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Abstract: Peruvian aquaculture, specifically trout production, has had significant growth over the
past ten years. However, the establishment and expansion of small-scale aquaculture have been
carried out without considering the suitability of the land. In Peru, such land suitability studies have
yet to be reported. Therefore, a methodological framework is presented for inland aquaculture,
which may be replicated, with the necessary complements, for the entire Fisheries and Aquaculture
sector in Peru. This work modeled the suitability of land for sustainable rainbow trout aquaculture
in the Molinopampa district (Peru). Fifteen key criteria (socioeconomic, environmental and
physicochemical) were identified for the proper development of fish activity. These were mapped
using Remote Sensing (RS) and Geographic Information Systems (GIS). The Analytical Hierarchy
Process (AHP) was applied to build peer-to-peer comparison matrices and weight the importance
of the criteria. The weighted overlay of maps (criteria) made it possible to determine that 4.26%,
23.03% and 69.73% of the territory is “very suitable”, “moderately suitable” and “marginally
suitable”, respectively, for the development of aquaculture. The implementation of this
methodology will contribute to more effective investment planning and efforts, both by the
government and by private initiative.
Keywords: Amazonas; analytical hierarchy process (AHP); fish farming; geographic information
system (GIS); GIS modeling; multi-criteria evaluation (MCE); remote sensing (RS); sustainable
development

1. Introduction
In Peru, the Fisheries and Aquaculture (FandA) sector account for 2% Gross Domestic Product
(GDP) [1]. In particular, aquaculture production has grown at an average annual rate of 12%, from
28,400 metric tons (MT) in 2006 to just over 100,000 MT in 2017, being rainbow trout (Oncorhynchus
mykiss), prawns (Litopenaeus vannamei), fan shell (Argopecten purpuratus) and tilapia (different
varieties), species which represent 97% of the total volume harvested [2]. In 2017, trout accounted for
54.63% (54, 878.43 MT) of Peruvian aquaculture production, 88.6% of which remained in the national
market, consolidating a growth of 339.1% over the last ten years [3]. However, Peruvian aquaculture
still has some limitations (technological, commercial, logistics organization, access to credit,
technical-professional capacity, network of service providers, and easily accessible goods) that have
not allowed its expansion compared to other countries of the region such as Chile, Ecuador, Brazil,
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and Mexico [2,4]. In addition, one of the biggest challenges for the sustainable development of
aquaculture is the common use of water, land and other resources with alternative uses such as
fisheries, livestock, agriculture and tourism, among others [5].
To enable sustainable and competitive aquaculture, under the Ecosystem Approach to
Aquaculture (EAA) [6,7], this activity must be spatially planned, including zoning, selection of
suitable sites and design of aquaculture management areas [5,8]. In order to minimize as much as
possible, the common problems arising from the lack of spatial and administrative planning [5,9] are:
(i) fish diseases; (ii) environmental problems (eutrophication, loss of ecosystem services and
biodiversity, etc.); (iii) production problems (lower growth and biomass, oxygen and microalgae
overconsumption, poor product standardization, etc.); (iv) social conflicts; (v) post-harvest problems;
(vi) financial risk, and; (vii) lack of resilience to climate variations and other external threats and
disasters.
In this sense, remote sensing (RS), Geographic Information Systems (GIS) and the technique of
Multi-criteria Evaluation (MCE) integration are recognized as a decision support system which
integrates spatially referenced data in a space-referenced environment decision-making problem,
which often include a large set of viable alternatives [5,10]. An MCE technique that has been used to
describe, explain, and predict suitable sites under criteria of interest is the Analytical Hierarchy
Process (AHP) [10]. The AHP reduces subjectivity in decision-making by creating a series of filters
(hierarchies) of selection and at the same time, it allows the choice between complex alternatives [11].
The tools RS, GIS, and MCE have allowed studies of land suitability evaluation for inland
aquaculture (lentics and lotics). The entire territory of Africa [12], Latin America [13], Uruguay [14],
Colombia [15] and other regions of smaller geographical extent [10,16–26] has been evaluated. In
Peru, no similar studies have been reported, and aquaculture in land-ponds becomes more important
since insurance permits for inland aquaculture production are easily taken by smallholder farmers,
who belong to the Limited Resource Aquaculture (AREL; 62.3%) and Micro and Small Business
(AMYPE; 37.5%) [27]. In summary, they guarantee the livelihoods of just over 1% of the Peruvian
population [2], contribute to food security (increased consumption of animal protein and
improvement of nutritional levels), and help to alleviate poverty [10]. However, the establishment
and expansion of small-scale aquaculture have been performed without regard to the suitability of
the site in terms of land, water, supplies, socio-economics, and other resources available for
aquaculture development [19].
Given the importance of aquaculture and the limitations of land suitability assessments for fish
farming, this study has likewise integrated RS, GIS, and AHP with the aim of modeling land
suitability for sustainable rainbow trout aquaculture in the Molinopampa district in Peru.
Consequently, (a) key criteria (socio-economic, environmental and physicochemical of water sources)
for the proper development of fish activity were identified and mapped; (b) the importance of criteria
and sub-criteria was hierarchized and weighted by peer-to-peer comparison matrices, and; (c)
potential sites were determined for the development of the activity. Finally, it seeks to provide tools
for the decision-making process in the allocation of land for aquaculture in the district, furthermore,
to present a methodological framework in inland aquaculture, which may be replicated, with the
necessary complements, for the entire FandA sector in Peru.
2. Materials and Methods
2.1. Study Area
The district of Molinopampa covers approximately an area of 340.64 km2 and is located southeast
of the region of Amazonas (Peru) (Figure 1). It is located between the 6.13° and 6.31° South-latitude
parallels and the meridians 77.47° and 77.73° West longitude, with an altitude gradient between 2000
and 3700 m.a.s.l. It has a very humid climate, both warm temperate and cold temperate, with
minimum temperatures reaching 7 °C and maximum temperatures of 25 °C. The average annual
cumulative precipitation is 1560 mm, the months from November to March have the most rainfall
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intensity [28]. The population in the study area amounts to 2176 inhabitants, with a population
density of 6.52 inhabitants/km2 and about 80% dedicated to agricultural and forestry activity [29].
The district is characterized by small-scale agriculture as well as one of the four main dairy cattle
fronts in Amazonas [30]. However, poor agricultural practices, unsustainable forestry and the rearing
of cattle, first and foremost in the open or extensive field [31], with a low technological and strategic
level of grass production and management, have led to the soil degradation [32]. As alternatives,
silvopastoral technologies have been adopted, driven by genetic improvement through artificial
insemination, built facilities for milking and proper handling of raw milk [33]. The Private
Conservation Area (PCA) Palm Forest of the rural community of Taulía Molinopampa (109.2 km2)
[34] has also been established, a unique ecosystem of palm trees of the genus Ceroxylon sp. where
productive anthropic activities are restricted. In addition, to promote aquaculture, the Regional
Directorate of Amazon Production (DIREPRO-A) of the Ministry of Production (PRODUCE) has
installed the experimental and production center for rainbow trout.

