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Abstract: Aquaculture is the fastest-growing animal food production sector and is expected to
become increasingly important to meet future food demands. As a landlocked country, Austria’s
self-sufficiency rate for fish is rather low with 6% in total and 48% for freshwater fish. Therefore, and
in order to enable sustainable growth of the sector while avoiding negative impacts on the aquatic
ecosystem and other uses, we developed aquaZone, a decision support tool for sustainable trout
farm zoning. Thereby, 30 spatially explicit criteria related to environmental prerequisites, land use,
legal constraints and water quality/quantity were defined, collected and classified according to their
suitability for sustainable trout production. Criteria were combined in an integrative GIS-based
modelling approach in order to perform the first countrywide and spatially-explicit zonation of
suitable areas for aquaculture in Austria. Thereby, 7920 suitable areas with a mean size of 8.2 ha
located in 1129 out of 5011 sub-basins (23%) were identified. The decision tree assigned the highest
variable importance to water temperature, slope, agricultural unit, geology, nitrate retention capacity,
fish region, minimum flow and pollution risk. These results should support decision making of
investors and authorities in order to avoid conflicts and stranded investments at an early stage.

Keywords: sustainable aquaculture zoning; freshwater aquaculture; flow-through system; GIS;
decision support tool; ecosystem-based management; suitability

1. Introduction

On the global perspective, aquaculture is the fastest-growing animal food production
sector with an annual growth rate of 5.3% during the period 2001–2018 [1]. In 2014, farmed
fish exceeded wild-caught fish for consumption for the first time [2] and provided 52% of
the demand for human consumption (i.e., 156 Mt) and 48% of the global fish production
(i.e., 179 Mt) in 2018 [1]. Bearing in mind that 34.2% of fish stocks are fished beyond
biological sustainability and considering that the demand for fish consumption is expected
to increase to 210 Mt by 2050 [3], aquaculture production is expected to become increasingly
important [4].

Although there is an ongoing global aquaculture expansion, EU’s participation on the
producer side is rather low with 1.32 Mt of aquaculture products [5] and a self-sufficiency
rate of 42%. In 2018, the European Union (EU-28) was the largest fish-importing market
worldwide with an import of 6.34 Mt of fish and aquaculture products (34% in terms of
value) [1,5]. While a few European countries produce more than they consume, Austria
only reaches a self-sufficiency rate of 6% and consumes its last home-produced fish on the
22nd of January and relies entirely on imports for the rest of each year to meet demand.
While landlocked countries like Austria will always rely on the import of marine fish, it
is, however, surprising that Austria, which is rich in cool freshwater resources ideal for
trout production, only achieves a self-sufficiency rate of approximately 48% for freshwater
fish [6,7].
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In order to support sustainable aquaculture development, strategic tools are required.
The call for such approaches already emerged by the late 1980s, when it became obvious
that fish resources were all too often recklessly exploited. Starting with the Code of
Conduct for Responsible Fisheries (CCRF) [8], sustainable strategies and policies were
soon extended also to aquaculture. In 2007, the Ecosystem Approach to Aquaculture (EAA)
was initiated to promote the consideration of ecosystem functions and services (including
biodiversity), equity for all relevant stakeholders and development in the context of other
sectors, policies and goals [9–11]. Following the EU biodiversity strategy [12], the Blue
Growth Initiative, which is closely aligned to the Sustainable Development Goals (SDGs),
was launched in 2013 [13]. It aims for maximizing economic and social benefits while
minimizing environmental degradation and to promote the use of innovative, integrated
and multisectoral approaches [14]. Furthermore, the Farm to Fork Strategy (FFS) presented
in early 2020 as part of the Green Deal aims at securing a fair, healthy and environmentally-
friendly food system in consideration of climate change effects [15].

The above listed initiatives emphasize the importance of national strategic plans [16].
Especially if aquaculture builds upon public water resources, integrative water resources
management and landscape planning is not only essential to enhance productivity, but also
to minimize stress on ecosystems [17,18]. Furthermore, sound decision-making can only
take place under consideration of competing water uses (e.g., hydropower, drinking water,
recreation) and conflicting policy goals (e.g., EU Water Framework Directive, Renewable
Energy Directive, Floods Directive, Flora–Fauna–Habitat Directive [19–22]). This is also in
line with the concept of the water–energy–food nexus [23].

As a result of international and national aquaculture strategies, spatial decision sup-
port tools for sustainable aquaculture zoning and site selection are in great demand [24,25].
Thereby, spatial planning can be divided into three steps starting with aquaculture zoning,
site selection and aquaculture management areas [14]. Hereby, in terms of freshwater
farming, zoning aims for the identification of hydrological systems (e.g., sub-catchments)
which are suitable for aquaculture development. In comparison, site selection requires
high-resolution input data which are detailed enough to select potential aquaculture sites,
while management areas incorporate potential mutual interferences of potential sites and
aim for the reduction of risks (e.g., nutrient input or spread of diseases) and utilization of
benefits (e.g., production clusters).

Criteria selection depends to a large degree on the production system and species
in question. Trout farms rely on their proximity to sufficient, cool, oxygen-rich waters
with a stable pH value. Spatial demands are rather low compared to carp ponds; however,
criteria related to environmental prerequisites (e.g., proximity to water sources, slope),
water quality (e.g., pollution risk, water temperature) and quantity (e.g., minimum flow)
are essential and should be further extended to land use/cover (e.g., sealed surfaces,
forest, agriculture), legal constraints (e.g., protected areas, existing and planned uses) and
potential risks (e.g., flooding).

Even though required data for spatial planning are nowadays often available in
digital form and publicly accessible, their compilation, interpretation and combination
for decision-making is challenging. To cope with many different criteria and multiple,
potentially conflicting goals, approaches for multi-criteria analysis (MCAs) were introduced
around 1970 [26,27]. Since geographic information systems (GIS) can be used efficiently
and effectively to explore, analyze, model and combine spatial and temporal aspects of
aquaculture on a larger scale, it has been recognized as an important tool for the aquaculture
sector [24,25,28]. By integrating MCAs in GIS, easily comprehensible output (in the form
of maps) can be obtained for increasingly complex spatial management questions [28,29].
Nevertheless, [28] highlights that GIS are often underutilized and their potential is not fully
exploited in aquaculture planning.

Despite the fact that spatial planning is indispensable for sustainable development
and that aquaculture stakeholders are requesting tools for planning and management of
aquaculture facilities [30], no corresponding tool has been developed for trout farming
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in alpine or comparable environments so far. The aim of this paper is therefore (1) to
investigate relevant parameters for sustainable aquaculture development, (2) to assess
the availability and quality of related spatial data, (3) to develop a conceptual framework
and spatially-explicit tool for identifying suitable aquaculture zones and (4) to assess the
importance of individual criteria for suitability assessment. Based on Austria’s alpine
location, the highest absolute growth is envisaged for salmonid species, which is why this
study focuses on trout production in flow-through systems utilizing surface water bodies
(particularly streams).

