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Abstract

Beekeeping plays a vital role in biodiversity conservation and local economy development, as bees are key pollinators
of numerous wild plant species and agricultural crops. Accordingly, understanding the suitability of rural territories is
essential to provide an overview on bee activity and support the development of more sustainable beekeeping practices.
This study presents an enhanced multicriteria approach for mapping beekeeping suitability, applied to a Portuguese region
renowned for its honey with Protected Designation of Origin (PDO). The methodology integrates topographic, environ-
mental and climatic criteria closely linked to bee ecology, whose relevance was prioritised in each category following
expert perceptions and the Analytic Hierarchy Process (AHP). For these criteria, high-quality spatial data were compiled
and processed using Geographic Information Systems (GIS) to evaluate landscape favourable conditions and limiting fac-
tors for beekeeping. Results indicate a comparable and significant influence of environmental and climatic criteria (43%
each) relative to topographic ones (14%). Within each category, hillside exposure (63%), flora (53%) and rainfall (50%)
contributions are particularly remarkable in defining the beekeeping suitability. When crossing the final suitability map
with the apiary influence range, most apiaries were found in areas classified as very high suitability. This information
provides valuable insights for beekeepers and policymakers, helping to optimize the beekeeping management and enhance
the honey quality, particularly in PDO areas. Moreover, the proposed approach offers a scalable and adaptable framework
that can be applied to other regions with beekeeping potential.
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This diagram provides a concise overview of the study's core components and methodologies focused on evaluating land
suitability for beekeeping. It presents a multicriteria framework developed using analytical and geoprocessing tools (AHP
and GIS) and expert perceptions orientated towards mapping beekeeping suitability in a Portuguese region with PDO-
certified honey production. To that end, high-quality spatial datasets covering landscape characteristics (i.e., topographic,
environmental and climatic criteria) were selected, compiled and analysed for their relative importance in each category.
When assigning weightings to each spatially normalised criterion (common scale with values between 0 and 1), the weighted
sum result expresses the relative beekeeping suitability within and across the criteria categories. The final suitability map,
which represents the weighted sum of the categories, shows a territory of excellence for the development of beekeeping
activity, as it almost entirely falls into the high and very high classes. For this output, environmental and climatic categories
had a significant and comparable contribution (43% each), whereas hillside exposure (63%), flora (53%) and rainfall (50%)
were individually the most influential criteria. By spatially overlaying the final beekeeping suitability with the apiary influ-
ence range, it was found that most apiaries are located in areas classified as very high suitability. This integrated approach
is therefore a scalable and adaptable decision-support tool to enhance apiary planning and landscape management, helping
stakeholders to align ecological potential with sustainable beekeeping practices.

Highlights

e Integrated analysis of biophysical and human criteria provides a solid basis for beekeeping policy and land use planning.
Criteria prioritisation at the category level reduces subjectivity in decision-making.

Reliable and detailed spatial data are vital for identifying most suitable areas for beekeeping.

AHP and GIS coupling proved to be a powerful analytical and geoprocessing approach.

Findings contribute to boost the beekeeping management and honey quality in PDO areas.
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1 Introduction

In rural areas, beekeeping is often regarded as a low-invest-
ment but highly rewarding activity, offering a sustainable
pathway for the economic development. Besides generating
direct income through honey production and other beehive
products, it provides numerous ecosystem services, includ-
ing: (a) ecological balance maintenance; (b) landscape pres-
ervation, as healthy bees rely on diverse and well-managed
habitats; and (c) pollination, a cornerstone of biodiversity
and agricultural productivity (Gilioli et al. 2018; Novelli
et al. 2021; Qjija et al. 2023; Cotrina-Sanchez et al. 2023).
However, the importance of beekeeping extends beyond
economics and ecology. It is a cultural and traditional prac-
tice in many regions, deeply rooted their history and local
identity. In areas where honey has Protected Designation of
Origin (PDO) certification, beekeeping plays a pivotal role
in preserving natural and cultural heritage and maintaining
high-quality honey production (Flinzberger et al. 2022).
Despite its recognized significance, beekeeping faces
increasing challenges due a variety of threats that have con-
tributed to the global decline in honeybee populations, such
as climate change, habitat degradation, pesticide exposure,
and pests and diseases (Abou-Shaara et al. 2013; Switanek
et al. 2017; Hosni et al. 2022; Gebremedhn et al. 2024).
These pressures highlight the urgent need of management
and conservation strategies that ensure the beekeeping sus-
tainability (De La Rua et al. 2009). As a starting point, it
is imperative to identify and optimise suitable areas for
apiaries, enabling a better allocation of resources, and an
improvement in bee health and honey production (Sari et
al. 2020b; Tennakoon et al. 2023). In this context, mapping
beekeeping suitability is a powerful means for making prog-
ress in this field, integrating various criteria, such as floral
availability, climatic conditions and topographic features,
which researchers and sector experts can work together
to support both bee populations and the communities that
depend on them (Abou-Shaara 2019; Kotovs and Zacepins
2023). When incorporating floral resources of beekeeping
interest, the idea is to verify whether these nectar and pol-
len producing species are available throughout the foraging
season, thus ensuring continuous nutrition and productivity
of bee colonies (Beekman and Ratnieks 2000; Decourtye
et al. 2010). From the climatic point of view, the air tem-
perature is an important factor to regulate bee forage and
thermal activities. Honeybees, as the European race Apis
mellifera L., have a forage activity between 14 °C and 38
°C, although the richness and abundance of interesting plant
species are more evident at higher temperatures. Values