Figure 1. Geographical location of Molinopampa district, Chachapoyas province-Amazonas, Peru.

Currently, only five families supplement their family economy with aquaculture in earthen
ponds. However, in the last two years, fish activity has been enhanced by the hydrological potential
and increased active promotion of the national government. This promotion has been given through
the co-financing of RandD+i projects by the National Programme of Innovation in Fisheries and
Aquaculture (PNIPA) of PRODUCE and implemented in partnership between the academy and local
producer associations. PNIPA has been provided with government grant funding to co-finance
RandD+i projects in PandA that promote applied, adaptive, extensionism, and capacity-development
of the service offering [1]. As a result of the PNIPA 2017–2018 and part of 2018–2019, grants have
been awarded for 470 projects in aquaculture, of which the department of Amazonas concentrates 49
(10.4%), executing six of them in Molinopampa district with an investment of more than 300 thousand
dollars (USD) [35].
2.2. Methodological Design
Figure 2 shows the flowchart made for modeling land suitability for sustainable rainbow trout
aquaculture in the Molinopampa district. In summary, the criteria that determine the activity, which
was mapped using RS and GIS, were identified and selected and compared to each other to determine
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their degree of importance through the AHP. Thereafter, in a GIS environment, the reclassified maps
were integrated according to suitability thresholds using the weighted overlay.
2.3. Criteria Identification
The identification of the potential area for aquaculture should be based on favorable criteria to
allow the growth of species of interest [5]. These criteria were established by considering rainbow
trout breeding manuals from Peru [36] and FAO [37], land suitability studies for rainbow trout
aquaculture [17,18], aquaculture of other species [8,16,19,24–26], and the criteria for aquaculture
zoning set by the FAO [5,13]. The same ones that were validated for the planning process by a group
of experts, made up of five fish farmers in the study area and six aquaculture specialists from the
DIREPRO-A of the PRODUCE. Based on the availability of data and the biophysical and socioeconomic conditions of the study area, a hierarchy was built, comprised of the objective (land
suitability for aquaculture), two sub-objectives (spatial suitability and water quality), four criteria
(environmental, economic, social, and physicochemical) and 15 sub-criteria (terrain slope, land
cover/land use, clay content of soil, pH of soil, distance to rivers, distance to roads, distance to
markets, distance to inputs, distance to populations, protected areas and pH, dissolved oxygen,
temperature, alkalinity, and hardness of water) (Figure 3).
Identification and selection of criterias
Spatial