2. Materials and Methods
2.1. Study and Investigation Area

Austria is mostly located in the Alps within the temperate climate zone and covers
an area of 83,879 km2 [31]. Due to its central location in Europe, it falls into the transition
zone from oceanic (Atlantic) to continental climate, with Mediterranean influences in the
south. The different climatic influences and altitudes (i.e., from 114 to 3798 m) cause
large spatial variations in mean annual precipitation (i.e., from 600 to 1950 mm) and mean
annual temperatures (from −9 ◦C to 11 ◦C) [31,32]. More than half of the mean annual
precipitation of 1100 mm (~600 mm) is converted into discharge [31,33].

For salmonid fish farms, the proximity to clean, cool and oxygen-rich water is the
main prerequisite and therefore crucial for delineating the investigation area. In general,
springs, groundwater and surface waters (especially running waters) are utilized for trout
farms. Since most farms are located in close proximity to rivers, the national reporting river
network (i.e., 32,932 km of rivers with a catchment size larger than 10 km2 and 6713 km
of smaller rivers), was buffered by 250 m on each side to delineate the investigation area
covering 20% of Austria.

2.2. Identification of Requirements and Limitations for Trout Production

Identifying suitable areas requires understanding the main factors responsible for
successfully running a trout farm at a specific location. Therefore, we performed a literature
review on frequently used criteria for aquaculture operation and siting. While most studies
showed a clear focus on environmental criteria, some also incorporated social and economic
parameters [34–37].

We grouped relevant criteria for aquaculture siting into the following categories: (1)
environmental prerequisites, (2) land use and cover, (3) legal constraints and risks and (4)
water quality and quantity (Table 1).

Table 1. Frequently used criteria for aquaculture siting.

Parameter Group Frequently Used Criteria References

Environmental
prerequisites

Proximity to water source [34,36–42]
Available area [38]

Elevation [26,38,43]
Slope [34–37,40,43,44]

Geology and related criteria (e.g., pH) [34,36,40,45]
Special river types (e.g., glacial river) [45,46]

Land use/cover
Land use [26,34,36,40–43]

Soil characteristics [26,35–37,40,43,44]

Legal constraints/
risks

Protected areas [34,40,43,47]
Competing uses [38,40,47]
Natural hazards [43,47]

Water quality/
quantity

Water quality [37,40,43,45,47]
Water temperature [34–36,40,45]

Water quantity/availability [35,36,43,44]



Sustainability 2021, 13, 1470 4 of 25

2.3. Criteria Selection and Classification

Based on the literature review, legal regulations and data availability, we selected a
total of 30 criteria for site suitability classification. Most of the data for these criteria were
derived from open-access governmental databases or were provided by Austrian ministries
and federal states. Criteria were classified into five distinct suitability classes to harmonize
types and formats of data (binary, ordinal, metric) and to make them comparable: 0 (no
suitability/exclusion), 0.25 (low suitability), 0.5 (medium suitability), 0.75 (high suitability)
and 1 (very high suitability; see Table 2). Compared to a fuzzy classification without hard
boundaries, the selected classes are more user-friendly concerning the interpretation of
results and communication to stakeholders [37,48]. After the reviewing process, selected
criteria and thresholds were reviewed and if necessary revised by an interdisciplinary
panel consisting of practitioners, authorities and scientific institutions.

Table 2. Overview of criteria and their suitability classification (for detailed description see text).

Suitability Unsuitable
(0) Low (0.25) Medium

(0.5) High (0.75) Very High (1)

Category criteria

Considered
areas

Distance to river 1 >250 m ≤250 m

Min. area (ha) 2 <0.4 ≥0.4

Environmental
prerequisites

Elevation (m) 2 >1000 ≤1000

Slope (%)2 >20 >10–20 >5–10 ≤5

Geology 1 Bohemian
Massif

Limestone and
silicate, silicate of
the Central Alps

Limestone

Fish region 1 Others Trout region

Lake in-/outflow 1 Yes No

Glacial river 1 Yes No

Land use/cover

Land use 3

Artificial
surfaces,

water
bodies

Agriculture,
grassland and

forests *

Agricultural unit 4 No Yes

Forest function 5

Protective
(cat. 2+3),

Welfare (cat.
2+3), Recre-
ational (cat.

3) **

Protective (cat. 1),
welfare (cat. 1),
recreational (cat.
1+2) **, no forest

Nitrate retention
capacity 1

Very
low/low,

settlement,
waterbody

Medium/high,
unknown, forest

Legal con-
straints/risks

Ecological status 1 High Good or worse

Residual flow
section 1 Yes No

Impoundments 1 Yes No

Bathing area 1 Yes No
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Table 2. Cont.

Suitability Unsuitable
(0) Low (0.25) Medium

(0.5) High (0.75) Very High (1)

National park 6 Yes No

Nature reserve 6 Yes No

N2000 area 1,6 Water-
related

Not water-
related No

Water protection
area 1,6 Yes No

Valuable river
stretch 7–10 In conflict With

constraints
Not in conflict, not

included

Flood risk area 1 Yes No

Water qual-
ity/quantity

Status of nutrient
pollution 1

Moderate or
worse

High/good,
unknown

Status of nat.
pollutants 1

Moderate or
worse

High/good,
unknown

Status of EU
pollutants 1

Moderate or
worse

High/good,
unknown

Pollution risk 1 Potential
risk/risk Unknown *** No risk

Emission discharge
1 Yes No

Contaminated site 1 Yes No

Water temperature
WTQ95 (◦C) 11 >16 12–16 <12

Summer low flow
12

July, August
and

September
Other months

Mean annual low
flow 12 <50 L/s ≥50 L/s

* Forests are assessed in more detail (criterion “forest function”) and were therefore considered suitable here; ** cat. 1 = low public interest,
cat. 2 = medium public interest, cat. 3 = high public interest; *** areas with unknown water quality parameters (i.e., < 10 km2 catchment area)
were rated 0.75; WTQ95 = 95% quantile of the daily mean water temperature in one year; Data sources: 1 Ministry of Agriculture, Forestry,
Environment and Water Management 2015; 2 Ministry of Sustainability and Tourism 2018; 3 Copernicus 2018; 4 AgrarMarkt Austria 2018; 5

Federal Forest Office 2018; 6 Open Governmental Data of Federal States 2018; 7 Ministry of Agriculture, Forestry, Environment and Water
Management 2014 (Federal Law Gazette. II 274/2014); 8 Regional Government of Upper Austria 2019 (State Law Gazette No. 66/2019); 9

Regional Government of Styria 2015 (State Law Gazette No. 40/2015); 10 Regional Government of Lower Austria 2016 (State Law Gazette
No. 42/2016); 11 Borgwardt et al. 2020; 12 Ministry of Agriculture, Forestry, Environment and Water Management 2007.