above this threshold can negatively affect the bee biology
and even their survival (Ludewig et al. 2023; Stabentheiner
and Kovac 2023), especially during severe drought periods,
where plants struggle to flower due to the scarcity of water
(Sarvia et al. 2023; Sengiil et al. 2023). Therefore, climate
is one of the main drivers related to vegetation’s spatial and
temporal dynamics, implying changes in the type of existing
plant species and flowering calendars and, consequently, in
the physiology and distribution pattern for a wide range of
pollinators (Mahankuda and Tiwari 2024; Tennakoon et al.
2024). Negative climatic impacts can be minimised when the
beekeeping territory is endowed with a good hydrographic
network or a suitable rainfall regime, as the availability of
nearby water sources favours the beehive thermoregulation
and reduces the energetic effort expended by the pollinators
(Kovac et al. 2018). Beyond flora and climate, the inclu-
sion of topographic features (elevation, slope and aspect)
is pivotal to better understand their close relationship with
vegetation distribution patterns and the microclimatic vari-
ability, incisively contributing to the scheduling beekeeping
activities. Studies have shown that gentle terrain relief, high
melliferous flora availability, proximity to water, and mod-
erate climatic conditions are crucial for maintaining healthy
bee populations and optimizing honey production (Estoque
and Murayama 2010; Triantomo et al. 2016; Elmastas et al.
2022; Fotso Kamga et al. 2024).

On this multicriteria basis, advanced technological tools
like the Analytic Hierarchy Process (AHP) and Geographic
Information Systems (GIS), provide a robust and effective
approach for systematic assessing the beekeeping suit-
ability. Their coupling allows to integrate diverse criteria,
prioritise them according to their importance, and generate
spatially explicit suitability maps using appropriate geopro-
cessing and normalisation techniques (e.g., reclassification,
fuzzy logic) (Zoccali et al. 2017; Kumar and Prasad 2018;
Tennakoon et al. 2023). Such tools not only aid in identify-
ing the best locations for apiaries, but also contribute to a
sustainable management of resources and preservation of
pollinator habitats. This way, stakeholders can better under-
stand the complex interaction between environmental and
socioeconomic aspects that influence beekeeping practices
(Cotrina-Sanchez et al. 2023). On the other hand, the abil-
ity to combine techno-scientific knowledge with practical
applicability makes AHP and GIS indispensable for mod-
ern beekeeping planning, as it enables more informed deci-
sions regarding the optimal beehive placement, resource
allocation and risk management (Widiatmaka et al. 2016;
Pantoja et al. 2017; Sari et al. 2020a). In other fields, the
combined use of AHP and GIS geospatial technologies has
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Fig. 1 Geographic location of the study area