Water quality

GIS & RS

AHP
CI > 10%

Obtaining
base mapping

Criteria map
generation

Hierarchy
development

Cartographic
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- Grid 30 m
- UTM 18 South

No

Pairwise
comparison
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overlay of
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Overlap
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Figure 2. Flowchart of the methodology to model the suitability of the land for aquaculture (rainbow
trout) in the district of Molinopampa (Peru).
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Figure 3. Hierarchy of criteria for modeling land suitability for aquaculture (rainbow trout) in the
district of Molinopampa (Peru).

The sub-objectives (Figure 3) meet the type of GIS data model that enabled its suitability analysis,
the raster model for continuous spatial sub-criteria (spatial suitability) and vector model for point
vector character sub-criteria (34 sampling stations for water quality suitability).
2.4. Software, Base Mapping and Satellite Imagery
In recent years, the use of open-source software has received substantial attention in the
development of studies applied to spatial analysis. It is suggested to use it in science to ensure
reproducibility, reliability, security, interoperability, and rapid deployment of information [38].
Therefore, the management and processing of spatial data were carried out in the open-source QGIS
software (see 2.18.28) and its plugins. While primary and secondary data (biophysical and
socioeconomic) were collected through social surveys, analysis of official documents, national and
international data, and field measurements.
The slope of the land was obtained from the Global Digital Elevation Model (GDEM; ver. 3; band
C; resolution: 30 m), it was generated based on data from the Shuttle Radar Topography Mission
(SRTM) [39]. The GDEM was downloaded from the United States Geological Survey (USGS)
database, through QGIS’ SRTM Downloader add-on.
A Sentinel 2A satellite image (Path/Row: 17MRP; 2 August 2019; Bands: 2–8A, 11–12) acquired
from the European Space Agency’s (ESA) Copernicus Services Data Hub platform, was used to
develop a map of Land Cover and Land Use (LC/LU), through QGIS' Semi-Automatic Classification
Plugin (SCP) [40]. The digital processing of the image was carried out following the methodology of
Rojas et al. [41] at the SCP. Based on the CORINE Land Cover methodology adapted for Peru [42],
prior knowledge of the study area and 68 training areas, 6 classes of LC/LU were ranked: artificialized
area, scrubland and grassland, shrub vegetation, grass and crops, waterbody, and forests.
Classification reliability is recognized as good [43], since the confusion matrix based on 196
checkpoints [44] indicated a Global Accuracy and Kappa Index of 0.88 and 0.76, respectively.
In addition, to have a reference to the distribution of roads, rivers, and populations of the district,
the road network of the Ministry of Transport and Communications (MTC) [45], the hydrography of
Sheet 13 h of the National Charter of the National Geographical Institute (IGN) (scale 1:100,000), and
populated centers downloaded from the Ministry of Education web portal (MINEDU) [46] were used.
These vector layers were updated and complemented by field tours and satellite imagery in Google
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Earth Pro (see 7.3.2.5776) and SAS Planet (see 190707) [47,48]. The sales markets and sources of
aquaculture supplies were georeferenced in accordance with expert group considerations, through a
Garmin Montana 680 GPS receiver. Proximity (to rivers, roads, populated centers, markets, and input
sources) was mapped using the Euclidean Distance tool.
To assess the physicochemical quality of water, 34 water sampling stations (SS) were established
(Figure 1) in the main riverbeds and where aquaculture is currently practiced. Fieldwork was
conducted on 20 June 2019 (the dry season). The temperature, pH, and dissolved oxygen were
recorded on-site using a Hach HQ40D portable multiparameter meter. For the alkalinity and
hardness studies, 34 water samples were collected, transported, and analyzed under the standards
set by the Soil and Water Research Laboratory (LABISAG) of the Research Institute for the Sustainable
Development of the Jungle brow zone (INDES-CES) of the National University Toribio Rodríguez de
Mendoza (UNTRM).
The clay content and the pH of the soil at one-meter depth were obtained from SoilGrids (see
0.5.3). This system provides global predictions for the standard numerical properties of the soil at
seven depths and 250 m resolution, generated from 150,000 soil profiles, 158 covariates obtained from
remote sensors and a set of machine learning methods [49].
The geographical boundary of the PCA Palm Forest of the Taulía Molinopampa Rural
Community was obtained from the National Service of Natural Areas Protected by the State [50].
Experts considered this sub-criterion as a slight restriction on fish activity.
In summary, 10 base layers were prepared in a raster model, one thematic map for each subcriterion of spatial suitability. These were standardized at a spatial resolution of 30 m, in the WGS
1984 UTM 18 South coordinate system and spatial boundaries restricted to a 30 m buffer of the
district's political geographic boundaries. Moreover, a vector model base layer was prepared,
corresponding to the suitability of water quality. This point-type vector layer contained in the
attribute table one field for each sub-criterion (physico-chemical parameter of water).
2.5. Multi-Criteria Evaluation (MCE) and Analytic Hierarchy Process (AHP)
Conflicting multi-goal and criteria decision-making situations can be solved using the AHP
technique [51]. In AHP, the problem is structured hierarchically (Figure 3) at different levels
comprising a predetermined number of elements [24].
2.5.1. Suitability Sub-Criteria Thresholds
To develop the third hierarchy (Figure 3), the criteria were reclassified and scored on a
categorical scale of four levels of suitability [16,19,25]: “Very suitable” (4), “Moderately suitable” (3),
“Marginally suitable” (2), and “Not suitable” (1). This stage was based on bibliographic review and
consultation with an expert group to adapt the suitability thresholds for each sub-criterion to the local
environmental condition [5] (Table 1).
Table 1. Reclassification and scoring of the third hierarchy of criteria to model the suitability of land
for aquaculture (rainbow trout) in the district of Molinopampa (Peru).
Criteria/Sub Criteria