2.3.1. Landscape Criteria

In a country like Austria, high variation in landscape characteristics predetermines
the feasibility of implementing a fish farm at a specific site. With regard to environmental
prerequisites, such parameters as elevation, slope, geology, fish region and special river
types (i.e., lake in- and outflows and glacial rivers) were evaluated.

Although the potential distribution limit of trout is around 1300 meters above sea
level (MASL) [49], such high elevations may be less suitable for aquaculture since they
are associated with low production capacities due to low temperatures, long-lasting snow
cover as well as undesired icing effects. Therefore, areas above 1000 MASL were considered
unsuitable (S = 0).

The slope of the terrain determines whether an area is suitable for placing a fish farm
at a specific location. Steep slopes are not suitable but low gradients are ideal to bypass
water through fish farm facilities using natural gravity. The slope of an area was calculated
from a high-resolution digital elevation model (DEM; 1 m resolution) by calculating the
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maximum rate of change between each cell and its neighbors using the ArcGIS Spatial
Analyst tool “slope”. We assigned slopes below 5% very high suitability (S = 1), while areas
with 5–10% and 10–20% were assigned high and medium suitability, respectively (S = 0.75
and S = 0.5). Gradients of more than 20% were considered unsuitable (S = 0).

Geology has a significant influence on water quality parameters, such as pH, alkalinity
and hardness. Trout prefer stable pH values between 5 and 9.5 [50]. Higher shares of
calcium carbonate can buffer pH fluctuations, which is why siliceous soils (e.g., silicate) can
be considered less suitable compared to calcareous soils (e.g., limestone). Consequently, we
assigned very high suitability (S = 1) to limestone, high suitability to mixtures of limestone
and silicate and silicate of the Central Alps (S = 0.75). The Bohemian Massif (i.e., silicate)
was assigned low suitability (S = 0.25).

Following the concept of Illies [51], Austrian rivers have been classified into five main
and twelve sub-fish-regions [52]. Ideal environmental conditions for brown trout can be
assumed for epi- and metarhithral streams, also known as upper and lower trout region
(S = 1). Despite the fact that brown trout also inhabits most hyporhithral rivers (i.e., the
grayling region), higher temperatures and turbidity as well as increased nutrient loads
disqualify those river sections as preferred fish farm sites (S = 0).

Glacial rivers as defined by Haßlacher and Langegger [53] represent a special river
type [31]. They exhibit high annual and diurnal fluctuations in flow, temperature and
turbidity making them rather unsuitable for fish farms (S = 0). Further special river types
are lake in- and outflows [31]. Lake outflows represent river sections characterized by
abiotic, biotic and trophic conditions of the lacustrine ecosystem [54]. High summer and
low winter temperature conditions make lake outflows less favorable for aquaculture
facilities. Furthermore, fish farms should not be placed at lake inflows as lakes are sensitive
to nutrient inputs (eutrophication). In addition, they provide important spawning habitats
for some fish species (e.g., Salmo trutta lacustris, Rutilus meidingeri) [55] and substantially
contribute to their conservation, which is why they should be protected from any additional
impact (S = 0) [56]. We considered lake in- and outflows of all lakes > 50 ha.

The possibility of setting up a new aquaculture facility depends to a large degree
on the land cover and use of an area as special types of land use may exclude (e.g.,
sealed areas), hamper (e.g., forest) or favor (e.g., grassland) fish farm implementation. A
comprehensive collection of land cover data is provided by the Coordination of Information
on the Environment (CORINE) program, which was implemented as part of the Copernicus
Land Monitoring Service initiated by the European Environment Agency. CORINE Land
Cover (clc2018) data detect areas with a minimum mapping unit of 25 ha and classify them
into 44 land cover categories, which can roughly be grouped into (1) sealed areas (e.g.,
streets, cities), (2) agriculture, (3) woodland, (4) grassland and (5) water bodies [57]. We only
excluded sealed areas and water bodies (S = 0) and used additional data for a differentiated
assessment of agricultural and woodland areas: in contrast to woodland (i.e., wooded
areas), forests are subject to the Austria Forest Law [58] and the Forest Development Plan
(FDP) [59]. The FDP provides an important ecological, economic and social basis for forest
law decisions and aims for sustainable preservation of guiding functions, which can be
differentiated in (a) utilization, (b) protective, (c) welfare and (d) recreational function of
high (cat. 3), medium (cat. 2) or low (cat. 1) importance. Forest data were obtained from
the Federal Research and Training Center for Forests, Natural Hazards and Landscape [60]
and then combined with the nationwide FDP classification. According to legal practice,
forests with low protective or welfare function, low to medium recreational function or
a mere productive function were attested very high suitability (S = 1). On the contrary,
the possibility of constructing new aquaculture facilities in forests with medium-to-high
protective or welfare function or high recreational function has to be assessed on a case-
by-case basis, which is why forests with these features were considered unsuitable (S = 0).
With regard to agricultural areas, data of the Integrated Administrative and Control System
(IACS) [61] comprise a clear delineation of distinct cultivation units according to §16 of
the Horizontal Regulation of the Common Agricultural Policy [62]. Cultivated land was
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rated with very high suitability (S = 1) while uncultivated land was slightly downgraded
(S = 0.75) to prioritize areas already in agricultural use and to avoid more expensive building
grounds. Furthermore, the nitrate retention capacity, which describes the sensitivity of
agricultural areas with regard to nitrate discharge based on the Austrian soil mapping [63],
was incorporated. Thereby, soils with medium-to-high nitrate retention capacity (including
forests) show a lower risk of nitrate pollution and were rated as highly suitable (S = 1). On
the other hand, soils with low or very low retention capacity (including settlement areas)
were downgraded (S = 0.5).

In order to define sites with low risks for conflicts and a high probability of ap-
proval, the consideration of legal constraints related to existing and planned uses (e.g.,
hydropower), water and nature protection and flood control is crucial. The EU Water
Framework Directive (WFD) [19] and related Austrian laws and directives as the Austrian
Water Law [64] and the Quality Objectives Ordinance Ecology (QOOE) [65] clearly stip-
ulate, that all water bodies have to maintain (i.e., no deterioration principle) or reach at
least a good ecological status. In order to protect the few remaining water bodies with high
ecological status from any additional impact they were excluded (S = 0).