also proven to be highly effective in decision-making and
planning contexts across different regions. For instance, to
assess the multi-hazard susceptibility and earthquake risk
in mountainous cities from the Northwestern Himalayas
(Rehman et al. 2022, 2025), and to map local scale geotech-
nical microzonation in a city located in the active tectonic
Himalayan region, aimed at analysing the site suitability for
settlements (Rehman et al. 2021). This integrated approach
becomes even more impactful when high-quality input data
are used, allowing a detailed analysis of critical factors. In
beekeeping, Marnasidis et al (2021) and Antonopoulos et
al (2023) focused on incorporating melliferous flora classes
that are not included in classic land cover maps, but are of
paramount importance for knowing the real beekeeping suit-
ability. However, there is limited consensus on the relative
importance of the targeted criteria across different regions,
and gaps remain in integrating expert knowledge with high-
quality spatial data to generate meaningful insights. Also,
diverging opinions on the bee adaptability to extreme con-
ditions (e.g., heatwaves, water scarcity) and the compari-
son of paired criteria from different categories make these
assessments even more complex.
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The objective and novelty of the present study focuses on
the aforementioned challenges and opportunities to develop
an enhanced multicriteria approach orientated towards
assessing beekeeping suitability. Firstly, a group of experts
from the beekeeping sector with in-depth knowledge of the
case study was assembled in order to select and prioritise
the important criteria within thematic categories. Secondly,
refined and locally calibrated spatial data were incorporated
to increase the accuracy of geospatial modelling. Thirdly,
a two-tier aggregation method was applied, combining cri-
teria within each category before generating the final suit-
ability map, thereby reflecting the hierarchical structure of
decision-making. Finally, the model was validated by com-
paring its outputs with actual apiary locations and average
beehive densities. For this purpose, the following activities
were carried out:

e A Portuguese region recognised for its honey with PDO
status was selected as a case study;

e A set of topographic, environmental and climatic cri-
teria was selected and prioritised by beekeeping sector
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Fig. 2 Methodological scheme designed for assessing the beekeeping suitability

experts, combining pairs of criteria within each category
using the AHP method;

e For each criterion, high-quality and resolution data were
sought in order to spatially and accurately assess its rela-
tive importance. Appropriate geoprocessing tools were
used;

e Geospatially processed and AHP-weighted criteria were
initially aggregated by category, and their results were
then used to produce the final beekeeping suitability
map;

o Modelling results were evaluated in line with the actual
geographic location of apiaries and the average density
of beehives per apiary, extracting prohibited areas for
beekeeping according to legal constraints.

2 Materials and Methods
2.1 Case Study

The study area, which comprises the municipalities of Bra-
ganga and Vinhais in northeast Portugal (Fig. 1), is part of
the Iberian Plateau and stands out for its harmonious combi-
nation of topographic, environmental and climatic features,

offering ideal conditions for traditional agriculture, bee-
keeping activities and biodiversity conservation.

The landscape of Braganga and Vinhais, marked by roll-
ing hills, steep slopes and plateaus, varies in altitude from
270 to 1480 m, with the highest peaks located in the Mon-
tesinho Natural Park. This diverse topography fosters a
range of microclimates that support the melliferous flora
and bee colonies. The higher altitudes, often cooler and
less disturbed by human activity, serve as important refuges
for pollinators, while the flat areas at lower altitudes pro-
vide accessible and ecologically rich sites for apiaries. The
region's geology, dominated by schist and granite, shapes
the shallow and acidic soils which, despite their limitations,
support a wide range of native vegetation essential for pol-
lination and biodiversity. The vegetation is dominated by a
mosaic of oak woodlands (Quercus pyrenaica and Quercus
rotundifolia), chestnut groves (Castanea sativa) and scrub-
lands (e.g., Erica spp., Lavandula spp., Rosmarinus offi-
cinalis), interspersed with agricultural fields and pastures,
thus contributing to the distinctive flavour and quality of
local honey with PDO.

In climatic terms, the region is characterised by a Medi-
terranean climate with continental influences. This climate
is often marked by hot and dry summers and cold winters
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with frequent frosts and occasional snowfall at higher alti-
tudes. Annual precipitation, ranging from 780 to 1458 mm
and concentrated mainly in autumn and winter, boosts the
growth of diverse melliferous flora, ensuring a continuous
supply of floral resources throughout the year. Nonetheless,
extreme conditions, such as summer droughts and notable
diurnal temperature variations, require careful beekeeping
management to safeguard the bee health and productivity.

This region benefits from an extensive network of riv-
ers, streams and natural springs, ensuring essential water
resources for honeybees, particularly during dry periods,
while also influencing the strategic placement of apiaries. In
addition, the abundance of rural roads and trails that cross
the target municipalities facilitates the access to these sites,
enabling beekeepers to efficiently monitor and manage their
beehives. This synergy between water availability and good
accessibility supports the adoption of sustainable beekeep-
ing practices orientated towards the production of high-
quality honey.