Very
Suitable
(4)

Moderately
Suitable (3)

Marginally
Suitable (2)

Not Suitable
(1)

References

Environmental

Terrain slope (%)
Clay content of soil (%)

Grass
and
Crops
<5
30–40

pH of soil

6.5–8.5

5.5–6.5

4.0–5.5

≤4.0/≥8.5

Distance to rivers (km)

<0.5

0.5–1

1–1.5

>1.5

Land Cover/Land Use

Shrub
Vegetation

Forest Grassland
Scrubland

Artificialized
Area

Adapted from [8,16–
18,26]

5–15
40–60

15–25
25–30

>25
<25

Adapted from [8,16]
Adapted from [8,25]
Adapted from
[13,19]
Adapted from
[8,18,26]

Economic
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Distance to roads (km)

<0.5

0.5–1

1–1.5

>1.5

Distance to markets (km)
Distance to inputs (km)

<2
<2

2–5
2–5

5–8
5–8

>8
>8

Adapted from
[8,18,26]
Adapted from [19]
Adapted from [19]

1–1.5

>1.5

Adapted from [8,26]

-

Adapted from [24]

≤4.0/≥9.5
≤3.0/≥10.1
≤3.0/≥20.0
≤30/≥330
≤20/≥400

Adapted from
[17,36,37]

Social
Distance to populations
(km)
Protected areas

Outside

pH
Dissolved oxygen (mg/L)
Temperature (°C)
Alkalinity (ppm CaCO3)
Hardness (ppm CaCO3)

6.6–7.9
6.0–8.5
9.0–14.5
80–180
60–300

<0.5

0.5–1

Inside
Physicochemical quality water
5.1–6.5/8–8.5
4.0–5.0/8.6–9.5
4.5–6/8.5–9.0
3.0–4.5/9.0–10.0
4.5–9.0/14.5–16.5
3.0–4.5/16.5–20.0
50–80/180–230
30–50/230–280
40–60/300–350
20–40/350–400

Thematic maps of each sub-criterion were reclassified using QGIS according to the thresholds
set out in Table 1. The raster reclassification was based on the assignment of scores (from 1 to 4) to
each pixel, in the vector model, new fields were created in the attributed table, where the suitability
score was placed for each sub-criterion. Figure 4 illustrates the suitability reclassification of each subcriterion.
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Figure 4. Reclassification and scoring of the third hierarchy of criteria to model the suitability of land
for aquaculture (rainbow trout) in the district of Molinopampa (Peru).

2.5.2. Determination the Weight of Importance
To establish the first and the second hierarchy, Peer Comparison Matrixes (PCMs) were built.
These allow the comparison of one criterion to others and establish a degree of importance to each
other [52]. The comparison was based on the nine-level scale proposed by Saaty [53] (Table 2), where
each of the six members of the expert group assigned a value judgment, from the least to most
important, based on their experience and local reality. Each specialist completed four PCMs at the
sub-criteria level and one at the criterion level, according to the hierarchical group structure indicated
in Figure 3.
Table 2. Scale established for the allocation of value judgments in Peer Comparison Matrices (PCM).
1/9
Extreme