Information on existing uses and related impacts (e.g., impoundments, water ab-
stractions) is important to assess potential interference with new aquaculture facilities.
Related data are provided by the National River Basin Management Plan [31]. Residual
flow sections (i.e., sections impacted by water abstractions) should not be exposed to any
additional stress and were, therefore, designated as unsuitable (S = 0). Impoundments
may feature altered and therefore unsuitable water quality parameters (e.g., water tem-
perature) and show a higher risk of eutrophication once exposed to nutrient-enriched
discharges. Therefore, the impoundment itself and an upstream buffer of 500 m or 1000 m
for impoundments with 50–250 m or > 250 m in length were excluded (S = 0).

The consideration of protected areas is indispensable for sustainable planning.
In national parks, nature conservation has absolute priority (S = 0). Furthermore, na-
ture reserves play an important role in Austria, and while existing agricultural and forestry
uses are permitted, additional interference with nature must be prevented (S = 0). Natura
2000 areas aim to ensure the long-term survival of Europe’s most valuable and threatened
species and habitats listed under both the Birds Directive (BD; 2009/147/EC) [22] and the
Habitats Directive (HD; 92/43/EEC) [20]. In water-related Natura 2000 areas (according
to Art. 6 and Annex IV of the WFD) [19], the maintenance or improvement of the status
of species and habitats is envisaged. Since aquaculture facilities may interfere with these
goals, water-related Natura 2000 areas were considered unsuitable (S = 0), while projects
in non-water-related Natura 2000 areas require impact assessment and were, therefore,
downgraded to medium suitability (S = 0.5). A similar principle was applied to provincial
laws for protecting valuable river stretches (i.e., §53 and §55 g [64]). Areas in clear conflict
with the protection goals were excluded (S = 0), while areas associated with potential
constraints for aquaculture were downgraded (S = 0.5). Water protection areas (based on
§§34, 35 and 37 [64]) serve the purpose of ensuring the supply of clean drinking water,
which has higher priority than fish production (S = 0). With regard to competing uses, we
also excluded designated bathing areas including an upstream buffer of 3–5 km (depending
on river size; S = 0). Finally, areas with potential significant flood risk (APSFR) based on
the risk assessment performed in the frame of the EU Floods Directive (FD) [21] should be
avoided in order to prevent potential damage (S = 0).

2.3.2. Water Quality and Quantity Criteria

In flow-through systems, continuous water flow with high oxygen content and water
quality as well as appropriate water temperature ensures the rearing of cold-water fish.
Water quality plays a crucial role for aquaculture facilities since pollution by nutrients or
contaminants can directly (e.g., by toxic effects) or indirectly (e.g., by reduction of oxygen
saturation) affect fish in aquaculture facilities. Several water quality criteria are collected
in the frame of the WFD and provide a good basis for water quality assessment. In this
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context, water for aquaculture should be taken only from water bodies with a high or
good status related to national and/or EU contaminants and nutrients (S = 1). River
sections where the risk of pollution via nutrients, national or EU pollutants is unknown
were slightly downgraded (S = 0.75). River sections in vicinity of industrial or wastewater
discharges (i.e., 750 m downstream of the point source) especially should be avoided
(S = 0). Landfills classified as “groundwater-relevant” according to the Act on the Re-
mediation of Contaminated Sites [66] were buffered by 1 km and considered unsuitable
(S = 0).

Water temperature is one of the most critical factors for site selection. Adult brown
trout, as oligo-stenothermic species, prefer temperatures between 4–19 ◦C and may restrict
or stop food intake at temperatures outside this range [67]. For reproduction and egg
development, low temperatures between 1–9 ◦C are considered beneficial [68,69]. Concern-
ing oxygen saturation, brown trout require at least 5.5 mg/L, but > 7 mg/L is preferred,
especially at juvenile life stages [70,71]. Due to the lack of sufficient water temperature
monitoring sites, we used modeled WTQ95 values as calculated in [72]. WTQ95 represents
the 95% quantile of the daily mean water temperature in one year and was calculated
under consideration of the Strahler order, catchment size, river slope, hill shade, tree cover
and the glaciated area in the catchment. We finally used predicted water temperature data
for the time period 2021–2050 to allow a buffer for possible temperature increases in the
future [72]. According to the preferences of salmonid species, we excluded river sections
with a WTQ95 of more than 16 ◦C (S = 0). Furthermore, we considered sections with
WTQ95 < 12 ◦C ideal (S = 1), while sections with WTQ95 between 12–16 ◦C were rated to be
of high suitability (S = 0.75).

Besides water quality, the persistent availability of water is of utmost importance.
While low flow situations during winter are usually less problematic for aquaculture
facilities due to low water temperatures, the coincidence of low flow and high temperatures
during summer may cause problematic conditions. To take this into account, we assessed
modelled hydrologic parameters for more than 5000 sub-basins with a mean area of 17 km2

covering the whole area of Austria (e.g., flow distribution) of the digital Hydrologic Atlas
Austria (digHAO) [33]. We excluded sites where the lowest mean monthly discharge
occurred between July and September (S = 0). Furthermore, river sections with a minimum
flow, i.e., mean annual low flow (MALF) of less than 50 L/s, are highly sensitive to water
abstractions. Since their suitability has to be assessed on a case-by-case basis, they were
excluded (S = 0).

2.4. GIS-Based Data Processing and Identification of Suitable Areas

All data suitable for nationwide modelling were projected to a homogeneous co-
ordinate system (i.e., MGI Austria Lambert; EPSG 31287) and transferred to a raster
format with a resolution of 20 × 20 m. At this stage, the suitability of each criterion was
assessed independently.

In order to gain information on the overall suitability of cells, the suitability values
of each criterion (Table 2) were multiplied to calculate the suitability index (SI). Related
results are presented per category (SIcat) and overall (SI).

SI = ∏ Si (1)

Subsequently, suitable neighboring cells were combined to coherent areas, whereby a
minimum area of 0.4 ha (i.e., ≥ 10 cells) had to be reached for further consideration. Smaller
areas were excluded from further analyses. Suitable areas were furthermore sub-divided
by sub-basin borders and their river affiliation. At river confluences or wherever buffers
overlapped, areas were primarily associated to smaller rivers (i.e., based on their total
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length) which are usually more suitable for trout production. Then, mean suitability (MS)
was calculated for each independent area.

MS =
∑ SI
ncells

(2)

Since one sub-basin often included several potential areas, the highest MS was used
for cartographic illustration of the whole sub-basin (i.e., zonal suitability, ZS) and to show
the distribution of suitable zones within Austria.