Further information on the region's biophysical charac-
terisation, particularly with regard to the criteria addressed
in this study, is presented in Sect. 2.2 and Figs. 8, 9 and 10
in Appendix A.

2.2 Multicriteria Analysis Approach for Beekeeping

This research expands on the work carried out by Roque
et al (2024), by enhancing the AHP and GIS based-multi-
criteria decision analysis (MCDA) framework as follows:
(i) new criteria were added; (ii) their relative importance
for beekeeping was initially assessed at the category level;
and (iii) the validation of the final suitability map involved,
along with the geographic location of the actual apiaries, the
average density of beehives per apiary. The AHP facilitates
the prioritisation of criteria that influence beekeeping suit-
ability by breaking down complex decisions into a struc-
tured hierarchy. It involves pairwise comparisons following
expert opinions and weights to appropriately determine the
relative importance of each criterion for the overall analysis.
In turn, GIS serves as a powerful geoprocessing platform
for spatial analysis, enabling the combination, visualisation

and mapping of georeferenced data. When integrated, the
weightings derived from AHP are applied in GIS to spatially
model the beekeeping suitability. The MCDA methodology
to assess beekeeping potential in study area encompasses
five key stages (Fig. 2):

1. Criteria selection—Bee-relevant criteria of topo-
graphic, environmental and climatic nature were
identified;

2. Criteria prioritisation—Expert insights were gathered
through a structured questionnaire, and the AHP method
was employed to derive weights for each criterion;

3. Criteria preparation—High-quality spatial datasets
were compiled and processed using advanced GIS tech-
niques to evaluate the relative suitability of the targeted
criteria;

4. Criteria aggregation—Criteria were initially aggre-
gated by category based on their relative suitability and
AHP weights. Categorised outcomes were then com-
bined considering AHP weights to compute the final
beekeeping suitability map;

5. Validation—Quantitative analyses based on both geo-
graphic location of apiaries and average density of bee-
hives per apiary were conducted to evaluate modelling
results.

2.2.1 Criteria selection

The careful selection of criteria is a crucial step in the
MCDA process, as it defines the factors that can influence
the suitability of specific locations for beekeeping. This
stage focused on identifying criteria that are directly rele-
vant to the success and sustainability of beekeeping, consid-
ering three primary categories:

e Topographic criteria—including elevation, slope and
aspect, can affect the seasonality of beekeeping activi-
ties by shaping vegetation cover and local meteorologi-
cal conditions. These are closely linked to the availabil-
ity of floral resources and the foraging behaviour of
pollinators;

Table 1 Normalisation and weighting of the targeted criteria using the AHP method

Criterion 1 Criterion 2

Criterion n Weighting (W) *

Criterion 1 1,1
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*Each weight in the pairwise comparison matrix is the average of the normalised values (an) in row i, where n represents the number of criteria.
When comparing pairs of criteria using the Saaty scale (Saaty 2008), a, ; shows the relative importance of criterion i compared to j
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Table 2 Overview of the selected criteria, data sources, scale or resolution, and geoprocessing techniques (GIS tools and settings) used for har-