1/7
1/5
1/3
Strong
Moderate
Least important

1
Equal importance

3
5
7
9
Moderate
Strong
Extreme
Most important

The square PCMs developed by the specialists (Tables S1–S5) were complemented by columns
comprising the stages of standardization, prioritization (standardization of criteria), and matrix
consistency check calculations [54]. Prioritization allows us to obtain the Weight of Importance of
each sub-criterion and criterion, where the sum of the weights must be equal to 1 per hierarchical
group [55]. In the development of square PCMs, researchers' subjective preferences can lead to
inconsistencies in prioritization [16]. Therefore, to define the acceptable value for this inconsistency,
the Consistency Ratio (CR) [56] was calculated. CR is calculated by comparing the Consistency Index
(CI) of the matrix in question with a Random Consistency Index (RI) [57] (Equation (1)). This RI is
defined according to the number of criteria (n) [58] (Table 3) and CI depends on the largest or main
own value of the matrix (λmax) and n (Equation 2).
CR = CI/RI,
(1)
CI = (λmax − n)/(n − 1),
(2)
Table 3. Random Index (RI) to determine the Consistency Ratio (CR) of Peer Comparison Matrices
(PCM).
n
RI

1
0

2
0

3
0.525

4
0.882

5
1.115

6
1.252

7
1.341

8
1.404

9
1.452

10
1.484

11
1.513

12
1.535

13
1.555

14
1.570

15
1.583

16
1.595

2.6. Thematic Map Overlay
The reclassified thematic maps for each sub-criterion (Figure 4) were integrated according to the
hierarchical group (Figure 3) using the weighted overlay in QGIS. The Easy AHP plugin integrated
the raster layers according to Equation (3) [20], depending on the pixel score of the reclassified map
(GRIDi) and the weight of importance (WEIGHTi) of the sub-criterion. The integration by the
hierarchical group of sub-criteria generated the sub-models of environmental, economic, and social
suitability, and the integration of these generated the spatial suitability model.
GRIDresult = Σ [(GRIDi) (WEIGHTi)],
(3)
On the other hand, the physicochemical suitability sub-model, also known as the suitability
model of water quality, was generated by algebraic operations in the field calculator, because this is
a vector data model. The principle of Equation (3) was followed, where the GRIDi value of the raster
was replaced by the field of the attribute table that contained this value.
3. Results
3.1. Peer Comparison Matrix AHP
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Thirty peer-to-peer comparison matrices (Tables S1–S5), four at the sub-criteria level and one at
the criterion level were built, for each of the six aquaculture specialists in the expert group. Table 4
indicates the average of the weight of importance of the criteria and sub-criteria. These were
standardized and scored based on their influence on the success of small-scale aquaculture, mainly
for rainbow trout in the Molinopampa district.
Table 4. Weights of importance (%) for the second and third hierarchy of criteria to model the
suitability of the land for aquaculture (rainbow trout) in the district of Molinopampa (Peru).
Goal

Main Criteria

Criteria

Weight

Environmental

Ranking

43.31

2

Spatial
suitability
Economic

Land suitability
for aquaculture

44.57

Social

Water quality
suitability

12.12

Physicochemical

1

3

Sub-Criteria
Land
Cover/Land Use
Terrain slope
Clay content of
soil
pH of soil
Distance to
rivers
Distance to
roads
Distance to
markets
Distance to
inputs
Distance to
populations
Protected areas
pH
Dissolved
oxygen
Temperature
Alkalinity
Hardness

Weight

Ranking

11.24

4

31.28

2

12.88

3

06.65

5

37.95

1

53.49

1

30.65

2

15.86

3

78.89

1

21.11
27.27

2
2

21.59

3

38.33
6.97
5.83

1
4
5

In line with the AHP technique; the distance to rivers (37.95%), roads (53.49%), and populations
(78.89%), were the most important sub-criteria in conformity with the environmental, economic, and
social hierarchical groups, respectively. In turn, the economic criterion (44.57%), followed by the
environmental criterion (43.31%), were the most important to determine the spatial suitability of
aquaculture in the Molinopampa district. By contrast, regarding water quality suitability, the
temperature was the most important sub-criterion (38.33%), followed by pH (27.27%) and dissolved
oxygen (21.59%).
The average CR for each hierarchical group of criteria evaluated in the weighting of the 30 PCMs
(Tables S1–S5) ranged from 0.0275 to 0.0812 (Table 5), within the established CR (<0.10) to be
considered as consistent and acceptable matrices. This results in a low probability that the weights
have been set by chance. When evaluating the consistency of a two-parameter matrix, the RI assumes
a value of 0 (Table 3), which does not allow Equation (1) to be solved, therefore, it is assumed as a
consistent and acceptable matrix. This was the case with the matrix of social sub-criteria.
Table 5. Consistency ratios of the Peer Comparison Matrices (PCM) of criteria to model the suitability
of land for aquaculture (rainbow trout) in the district of Molinopampa (Peru).