ZS = max.MSzone (3)

2.5. Correlation Analysis and Decision Tree Development

Based on Spearman’s rank correlation, we identified collinearity between criteria in
order to remove concerned criteria from further analyses. Then, a regression tree was
calculated to identify the most important criteria and their respective influence in the
suitability assessment. In order to consider equal samples of all suitability classes, the
size of the smallest class was used to randomly select equal samples of all other classes.
The resulting data were then split at a ratio of 70:30 into a training and test dataset. The
training dataset was used to develop a full tree using the R-package rpart [73] (with a
complexity parameter (cp) of 0 and a minimum bucket size of 30) [74]. The tree was pruned
by selecting the smallest (i.e., simplest) tree within one standard error of the best tree [74].
The resulting model was then applied to the test dataset to evaluate its performance.

3. Results
3.1. Suitable Areas and Their Distribution

Based on the applied method, 64,600 ha representing 3.8% of the investigation area
or 0.8% of Austria are suitable for the establishment of new aquaculture farms. Figure 1
shows the distribution of suitability ratings with log10-transformed cumulative shares
and the suitability index from 1 to 0 for a better view of the suitable proportions. With
regard to classified suitability ratings, this means that 0.05%, 0.98%, 1.46% and 1.31% of the
investigation area was of very high, high, medium and low suitability, respectively.
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The aggregation of coherent suitable cells resulted in 7920 areas within 1129 (i.e., 23%)
out of 5011 sub-basins. Thereby, a sub-basin includes on average seven suitable areas with
a mean size of 8.2 ha.

Figure 2 shows the distribution of suitable sub-basins within Austria, whereby 34 (i.e.,
3.0%), 342 (i.e., 30.3%), 556 (i.e., 49.2%) and 197 (i.e., 17.5%) sub-basins include areas of
very high, high, medium and low zonal suitability (ZS), respectively. Sub-basins of very
high or high suitability are predominantly located at the northern foothills of the Alps.
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3.2. Suitability Based on Individual Criteria

Figure 3 shows the relative suitability of the investigation area for each criterion
independently, based on the suitability classification in Table 2. The exclusion rate (i.e.,
share with no suitability) per criterion ranges from 0 to 48% with a mean of 10.6%.
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About 24.3% of the investigation area was excluded due to elevations above
1000 MASL. The highest exclusion rate of 48.2% was caused by slopes > 20%. More-
over, 14.7% showed medium suitability (i.e., slopes of 10–20%), 11.7%—high (i.e., slopes of
5–10%) and 25.4%—very high suitability (i.e., slopes < 5%). By definition, no exclusion is
caused by geology, but 10.8% of the investigation area located in the Bohemian Massif is
of low suitability, while 55.0% and 34.3% of the investigation area obtained high and very
high suitability, respectively. About 76.4% of the investigation area is located in the trout
regions and is highly suitable, while 23.6% located in other fish regions were excluded.
Concerning special river types, 2% of the investigation area is unsuitable because it is
located in glacial rivers or lake in- and outflows, respectively.

Only 2.6% of the investigation area is unsuitable because it represents sealed surfaces
or water bodies. 18.0% of the investigation area was downgraded to medium suitability
due to low or very low nitrate retention capacity of the soil, while the remaining 82.0%
shows very high suitability. With regard to agricultural areas, 38.4% are listed as distinct
cultivation units in the IACS and achieve very high suitability. The remaining 61.6%, which
were not listed in the IACS, were slightly downgraded to high suitability. 33.6% of the
investigation area are located in unclearable forests (i.e., with high interest in their function)
and therefore are not available for aquaculture.

With regard to legal constraints, 13.5% of the investigation area is unsuitable due to its
location along rivers with a high ecological status. Concerning existing uses, 9.6% and 5.4%
of the investigation area are excluded due to existing water abstractions and impoundments,
respectively. Another 0.9% in the vicinity of bathing areas is also considered unsuitable.
Only small proportions are excluded due to protection areas. These are, in particular, 1.7%
of the investigation area located in national parks, 2.4% in nature reserves and 4.6% in
water-related Natura 2000 areas. Another 9.3% of the investigation area was set to medium
suitability because it is located in other Natura 2000 areas. Furthermore, water protection
areas serving the safeguarding of drinking water cause an exclusion of 7.8%. Although
valuable river stretches are only designated in some federal states of Austria, they cause
an exclusion of 6.8% of the investigation area. Another 4.4% may be related to certain
constraints (e.g., restrictions for water abstractions) and obtain medium suitability, leaving
88.8% with very high suitability. About 7.0% of the investigation area was excluded due to
its location in areas with significant potential flood risk.

Concerning water quality, 18.2%, 0.7% and 0.6% of the investigation area is unsuitable
due to nutrient pollution, national and EU pollutants. Furthermore, we considered the risk
for pollution via nutrients, national or EU pollutants and thereby excluded 20.2% of the
investigation area. Areas with an unknown risk of pollution were slightly downgraded
to high suitability (i.e., 17.0%). Existing point emissions lead to the exclusion of 4.8% and
another 0.7% are eliminated due to potential negative impacts caused by contaminated
sites. While 20.0% of the investigation area exceeds the recommended water temperatures
during summer, 80.0% is rated with high (61.1%) and very high suitability (18.9%). Finally,
summer low flows occurring from July to September make 6.6% of the investigation area
unsuitable and 39.6% is excluded due to a mean annual low flow below 50 L/s.

3.3. Suitability Based on Categories

Concerning the suitability ratings per category (SIcat), environmental prerequisites
caused the highest exclusion rate with 72.8%. The remaining 27.2% of the investigation
area is suitable, whereby 5.9%, 6.8%, 10.4% and 4.2% shows low, medium, high and
very high suitability. Concerning land use/cover, 36.0% of the investigation area was
excluded. With 15.2%, 20.6% and 28.3% of the investigation area with medium, high and
very high suitability, respectively, 64.0% of this area is considered suitable with regard
to land use/cover. Concerning legal constraints, 43.8% of the investigation area was
excluded, leaving 49.1%, 6.6% and 0.6% with very high, medium and low suitability.
Finally, 61.2% of the investigation area was excluded due to water quality/quantity issues,
whereas 24.7% and 14.1% of this area show high and very high suitability. Concerning the
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overall suitability, 96.0% of the investigation area is considered unsuitable and only 4.0%
is considered suitable. Because some of the areas designated as suitable do not meet the
minimum size criterion (i.e., > 0.4 ha), the share of suitable areas decreased slightly from
4.0% to 3.8% (see Figure 4).
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3.4. Exclusion Criteria

A closer look at exclusion criteria (S = 0) reveals that 13.8%, 19.4%, 24.1%, 20.7% and
11.5% of the investigation area are excluded due to one or combinations of two, three,
four and five criteria. The remaining 6.7% of the investigation area is eliminated based on
combinations of six to eleven exclusion criteria (see Figure 5).
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The assessment of the most frequent exclusion-criteria and their combinations show
that the five most frequent reasons for exclusion include the following criteria: minimum
flow, slope and forest function (Figure 6). Thereby, 5.6% of the investigation area is
excluded due to the minimum flow criterion, 3.1%—due to a combination of slope and
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forest function criteria, 3.0%—due to the slope criterion, 2.8%—due to the slope, forest
function and minimum flow criteria and another 2.3%—due to the slope and minimum
flow criteria.
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Another 2.3% of the investigation area is excluded due to a combination of the previ-
ously mentioned criteria plus elevation. Elevation in combination with slope and forest
function or in combination with slope and minimum flow causes the exclusion of 2.1% and
2.0%, respectively. Furthermore, 2.0% of the investigation area is unsuitable based on the
fish region, status of nutrient pollution, pollution risk and minimum flow. The remaining
six combinations in Figure 6 occur in 1.0 to 2.0% of the investigation area, while all other
combinations are less frequent (i.e., <1.0%).