monising the spatial datasets

Categories  Criteria and Scale or Geoprocessing tools and settings Data sources
units resolution
Topo- Elevation (m) 1/10000 Create TIN | TIN to Raster (output: DEM) Municipalities of
graphic [Elev] Small FM (Midpoint of the range of raster values; Spread=>5) Bragancga and Vin-
[Topo] Slope (%) 1/10000 Slope (DEM) hais (10 m eleva-
[Slope] MSSmall FM (Mean and SD Multiplier=1) tion contours)
Aspect [Asp]  1/10000 Aspect (DEM)
Reclassify (Flat, E, SE, S=1; NE, SW=0.75; W=0.50; NW=0.25;
N=0.1)
Environ- Land use / 10,000 m? Union (COS2018+iSIP) — 80% COS2018 (DGT
mental Flora [Flora] Kernel Density (GBIF) —20% 2019) iSIP (IFAP
[Env] Reclassify COS2018+iSIP (Artificialised areas and water=0; Agricul- 2024a) GBIF
ture, forests and agro-forestry=0.5; Orchards, olives and vines=0.75;  (GBIF 2024)
Oaks, chestnuts, eucalyptus, grassland and shrubs=1)
GBIF was used to extract occurrence densities of shrub species of
beekeeping interest
Proximity 1/25000 Euclidean Distance (for the line and point layers) Municipalities
to water (m) Cell Statistics (minimum value of the line and point outputs) of Braganga and
[Water] MSSmall FM (Mean and SD Multiplier=1) Vinhais (rivers and
streams) ICNF
(water points)
(ICNF 2024)
Proximity to 1/25000 Euclidean Distance OSM (secondary
rural roads (m) MSSmall FM (Mean and SD Multiplier=1) and pedestrian
[Roads] roads) (OSM
2024a)
Distance to 1/25000 Euclidean Distance (for the line and point layers) E-REDES
ionizing radia- Cell Statistics (minimum value of the line and point outputs) (medium and high
tion sources Linear FM (Minimum and maximum of the range of raster values) voltage electric-
(m) [Ion] ity network)
(E-REDES 2024)
OSM (mobile
communication
antennas) (OSM
2024b)
Risk of rural 25 mx25m Reclassify by risk classes (Very low=1; Low=0.75; Medium=0.5; ICNF (ICNF
fires [Fire] High=0.25; Very high=0.1) 2024)
Climatic Solar radiation 1/10000 Area Solar Radiation (calculated from the DEM for 21 March; Lati- Municipalities of
[Clim] (Wday '/m?) tude=raster's centre point; Atmospheric transmittivity =0.7) Braganga and Vin-
[Rad] Linear FM (Minimum=raster’s minimum value; Maximum=raster’s hais (10 m eleva-
mean value — suitability is 1 above this record) tion contours)
Maximum 1000 m*x 1000 m Resample (Bilinear; Cell size=10 m) WorldClim
temperature of Inverse of Linear FM (Minimum=raster’s maximum value; Maxi- (WorldClim 2024)
the warmest mum=raster’s mean value — suitability is 1 below this record)
month (°C)
[Temp]
Wind speed 1000 mx 1000 m Resample (Bilinear; Cell size=10 m)

(m/s) [Wind]

Annual

precipitation
(mm) [Prec]

1000 mx 1000 m

Inverse of Linear FM (Minimum=raster’s maximum value; Maxi-
mum=raster’s mean value — suitability is 1 below this record)
Resample (Bilinear; Cell size=10 m)

Linear FM (Minimum=raster’s minimum value; Maximum=raster’s
mean value — suitability is 1 above this record)

TIN Triangulated Irregular Network, DEM Digital Elevation Model, FM Fuzzy Membership (set of tools used for normalising the criteria),
COS2018 A Land Cover/Use Map of Mainland Portugal for 2018, iSIP Online Parcel Identification System, GBIF Global Biodiversity Infor-
mation Facility, /CNF Institute for Nature Conservation and Forests, OSM OpenStreetMap, E-REDES Electricity Distribution in Portugal,
WorldClim Global Climate Data
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e Environmental criteria—the presence of melliferous
flora and proximity to water and rural roads are factors
that positively interfere with the bee ecology and the de-
velopment of the beekeeping activity, while proximity
to ionizing radiation sources and high fire risk are dis-
suasive aspects for apiary placement;

e Climatic criteria—variables like solar radiation, annu-
al precipitation, wind speed and maximum temperature
of the warmest month were selected, given their connec-
tion with the flowering season and the health and pro-
ductivity of bee colonies.

For these categories, the identified criteria were selected for
assessing beekeeping suitability (Table 2).

2.2.2 Criteria Prioritisation

The prioritisation of criteria is a pivotal step in the MCDA,
aimed at assigning relative importance to the selected crite-
ria based on their influence on beekeeping suitability. This
analysis reflects the practical and ecological requirements
for an effective apiary management. For this purpose, the
criteria ranking was established at the category level through
expert consultation and AHP-based weighting.

Expert consultation A structured questionnaire was dis-
tributed to beekeeping experts in order to relate pairs of
criteria using the Saaty scale (Saaty 2008), which assigns
numerical values to judgments about the relative impor-
tance or preference of each criterion in a decision-making
process. This scale ranges positive values from 1 to 9 when
one criterion is preferred over another, taking negative val-
ues if that criterion is penalised or considered less desirable
than another. If both criteria contribute equally to the objec-
tive, the scale is set to 1. Based on their reasoned assess-
ments, pairwise comparison matrices are produced.

