fragmented and unsustainable
project planning

• Main reliance on in-house experts rather than on external expertise,
especially for complex tasks

• Limited exploration of the broad range of GIS functionalities outlined
in Annex 5 - GIS functional aspects

• Lack of definition of “most effective” layout for output maps in Phase
five: Communication of the outcomes

• Poorly interactive framework format that may limit end users’
involvement
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assessment, habitat suitability mapping, hydrodynamic and

connectivity modelling, as well as integration with early warning

and decision-support systems) to be attempted in future tentative

applications; for which these first explorative case studies lay the

foundation. Moreover, it must be admitted that the current version

of the framework does not provide any definition of “most effective”

layout for output maps. This should be considered and included to

further develop Phase five: Communication of the outcomes in

future editions of the framework.

Finally, although the framework is technically comprehensive,

its current length and textual format may be discouraging for end

users to fully engage. A modular or interactive version, supported

by visual examples, could improve its accessibility and promote a

broader adoption.

A summarized list of the experienced limitations is also

presented in Table 1.
4.4 Recommendations for application

Planning is largely acknowledged as a foundational step for the

success of any GIS project, particularly in complex domains such as

the AAH one. Therefore, this framework was developed to promote

structured planning as the cornerstone of GIS project development

and it should be considered as a flexible and adaptable tool that

guides users, especially those with limited GIS experience, through

the multifaceted decision-making processes required for such a

challenging task. Indeed, as demonstrated by the two practical

applications described, not all the potential dimensions and

challenges associated with GIS projects emerge in every individual

implementation. Therefore, the process of applying the framework

becomes an opportunity for learning in itself; users become more

and more familiar with its structure, utility, and adaptability as they

use it in real-world situations. Furthermore, it is important to

underscore that the framework takes shape from the

interdisciplinary experiences of the involved experts, and that it is

claimed to be a working guide to be adapted according to the

specific project needs and local conditions, since every possible

technical, environmental, and institutional contexts that GIS

practitioners might encounter cannot be addressed, especially in

the AAH domain. In fact, the proposed framework helps users

identify and reflect on the critical components that should be

considered for a coherent and complete GIS project development,

while still leaving room for local adaptation and innovation.

Furthermore, and once more, the authors would like to

emphasize the importance of the inclusion of both a GIS strategic

plan and a GIS data plan in the project development. Without these

two key components, projects may become fragmented,

unsustainable, or dependent on a single operator, thereby

undermining its own long-term continuity and scalability. On the

contrary, embodying them in a GIS development approach helps

ensure robust data management, clearer prioritization of resources,

and better integration across working teams and systems.

Additionally, the use of external GIS consultants should be

carefully considered. While internal staff can tackle day-to-day
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operations, complex spatial analyses, data modeling, or web

applications often require specialized expertise. External

consultants help overcome inherent limitations of in-house GIS

technicians; even though they may not deliver cutting-edge

solutions, they are likely to offer practical and resource-

appropriate strategies that work well with the institution’s budget,

personnel, and time constraints. Finally, the adoption of a GIS data

plan is strategic to maximize the reuse of data across multiple

projects. Which is in line with what was wished for by other authors

and by the experts involved in previous Aquae Strength activities:

that is a planning approach based on a forward-thinking vision

encompassing the reuse of resources, integration of GIS solutions

into other applications or processes, and accessibility and longevity

of GIS tools and data (Goodspeed et al., 2016; Pfenninger et al.,

2017; EFSA (European Food Safety Authority) et al., 2022). By

identifying datasets that are applicable to various GIS applications

(e.g., farm registry, aquatic area management), organizations can

establish dedicated GIS projects that are exclusively focused on

capture, maintenance, and quality control of these shared datasets.

This approach ensures that data integrity is consistently guaranteed

by the GIS project dedicated to data management, while the other

GIS projects do not need to deal with data collection and validation,

thus focusing solely on their own specific objectives, exploiting the

reliable and up-to-date datasets already created and consistently

managed. This enhances operational efficiency, optimizes the use of

resources by preventing a waste of effort and ensuring that high-

quality data is available across all GIS applications. In particular, the

adoption of a GIS data plan is especially important for projects that

involve data with cross-cutting applications, as it allows

organizations to maximize the efficiency and long-term value of

their investments in data collection and management.
5 Conclusions

The framework presented in this study provides GIS end users

involved in the aquatic animal health (AAH) domain with both

principles and tools to be used to develop GIS projects in a

standardized, structured, and tailored way. It bridges the gap

between technical methodologies and real-world applications,

empowering stakeholders to overcome technological and

organizational barriers, improving data quality, facilitating an

effective collaboration, and, ultimately, enhancing their ability to

implement GIS projects to support AAH activities. By fostering the

idea of planning as the prime condition of any successful GIS

projects, as well as data reuse and resource optimization as

paramount elements to design GIS within an organization, it

guarantees functionality, scalability, and sustainability; whether

for small-scale projects or projects with multiple users and based

on complex technologies. As demonstrated through its application

within two case studies in two different aquatic environments,

marine and freshwater, this framework promotes the planning as

an incremental, step-by-step process that helps GIS users anticipate

challenges, define coherent workflows, and manage data effectively.

However, it may need to be used flexibly as a tool that provides
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orientation to navigate the complex challenge posed by designing a

GIS project for AAH purposes. Therefore, the authors encourage

any potential end user to apply the framework consciously and,

rather, to contribute to its evolution. The integration of the

framework into further contexts and situations, together with the

feedback coming from such integrations, will ensure it remains a

living resource that evolves with technological advances and

according to field needs.
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