3.5. Correlation Analysis

The Spearman’s rank correlation between all the criteria to assess the degree of cor-
relation between individual pairs of criteria was performed with a total sample size of
4,882,593 areas (representing adjoint homogenous cells). The results indicate that, overall,
most correlations are significant (p-value < 0.05) but low (rs < 0.4), with the exception of a
significant strong association between the pollution risk and the status of nutrient pollution
(rs = 0.78, p < 0.001), a moderate association between water temperature and fish region
(rs = 0.59, p < 0.001) as well as between bathing areas and lake in-/outflows (rs = 0.48,
p < 0.001). All other combinations show only a weak (0.2 < rs < 0.4) or very weak correlation
(rs < 0.2). Based on the results, the criterion “status of national pollutants” was removed
from further analyses due to its strong association with the pollution risk. More details are
provided in Figure A1 in Appendix A.

3.6. Decision Tree

A sample of 8530 homogeneous areas (i.e., 1706 per category) was randomly selected.
Based on the training dataset, a pruned tree with 36 final nodes (i.e., 35 splits), a cp value
of 0.00042 and a relative error (1−R2) of 0.14 was developed (explanatory value R2 = 0.86;
see Figure S1 in Supplementary Materials). Figure 7 shows variable importance which
highlights the importance of the first eight criteria (i.e., with a relative importance > 5%; full
tree). The same criteria, namely, (1) water temperature WTQ95, (2) slope, (3) agricultural
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unit, (4) geology, (5) nitrate retention capacity, (6) fish region, (7) minimum flow and
(8) pollution risk were included in the pruned tree.
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Figure 8 shows the changes of x-error and cp with increasing tree size. It highlights
that the most significant model improvement occurs until a tree size of five (R2 = 0.49) and
an explanatory value of 70% is reached at a tree size of 14.

The test sample showed a very good performance for high and very high suitability
classes (i.e., 0.75 and 1), where all values were predicted correctly (Table 3). Furthermore,
with a compliance of 86% and 83%, good performance for low and medium suitability
classes (i.e., 0.25 and 0.5) was achieved, respectively. Finally, the prediction of unsuitable
areas showed the lowest accuracy (i.e., 70%).

Table 3. Predicted versus calculated suitability of the test sample.

Calculated Suitability
0 0.25 0.5 0.75 1

Predicted
suitability
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For improved readability, a simplified tree with 14 terminal nodes (T1–14) and an
explanatory value of 70% is presented in Figure 9. Within the tree, each class is represented
by one (i.e., very high suitability, 21% of cases), two (i.e., low suitability, 15% of cases), three
(i.e., high suitability, 26% of cases) or four terminal nodes (i.e., medium suitability with
26% and unsuitable areas with 11% of cases).
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The tree is split into two main branches with five and nine terminal nodes each. On
the right side of the tree, the classification of very high suitability (T7) is attributed to cases
with high suitability concerning slope (S = 1), water temperature (S = 1) and agricultural
unit (S = 1). If the area is currently not listed as an agricultural unit, areas are downgraded
to high suitability (T14). Cases with a highly suitable slope (S = 1), a water temperature
rating ≤ 0.75 and a highly suitable fish region and nitrate retention capacity (S = 1) are
also attributed high suitability (T6). On the left side of the tree, areas with suitable slopes
(S = 0.75), minimum flow (S = 1), nitrate retention capacity (S ≥ 0.75), geology (S = 1) and
pollution risk (S = 1) lead to high suitability (T12).

4. Discussion

Over the last decades, many guidelines and strategies with regard to sustainable aqua-
culture development were implemented (e.g., Ecosystem Approach to Aquaculture, Blue
Growth Initiative, Farm to Fork Initiative [9,13,16]). They encourage states to acknowledge
water management as a cross-cutting discipline, which requires integrated, innovative and
multisectoral planning approaches. Despite the fact that strategic decision-making tools
are in great demand [24,25], they are not yet state-of-the art.

The literature review revealed that aquaculture zoning and siting studies are dominat-
ing in marine or coastal environments (e.g., [75–77]). Those for freshwater aquaculture are
predominantly performed in developing countries (e.g., [35–37]) with only a few examples
in Europe [47]. Most studies focus on regions [36,37,45] rather than entire countries [35,47]
or transnational areas [44,78].

Criteria selection is often targeted to reflect specific requirements of distinct species
(e.g., tilapia [36], rainbow trout [45] or prawn [40]) and farming systems (e.g., earth
ponds [26,35]). However, data availability also plays a crucial role for criteria selec-
tion [26,34]. Most studies have used 4–25 environmental, economic and social crite-
ria [34,36,79], with a clear dominance of environmental criteria (e.g., [26,38]).

With aquaZone, we have developed an integrative tool for determining suitable zones
for sustainable salmonid production in flow-through systems in Austria, which could also
represent a potential solution for other countries or regions. Based on literature review
and expert judgement, we were able to identify a total of 30 relevant criteria for trout
aquaculture in flow-through systems. Even though we only considered environmental
factors and neglected socioeconomic ratings, we were able to include more criteria than
other studies which focused on salmonid species [34,42,45]. Despite the high number of
criteria, the correlation between criteria was only moderate-to-low, with the exception of
two criteria with a high correlation (i.e., status of nutrient pollution and pollution risk).
Furthermore, to our knowledge, this is the only study considering water quantity criteria
(i.e., minimum flow, summer low flow), while other studies only consider water quality or
indirect water quantity parameters (e.g., river density, annual precipitation [36]).

While the categories “environmental prerequisites” and “water quality/quantity”
may be the most important for assessing the applicability of new fish farms, the categories
“land use and cover” and especially “legal constraints and risks” provide insights into the
implementability at a specific location.