n
RI
λmax
CI

Environmental SubCriteria
5
1.115
5.3305
0.0826

Economic SubCriteria
3
0.525
3.0289
0.0145

CR

0.0741

0.0275

Ratio

Social
Sub-Criteria
2
0.00
Consistent and
acceptable

Physicochemical SubCriteria
5
1.115
5.3620
0.0905

Spatial Suitability
Criteria
3
0.525
3.0444
0.0222

0.0812

0.0423
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3.2. Suitability Sub-Models for Aquaculture in Molinopampa.
Land suitability according to sub-criteria and criteria (now sub-models) of spatial suitability, in
four levels of suitability, is indicated in Table 6. The results of the weighted overlap of sub-criteria
suitability maps for each sub-model are illustrated in Figure 5a–c. From the highest to the lowest, the
economic sub-model (9.20%), followed by social (6.35%), and the environment (3.92%), have the most
extensive “very suitable” areas for aquaculture in Molinopampa.
Table 6. Areas of spatial suitability according to suitability levels by criteria (sub-models) and subcriteria for aquaculture in Molinopampa.
Criteria/Sub-Criteria
Environmental
Land Cover/Land Use
Terrain slope (%)
Clay content of soil (%)
pH of soil
Distance to rivers (km)
Economic
Distance to roads (km)
Distance to markets (km)
Distance to inputs (km)
Social
Distance to populations (km)
Protected areas

Very Suitable
km2
%
13.34
3.92
84.97
24.94
8.90
2.61
192.08 56.39
0.00
0.00
166.10 48.76
31.35
9.20
60.06
17.63
64.19
18.84
10.85
3.19
21.62
6.35
21.62
6.35
254.51 74.71

Moderately Suitable
km2
%
183.49
53.87
27.70
8.13
67.06
19.69
0.28
0.08
214.46
62.96
100.90
29.62
74.36
21.83
40.48
11.88
154.91
45.48
67.38
19.78
29.75
8.73
29.75
8.73
0.00
0.00

Marginally Suitable
km2
%
138.30
40.60
226.89
66.60
99.05
29.08
116.85
34.30
126.19
37.04
49.64
14.57
123.78
36.34
33.57
9.85
81.39
23.89
83.19
24.42
231.23
67.88
29.24
8.58
86.14
25.29

Not Suitable
km2
%
5.51
1.62
1.08
0.32
165.64 48.63
31.44
9.23
0.00
0.00
24.00
7.05
111.16 32.63
206.54 60.63
40.15
11.79
179.22 52.61
58.05
17.04
260.04 76.34
0.00
0.00

The suitability of sampling stations (SS) according to sub-criteria and criterion (sub-model) of
water quality suitability, in four appropriate groups, is indicated in Table 7. The results of the
weighted overlap of the fields in the attribute table of the point-type vector that contained the
suitability of each sub-criterion (physicochemical parameter) are illustrated in Figure 5d. This submodel, at the same time, represents the model of the suitability of water quality, since it was only
evaluated in one criterion (physicochemical).
The most important sub-criterion (temperature) is the second to have less SS “very suitable” for
aquaculture. Alkalinity (15) and hardness (6) are the only sub-criteria that have SS with “not suitable”
punctuation. However, it is not reflected in the sub-model because of its low weight of importance
(Table 4). At the sub-model level, 17.65% (6) and 76.47% (26) SS are “very suitable” and “marginally
suitable”, respectively.
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Figure 5. Land suitability sub-models for small-scale aquaculture in Molinopampa.
Table 7. Number of sampling stations (SS) of water according to suitability levels by criteria
(submodel) and sub-criteria for aquaculture in Molinopampa.
Criteria/Sub-Criteria
Physicochemical quality water
pH
Dissolved oxygen (mg/L)
Temperature (°C)
Alkalinity (ppm CaCO3)
Hardness (ppm CaCO3)

Very Suitable
SS
%
6
17.65
19
55.88
31
91.18
4
11.76
3
8.82
17
50.00

Moderately Suitable
SS
%
26
76.47
3
8.82
3
8.82
27
79.41
8
23.53
4
11.76

Marginally Suitable
SS
%
2
5.88
12
35.29
0
0.00
3
8.82
8
23.53
7
20.59

Not Suitable
SS
%
0
0.00
0
0.00
0
0.00
0
0.00
15
44.12
6
17.65

3.3. Spatial Model Suitability for Small-Scale Aquaculture in Molinopampa
The 4.26% (14.51 km2) of the Molinopampa area proved to be “very suitable” for aquaculture
(Table 8). Areas “moderately” (23.03%) and “marginally” (69.73%) suitable represent 92.76% of the
district's total area. These locations have one or more criteria that require producers' attention and
may increase the costs of pond construction and/or transport of supply and product [16]. The areas
identified as restricted (Table 8) were road infrastructure and urban centers, and the unclassified
areas were the channels and lagoons, resulting in an exclusion of 2.08 km2 from the total study area.
Table 8. Area (km2) and land suitability percentage for aquaculture in Molinopampa.
Main Criteria
Spatial suitability