AHP-based weighting The AHP was employed to sys-
tematically compare the criteria in a pairwise manner. This
approach allowed the calculation of weights corresponding
to the influence of each criterion, ensuring consistency and
reducing subjective bias. To this end, the pairwise compari-
son matrices derived from the expert consultation were nor-
malised to determine the priority vector, which represents
the weights of the targeted criteria (Table 1). To evaluate the
consistency degree of the expert judgments, the Consistency
Index (CI) and Consistency Ratio (CR) were calculated for
each pairwise comparison matrix (Eqs. 1-3). If CR exceeds
0.1, a revision of the values for the respective matrices is
recommended. Further details on the AHP method can be
found in Saaty (2008).

By integrating expert knowledge with a systematic crite-
ria weighting framework, the prioritisation process balances
the complexity of beekeeping requirements with analytical
precision to produce reliable and specific suitability models.

1= (21w
Amaz =~ (W (1)

=1
CI — )\maz -—n (2)
n—1
CI
- 3
CR= 57 3)

where, n is the number of criteria; a;; expresses the rela-
tive importance of criterion i compared to j; W; reflects the
weight (priority) of criterion i; 4,,,, is the maximum eigen-
value of the pairwise comparison matrix; R/ is a random
index (tabulated values that depend on the 7).

Table 3 Pairwise comparison matrices resulting from expert judgements by: (a) criteria categories; (b) topographic criteria; (c) environmental

criteria; and (d) climatic criteria

Categories| Topo Env Clim Criteria | Elev Slope Asp
Topo 1 -3 -3 Elev 1 3 -3
Env 3 1 1 Slope -3 1 -5
Clim 3 1 1 Asp 3 5 1
(@) (b)
Criteria | Flora Water Roads Ion Fire Criteria| Rad Temp Wind Prec
Flora 1 5 7 7 5 Rad 1 3 3 3
Water -5 1 3 7 5 Temp 3 1 3 5
Rl"::s ; i 13 i ? Wind | 3 3 1 3
Fire -5 -5 3 1 1 Prec 3 5 3 1
© (@)
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2.2.3 Criteria Preparation

The preparation of criteria involves transforming raw spa-
tial data into operational information, ensuring that each
selected criterion is accurately represented and ready to be
integrated into the suitability model. This step focuses on
refining and normalising data to enhance their relevance and
spatial precision, considering:

High-quality geospatial data acquisition and processing
High-quality geospatial datasets were compiled to effec-
tively represent the selected criteria, providing detailed top-
ographic, environmental and climatic information essential
for the overall analysis. Afterwards, advanced geospatial
techniques using GIS software were applied to process and
standardise the data, including interpolation, reclassifica-
tion, fuzzy logic operations (Fuzzy Membership) and the
generation of raster layers to ensure consistency in scale
and resolution across all criteria. The Fuzzy Membership
tool reclassifies or transforms values on a continuous scale,

where criteria can have a degree of membership between 0
and 1.

Relative suitability assessment Each criterion was spa-
tially normalised from O (no suitability) to 1 (maximum suit-
ability) to create relative suitability scores on a comparable
scale, enabling a meaningful aggregation in subsequent
stages. This systematic preparation ensures that all criteria
are reliably represented and spatially harmonised, allowing
a robust and precise evaluation of beekeeping suitability.

Table 2 summarizes the selected criteria, the sources
where the raw data were collected, their scale or resolution,
and the geoprocessing techniques applied to harmonise all
criteria.

2.2.4 Criteria aggregation

Criteria aggregation is the process of combining individual
criteria into a unified suitability model, reflecting the overall
potential of locations for beekeeping. This step integrates
the weighted and spatially normalised criteria, taking into

100%
90%
80%
70%
24%
o0 60%
£
"Eo 50%
k]

2 40%

30% 11% 8%

53%

20%

10% 26% 26%
0%

Topographic Environmental Climatic
(14%) (43%) (43%)
Criteria
Elev Slope m Asp Flora Water M Roads
m [on W Fire Rad Temp m Wind W Prec

Fig.3 Criteria weighting derived from the pairwise comparisons using the AHP method
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account their relative contribution to a broad assessment at
the category level and subsequent mapping of the final bee-
keeping suitability (Eq. 4).

Aggregation by category Criteria were grouped into the
respective categories to evaluate specific dimensions of
suitability, enabling a structured analysis involving factors
of different natures that influence the overall beekeeping
potential.

Final suitability mapping Once the suitability maps by
category have been created, their results were aggregated
according to the Eq. 4 to produce a composite suitability
score for the study area.