MCAs as applied in our study have the great advantage that they are broadly used for
aquaculture zoning (and other spatial planning instruments), can integrate a multitude
of criteria and allow the consideration of different priorities and scenarios [34,37]. While
several aquaculture siting studies made use of MCAs in combination with the analytic
hierarchy process (AHP) to weigh the importance of criteria [26,34,39,40], we decided to
give equal weights to each individual criterion like, e.g., [38,45]. We think that this makes
the resulting suitability index more transparent and better comprehensible. Furthermore,
23 out of our considered 30 criteria are binary (i.e., suitable or not suitable) and can therefore
be considered exclusion criteria, with only the remaining seven criteria responsible for
different gradients of suitability.



Sustainability 2021, 13, 1470 17 of 25

With the application of several exclusion criteria, we followed a rather strict approach,
which also eliminates areas that are not unsuitable by themselves but rather not recom-
mendable from the point of view of sustainability. Thereby, we focused on highlighting
areas with no or minor risk of conflicts. Our results show that the most frequent reasons
for exclusion include the following criteria: minimum flow, slope, forest function and
elevation, as well as combinations of these criteria. This highlights that steep headwater
sections with low MALF and associated with forests of high or medium public interest,
which predominantly occur in the Alpine region, may be considered unsuitable. However,
areas designated as unsuitable may still turn out to be suitable on the basis of more detailed
and individual suitability assessments. Our strict classification with distinct classes has the
advantage of easy interpretation, but might exclude areas in transition zones (e.g., slightly
above 1000 MASL). This is especially true for areas with only one exclusion criterion (i.e.,
13.8% of the investigation area). The majority of areas, however, is excluded based on
several exclusion criteria (i.e., 82.4%), which clearly highlights their unsuitability. On the
other hand, the feasibility of areas currently rated as suitable depends to a high degree on
the ownership structure, willingness for implementation and economic factors, which were
neglected in this study.

The decision tree highlighted the relative importance of (1) water temperature,
(2) slope, (3) agricultural unit, (4) geology, (5) nitrate retention capacity, (6) fish region,
(7) minimum flow and (8) pollution risk. Water temperature is one of the most important
factors for trout farms, since it regulates growth and influences oxygen saturation. Further-
more, [34,80] indicate that water temperature is the most important water quality parameter.
Our results show that it is moderately associated with fish regions, but shows a slightly
higher individual exclusion rate and allows better differentiation between very high and
high suitability ratings. Since the expected future water temperature (2021–2050) was used,
it additionally excludes areas with a problematic temperature increase, which may not be
excluded by the fish region criterion. Furthermore, the designation of fish regions is not
widely spread and may therefore not be available in other countries or regions. In certain
cases, species distribution models (SDM), such as Biomod [81] and MaxEnt [82], can be
used as alternatives [34,37]. Although brown trout also inhabit most hyporhithral rivers,
we excluded these sections due to higher temperatures, turbidity and nutrient loads. Since
landscape and water criteria were combined in the suitability assessment, sites located
at confluences utilizing water from trout regions and bypassing it to receiving grayling
rivers cannot be detected by aquaZone. Furthermore, there might be some sections in the
transition from trout to grayling region which might also be suitable, but were categorically
rejected in our approach. Austria is an alpine country, which also explains why 48% of the
investigation area is rated as unsuitable due to slopes of more than 20%, a criterion also
highlighted by [26,34]. Under certain conditions and if prepared appropriately (e.g., by
terracing), higher slopes could also be suitable. However, this might be associated with
higher construction costs and therefore has to be assessed on a case-by-case basis. The
agricultural unit criterion does not cause any exclusion but only a slight downgrade of
areas which are not listed in the IACS (S = 0.75). The high variable importance may stem
from the fact that more than 60% of the investigation area experiences such a downgrade.
We think that geology was rated as important since geological features are prevalent at
larger scales and might therefore cause the downgrading of whole areas (e.g., areas with
less suitability in northern parts of Austria representing the Bohemian Massif). Minimum
flow (i.e., a MALF > 50 L/s) has the highest individual exclusion rate (i.e., 6%) and is not
achieved by 40% of the investigation area. The abstraction of water from rivers with less
MALF may be possible but has to be assessed on a case-by-case basis since these rivers are
rather sensitive. Furthermore, water quality is an important parameter for aquaculture
facilities. Despite the fact that water quality is generally good in Austria, 20% of the
investigation area show pollution risk which may be decisive for the suitability of an area.
In addition, this criterion also reduces the suitability of areas with unknown water quality,
which also reinforces its importance. In addition to the previously mentioned criteria, the
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variable importance of nitrate retention capacity may be explained, since this criterion is
often responsible for a downgrade by one or two categories.

A comparison of the abovementioned criteria shows that water temperature, slope,
agricultural unit and geology rate less than 50% of the investigation area as highly suitable
(see Figure 1), which also explains their relative importance for the suitability assessment.
Minimum flow and slope have the highest individual exclusion rate per parameter and are
also often included in the most frequent combinations of exclusion criteria (see Figure 6).
Despite the fact that the decision tree only includes eight out of 30 criteria, the test sample
showed very good performance for high and very high suitability (i.e., 0.75 and 1) and
good performance for low and medium suitability classes (i.e., 0.25 and 0.5). Only the
prediction of unsuitable areas showed a lower accuracy (i.e., 70%). This highlights that the
developed decision tree can be used for predicting zones of (very) high suitability with
high confidence.

The remaining parameters may not be included in the decision tree, since they rarely
occur in the investigation area (e.g., glacial river, lake in-/outflows, protected areas).
However, we still highly recommend their consideration (if related data are available) since
they might be the tip on the scale which may ultimately prevent the realization of a planned
aquaculture facility. Furthermore, based on their requirements, aquaculture facilities are
often located in pristine headwater sections with good ecological status, which become
increasingly rare and require special consideration. Freshwaters are already subjected to
multiple uses (e.g., aquaculture, hydropower, drinking water, industry and irrigation) and
therefore exposed to a variety of pressures (e.g., wastewater discharge, hydromorphological
alterations) [83]. Strategic planning with consideration of competing uses and goals is
useful for both avoidance and mitigation of impact. Therefore, it plays a crucial role in
fulfilling the concept of sustainability, current EU directives and national laws.

As stated by Francisco et al. and Yunis et al. [26,34], the main prerequisite for land
suitability assessments is the availability of required spatial data. We think that the data
basis in Austria is generally good, thanks to prevailing EU directives (e.g., WFD, FD, BD,
HD) and related national regulations and data collections. Therefore, aquaZone might
be easily adaptable to other EU countries with similar databases. Criteria selection and
rating based on literature review and expert knowledge provided a good basis, where
only minor adaptation and additions were necessary in order to improve alignment with
stakeholders’ experiences and existing aquaculture facilities. The stakeholder involvement
was especially proved to be important, not only for reflecting their respective needs, but
also for increasing practicability and acceptance of the tool. However, we also have to
mention some shortcomings of the available data, which mostly refer to the category “water
quality/quantity”.