Very
Suitable
km2
%
14.51
4.26

Moderately Suitable
km2
78.45

%
23.03

Marginally Suitable
km2
237.52

%
69.73

Not Suitable
km2
8.08

%
2.37

Constraints
km2
0.53

%
0.16

NonClassified
km2
%
1.55
0.45

By overlaying the water quality suitability model with the spatial suitability model (Figure 6), it
reveals that two SS and nine SS are “very suitable” and “moderately suitable”, respectively, coincide
with lands “very suitable” for aquaculture. These are the most suitable areas for fish farming and are
located in the west, center, and southeast of the study area.
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Figure 6. Land suitability map for aquaculture in Molinopampa.

4. Discussion
Based on the multi-study review, FAO [5,59–61] and other authors [62–64] highlight the
importance of integrating RS, GIS, and MCE as a competent tool to assist in strategic decision-making
for the sustainable development of aquaculture. In fact, FAO commissioned and published the first
technical documents on the subject [61] in 1991 [65] and 1996 [66], and most recently in 2007 [60], 2010
[59], 2013 [61], and 2018 [5]. However, many countries with prominent aquaculture are not yet
handling spatial analyses to address problems systematically and synoptically, and use GIS
capabilities primarily as tools to generate map viewers [59], such as the case of Catastro's Aquaculture
in Peru [27]. On the contrary, spatial methods and modern technology demonstrate that GIS
capabilities, in integration with RS and MCE, go beyond management and visualization [59]. These
capacities should be used for the zoning and selection of suitable sites for aquaculture development
at the national level, as Uruguay [14], Colombia [15] and other countries outside South America [9,67]
have done.
The key advantages of MCE techniques are that they are well established for aquaculture zoning,
they can combine multiple criteria (many more than those used in this study; [19,20,55]), and may
develop models under different hierarchies, priorities, and scenarios [8]. However, the main problem
in the analysis of land suitability for aquaculture in ponds dug in the soil, and in general for any
activity, lies in the lack of spatial data of the criteria [16]. In Peru, and specifically in the region of
Amazonas, these computing resources are scarce, even more so when it comes to specific studies of
biological, environmental, and social criteria at detailed local scales. In view of this, it has been
proposed to complement MCE techniques with Species Distribution Models (SDM) [8], such as
Mahalanobis Typicity and MaxEnt [68]. Despite this being stated, no such approach was applied,
because it depends on the georeferenced locations of the fish farms, and even though SDM such as
MaxEnt has an extremely small sample size tolerance [69], it was considered inappropriate to use
only the five farms, as it could affect the performance of the model. For further studies, the additional
confidence that a combined approach to MCE and SDM would bring would be of vital importance
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for the aquaculture sector, as sustainable development depends on the planning and management
decisions associated with the selection [8].
This study differs from the only two studies found to assess the land suitability for rainbow trout
aquaculture [17,18], in the inclusion of a greater number of criteria used, as well as the integration of
an MCE (AHP) technique to rank and weight the importance of them. In contrast, it differs from other
GIS and MCE-based studies for inland aquaculture in lotic water sources [20,23,24,26], because it
complements the spatial suitability of the land in raster model, with an assessment of the suitability
of resource quality [20,23,24,26], due to the fact that it complements the spatial suitability of the land
in raster model with an assessment of the suitability of the quality of the water resource in a vector
model. In the latter, the pixel by pixel raster weighted overlay was replaced by field calculator
operations in the sample station point vector (SS) attribute table, which contained initial values,
reclassified suitability values, and weights of the importance of each sub-criterion.
For the development of aquaculture in Molinopampa, the most important criteria are economic
(44.57%), followed by environmental (43.31%), and social (12.12%). According to Lobato et al. [10],
Nayak et al. [20] and Hadipour et al. [70], the criterion containing the sub-criterion of distance to
water sources is the most important. In Molinopampa, it is the second most important (environmental
criterion), since it is a considerably favored area in water resources, with a high drainage density
(0.703 km/km2). This environmental criterion also contains the slope sub-criterion, and contrary to
Rodrigues et al. [16], for whom the slope was the most important factor, in this study it holds second
place. In addition to this, and after a long aquaculture experience in Amazonas, the Research Institute
of the Peruvian Amazon (IIAP) indicates that the wide availability of water and the existence of
terraces (inter-Andean valleys in Molinopampa) are favorable aspects for the construction and
operation of fish culture ponds in the region [71].
As stated by Rodrigues et al. [16], soil texture, specifically clay content, is also an important