This approach safeguards that the diverse criteria influ-
encing the beekeeping success are holistically evaluated,
leading to a detailed and reliable suitability assessment.

Suitability = ZwiXi 4)

i=1

where, n is the number of criteria in each category, or the
number of criteria categories when the purpose is to map
the final suitability; w; denotes the weight assigned to each
criterion or category i; X; corresponds to the spatially nor-
malised grid for each criterion or category i (values between
0 and 1).

2.2.5 Validation

The validation process aims to assess whether the predicted
results are aligned with the real-world conditions and test
the model's robustness for practical applications in beekeep-
ing. To that end, modelling outcomes, arranged by beekeep-
ing suitability classes, were confronted with the geographic
location of apiaries and the average density of beehives
per apiary at the parish level. To verify the agreement
between the estimated suitability scores and the existing
beekeeping records, a comprehensive quantitative analysis
was performed. This analysis offers a solid foundation for
managing beekeeping activities and supporting informed
decision-making.

3 Results
3.1 Pairwise Comparisons and Weights

The pairwise comparisons and derived weights provide a
systematic representation of the criteria's relative impor-
tance. This approach combines expert insights with ana-
lytical precision using the AHP method, so that the resulting
suitability model effectively reflects the key factors impact-
ing the beekeeping potential.

v

v

¥

Climatic

(Value)
[J<02
[ 02-04
I 04-06
I 06-038
Il 08-1

(C) 0—5_110 km

Topographic Environmental
(Value) (Value)
[]<02 <02
[102-04 [102-04
[104-06 [ 04-06
I 06-08 M 06-08
I 08-1 Il 08-1

N —~ 5 N

I Urban areas (100 m)

(d) 0 5 10 -1 X
— km [] Main roads (50 m)

Fig. 4 Mapping of beekeeping suitability by category of criteria: a topographic, b environmental, and ¢ climatic, as well as d legal constraints on

the activity's development
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Fig. 5 Mapping of final beekeeping suitability for the study area

Comparisons were carried out separately at the category
level and the criteria comprising them (Table 3). In a first
analysis, it is worth noting the equal preponderance assigned
to the environmental (Env) and climatic (Clim) categories
(scalar value is 1). Within each category, greater impor-
tance was attributed to hillside exposure (Asp), land use/
flora (Flora) and annual precipitation (Prec), as these crite-
ria have higher positive values compared to the other ones.
This expert judgement is based on the premise that rainfall
and solar exposure are fundamental drivers for the vegeta-
tion's seasonality and distribution, particularly flora of bee-
keeping interest. In turn, it has a direct influence on the bee
ecology by modulating the spatiotemporal availability of
key resources (pollen and nectar) that sustain bee foraging

T
6°50'W

activity, colony development, and ecosystem interactions
involving pollinators. Nevertheless, other analysed criteria,
such as proximity to water and rural roads, along with the
remaining topographic and climatic variables, should also
be taken into account given their interconnection to shape
microclimatic conditions, habitat suitability and accessibil-
ity, which are crucial aspects for successful beekeeping.
Translating the matrix results into weights, the obtained
percentage coefficients mirror the integrated multicrite-
ria analysis carried out by the beekeeping experts (Fig. 3).
Therefore, for beekeeping suitability mapping, a higher
weighting was allocated to the environmental and climatic
categories (43% each). Analysing each criteria category,
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Fig. 6 Variability of beekeep-

ing suitability in the study area 1.0 -
considering criteria aggregated by 091
category and the final suitability :
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priority was assigned to hillside exposure (Asp, 63%), land
use/flora (Flora, 53%) and annual precipitation (Prec, 50%).

It should be noted that the intramatricial evaluations
resulting from expert judgments are in agreement with the
consistency degree recommended (CR<0.1): (a) criteria
categories, CR=0.000; (b) topographic criteria, CR=0.033;
(c) environmental criteria, CR=0.090; and (d) climatic cri-
teria, CR=0.074.

3.2 Beekeeping Suitability

Once the relative importance (weighting) of each category
and criterion has been determined, the targeted criteria were
prepared and aggregated to map the beekeeping suitability.

The criteria preparation involved the acquisition, geopro-
cessing and normalisation of high-quality spatial data, so
that these are on a common and comparable scale (values
between 0 and 1). As a result of these operations, described
in Table 2, the spatial representation and relative beekeep-
ing suitability (i.e., normalised grid data) for each criterion
were mapped (Figs. 8, 9 and 10 in Appendix A).