Firstly, within this study, we clearly focused on environmental aspects, neglecting
economic (e.g., availability of markets and transport connections, economic efficiency) and
social criteria (e.g., landscape scenery, tourism). Yunis et al. [34] concluded that economic
and environmental criteria obtain equal weights and are more important than social criteria.
Even though we cannot neglect the importance of economic factors, we think that related
analyses have to take place on a case-by-case basis since there are several economic factors
which are difficult to consider (e.g., property price, production potential). Environmental
criteria were selected on the basis of literature review, expert judgment and data availability.
However, in any case, the study does not address all potentially important environmental
criteria. For instance, the presence of diseases or the potential impact of escaping non-
native species or genetic lineages on endangered and unique endemic genotypes could
potentially downgrade sites.

Secondly, we were not able to consider all potential water sources (in particular,
groundwater and springs) since there is currently no way to estimate their quantity and
utilization intensity in Austria. The application of the minimum flow criterion (i.e., 50%
MALF), may therefore falsely exclude sites with additional water sources. The fact that
our approach is currently only applicable to surface water sources is a clear shortcoming.
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However, the examination of a potential effect of groundwater extraction on existing rights
is complex and will always require a case-by-case assessment, especially since a quantitative
and nationwide assessment is not to be expected in the near future. Furthermore, most
springs with significant flow are most likely already exploited, either for aquaculture
or other uses. Regardless of the water source, however, proximity to surface waters is
indispensable for water discharge. The quantity of surface water bodies was estimated on
the basis of the digHAO, which only provides a rough estimation of low flows and their
seasonal distribution. Data are only available for sub-basins with a mean catchment size of
17 km2, which is why tributaries with smaller catchments are not well-covered. While the
used data seem sufficient for the zoning approach presented here, there is a clear need for
more precise data in order to identify suitable sites at finer scales.

Thirdly, the consideration of possible climate change impacts plays a key role in
sustainable aquaculture planning. We tried to incorporate this by integrating future water
temperatures. However, climate change effects are much more complex and multilayered.
Besides temperature, changes to the quantity and seasonal distribution of precipitation
and discharge are also essential for aquaculture. Unfortunately, related data currently only
exist as rough regional estimates with high fluctuation margins. We, therefore, see a clear
need for more detailed data on the expected climate change effects in Austria.

Fourthly, the investigation area had to be selected on the basis of data availability and
predominantly includes rivers with a catchment size of > 10 km2. Some researchers [80,84]
consider the distance to water sources as most important. However, most streams with a
catchment area < 10 km2 had to be excluded from our analyses due to missing data.

Due to the above discussed limitations of some input parameters, it has to be clearly
stated that the tool can only provide a zoning for Austria, but it is not suitable for the
designation of individual sites. Higher data accuracy could further improve the model
output. In any way, a case-by-case assessment of new sites will remain indispensable in
order to ensure the compliance with laws.

In this context, we would also like to highlight that obstacles towards sustainable
aquaculture development are much broader than the spatial planning considered here and
include a multitude of factors [78] which could not be considered here. For instance, for
aquaculture to be sustainable, fish feeding must also meet sustainability standards. Fish
feeding for carnivorous species held in aquaculture often consist, among others, of fish
caught in the oceans. Therefore, it can be concluded that there are many more aspects which
need to be considered in order to ensure safer, resilient and sustainable food systems [85]
and in order to achieve sustainable development goals.

Yunis et al. [34] summarized seven problems arising from the lack of spatial and
administrative planning, which are (i) fish diseases, (ii) environmental problems, (iii) pro-
duction problems, (iv) social conflicts, (v) post-harvesting problems, (vi) financial risk and
(vii) lack of resilience to climate variations and other external threats and disasters. With
aquaZone, we want to promote the use of strategic planning instruments for sustainable
aquaculture zoning on a larger scale (e.g., national or provincial) in order to avoid these
potential problems (in particular ii, iii, vi, and vii). Considering the abundance of geospatial
data, a GIS-based and cross-sectoral MCA perfectly suits the idea of sustainability and
provides a good basis for the first GIS-based aquaculture zoning tool in Austria. Even if
the very strict criteria selection and valuation mean that a comparatively large number
of areas is excluded, the results show that Austria has great potential for new sustainable
aquaculture operations. Since we only considered surface waters (i.e., rivers and streams)
and neglected other water sources (e.g., springs, groundwater), it can be assumed that
the actual potential for new aquaculture sites is much higher. In any case, aquaZone
shows that strategic planning and prioritization is worthwhile, both from an economic and
environmental point of view, and should be considered as state-of-the art.

Once implemented, it can provide a solid basis for decision-making, both for appli-
cants and granting authorities. Applicants may benefit from the provision of processed
data and the rapid recognition of unsuitable sites and potential challenges while granting
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authorities can focus on pre-reviewed applications. Furthermore, since obstacles can be
recognized at an early stage, the time until approval may be shortened.

5. Conclusions

The pursuit of sectoral objectives without consideration of potentially influential or
competing uses may lead to suboptimal exploitation of already limited resources and
can therefore not be considered sustainable. Since quality and quantity of spatial data
continuously increase, combinations of MCAs and GIS are predestined for their assessment
and for providing a solid basis for strategic decision-making in water management. While
MCA techniques allow the combination of multiple criteria under consideration of different
priorities and scenarios, GIS, on the other hand, are a perfect tool for spatial assessment
and combination of data as well as the production of easily interpretable maps.

Tools for siting and zoning of aquaculture facilities are especially important for coun-
tries which systematically want to increase their production to reach self-sufficiency. En-
vironmental standards in Austria are high, which is a prerequisite for sustainable food
systems in order to provide healthy proteins with low ecological footprint. Furthermore,
higher levels of self-supply on the EU, national or, ideally, on the regional level do not only
reduce dependencies and transport costs, but also outsourcing of impacts to countries with
lower environmental standards which again complies with the principle of sustainability.
In this sense, the study presented here can support the achievement of these goals.

We think that aquaZone provides a good basis for detecting suitable aquaculture zones
which could then be further investigated in detail for the siting of new aquaculture facilities.
Furthermore, this study provides a good overview of the most relevant criteria for trout
aquaculture in flow-through systems. However, the method could be easily adapted in
order to reflect other countries’ databases, the requirements of other species (e.g., cyprinids)
or modes of operation (e.g., pond, circular).
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6, Figure S1: Full decision tree of aquaZone.
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