factor, however, in this study, it is of little importance (12.88%) because the ponds built for planting
in Molinopampa are concrete. As determined by other studies, it is important to keep in mind because
in very permeable soils the loss of water by filtration and infiltration could increase the water demand
as well as pumping systems [72].
When it comes to the local reality of Molinopampa, the most decisive criterion was economic.
Within this, the most important sub-criteria were the distance to the road network (53.49%) and to
the markets (30.65%). The National Fisheries Development Fund of Peru (FONDEPES) recommends
that the body of water selected for the development of rainbow trout farming must have vehicular
access roads, which allow the fluidity of the arrival of production supplies and the output of the
product towards the established markets, taking into account that the rainbow trout is highly
perishable [36]. The expert group considered these sub-criteria to be the most important since
Molinopampa lacks good road infrastructure, and the most prominent market (City of Chachapoyas),
is an hour away, resulting in a weakness for this activity.
Of the physicochemical sub-criteria, the temperature was the most important (38.33%) for the
suitability of water quality, followed by pH (27.27%), and finally dissolved oxygen (21.59%). In fact,
FAO [37] indicates that water temperature is very important because it regulates the growth of
rainbow trout, as they do not have their own capacity to regulate their body temperature. If the
temperature is very low, the growth is slow, while at higher temperatures, the growth is faster.
Although not specifically for rainbow trout, Nayak et al. [20] found that temperature is the most
important criterion among nine physicochemical water criteria evaluated by AHP.
Finally, the climate, the wide availability of land and the plenteousness of water, coupled with
the improvement of the connection with national and international markets through roads, as well
as the growing markets for aquaculture, are comparative advantages of the region. These can become
investment opportunities to develop aquaculture, not only as an activity aimed at meeting local
market demand but also with possibilities for competitiveness in the internal and external markets,
contributing to the development of region [71].
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5. Conclusions
The ten key sub-criteria were identified and mapped to determine the spatial suitability of
rainbow trout aquaculture. For Molinopampa, from highest to lowest importance, the results are as
follows: the economic sub-criteria (distance to roads, distance to markets, distance to inputs) with
44.57%, followed by the environmental sub-criteria (land cover/land use, land slope, clay content of
soil, pH of soil, distance to rivers) with 43.31% and finally, the social sub-criteria (distance to
populations and protected areas) with 12.12%. In addition, five key sub-criteria were identified and
mapped to determine the suitability of water quality, of which temperature is the most important
(38.33%), followed by pH (27.27%), and dissolved oxygen (21.59%). Alkalinity (6.97%) and hardness
(5.83%) are the least important.
The 4.26% (14.51 km2) of the Molinopampa area proved “very suitable” for aquaculture. Areas
“moderately suitable” (23.03%) and “marginally suitable” (69.73%) accounted for 92.76% of the
district's total area. “Not suitable” areas or those identified as restricted and unclassified, accounted
for 2.98% (10.16 km2) of the total study area. By overlaying the water quality suitability model with
the spatial suitability model, it was demonstrated that two SS and nine SS are “very suitable” and
“moderately suitable”, respectively, which coincide with “very suitable” lands for aquaculture. These
are the most suitable and recommended areas for the rainbow trout farming in the district. The results
show that there is a potential to increase aquaculture production, as is the government's
policy/strategy.
In Peru, no references to these types of studies have been found. Therefore, a methodological
framework is presented for inland aquaculture, which may be replicated, with the necessary
complements, for the entire Fisheries and Aquaculture (FandA) sector in Peru. The implementation
of this methodology for zoning and selecting suitable areas will contribute to the more effective
planning of investments and efforts by both the public and private sectors.
Supplementary Materials: The following are available online at www.mdpi.com/2220-9964/9/1/28/s1, Table S1:
Paired comparison matrix to assess the relative importance of the environmental sub-criteria used to identify
areas suitable for fish farming. Table S2: Paired comparison matrix to assess the relative importance of the
economic sub-criteria used to identify suitable areas for fish farming. Table S3: Paired comparison matrix to
assess the relative importance of the social sub-criteria used to identify suitable areas for fish farming. Table S4:
Paired comparison matrix to assess the relative importance of the sub-criteria of physicochemical quality of
water used to identify areas suitable for fish farming. Table S5: Paired comparison matrix to assess the relative
importance of the criteria of spatial suitability used to identify suitable areas for fish farming.
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