After weighting and normalising the criteria, these were
aggregated by category according to the Eq. 4. Concerning
the topographic criteria, higher suitability is linked to low-
elevation areas with gentle to moderate slopes and east to
south-facing exposures. This association could be due to
the occurrence of favourable microclimatic conditions for
diverse flowering plant and pollinator communities and
their relationships, along with a reduction in soil erosion
risk, helping to maintain stable habitats and healthy and
resilient bee populations (Fig. 4a). In environmental terms,
the presence of flora with beekeeping interest (e.g., oaks and
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Topoglraphic Enviroﬁmental Clinllatic

Categories

chestnuts) and the proximity to water and rural roads are the
most contributed factors to increased suitability values, by
offering forage and hydration for bee colonies, while good
accessibility is essential for supporting beekeeping practices
(Fig. 4b). Lastly, the annual precipitation, followed by the
solar radiation and wind speed, were the most influential
climatic criteria in determining the land suitability. Higher
suitability areas are associated with increasing precipitation
and radiation records, as these variables are vital for ensur-
ing plant’s growth and flowering, thus contributing to the
bee foraging success and improved colony productivity. In
contrast, strong winds and high maximum temperatures (for
the warmest month) produce a harmful effect on the bee's
behaviour and health, hence the lower estimated suitability
values under these conditions (Fig. 4c). Prohibited areas for
beekeeping in accordance with legal constraints (Ministry
of Agriculture 2005), namely 50 m from main roads and
100 m from any building in use (Fig. 4d), were extracted
(9% of the study area) when mapping the final suitability
(Fig. 5).

The final version of the beekeeping suitability map repre-
sents the sum of the normalised score (i.c., aggregated crite-
ria) per category multiplied by the weighting assigned to the
respective criteria categories (Eq. 4). The result expresses
the territory's potential to meet the beekeeper needs and
the bee biological requirements, by establishing suitability
classes that relate the normalised values with qualitative
assessments. Taking into account the scores obtained, three
suitability classes were defined: Medium [0.4-0.6], High
[0.6-0.8], and Very high [0.8—1]. Looking at the Fig. 5, it
is perfectly clear that the study area has a strong potential
for beekeeping, as it falls almost entirely into the high and



Integrating Multicriteria Decision Analysis for Beekeeping Suitability: Insights from a Portuguese Honey PDO... 4211

7°10'W 7°0'W 6°50'W 6°40'W 6°30'W
_Z L 1 1 | L
S ]
8 N
) ;

Z
-z _O
- El
" %
.
Z
- £
v ] —
— " =
< | [ Parishes Beekeeping suitability
Apiaries
(Hives per apiary) (Classes)

<11 [ Medium [0.4 - 0.6]

11-30 [] High[0.6-0.8]

31-100 Bl Very high [0.8 - 1]

7°1IO'W 7°OI'W 60561W 6046,W

Fig. 7 Geographic location of the apiaries and their beekeeping suitability considering the average density of hives per apiary to set the influence
range

Table 4 Total study area and apiary influence range (in ha and %) per beekeeping suitability class

Beekeeping suitability Study area Apiary influence range *
classes 50 m 200 m 400 m

(ha) (%) (ha) (%) (ha) (%) (ha) ()
Medium [0.4 — 0.6] 945 0.6 - - 41 0.4 - -
High [0.6 — 0.8] 80,472 48.1 2 66.7 4145 40.3 1179 26.8
Very high [0.8—1] 86,029 51.3 1 333 6110 59.3 3213 73.2
Total 167,446 100 3 100 10,296 100 4392 100

*The apiary influence range was based on the average density of beehives per apiary and its minimum distance from the nearest one (under
the national decree-law 203/2005 of 25 November [Ministry of Agriculture 2005)]: 50 m radius—Bechive density less than or equal to 10 (40
apiaries); 200 m radius—Beehive density between 11 and 30 (926 apiaries); 400 m radius—Bechive density between 31 and 100 (111 apiaries).
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very high classes. This assessment reflects the recognized
excellence of this PDO territory, reinforcing its value for
developing successful and high-standard beekeeping activi-
ties. For that appreciation, a combination of favourable bio-
physical conditions, i.e. among the analysed criteria, much
contributed.

By crossing the spatial variability of final beekeeping
suitability with the relative suitability of each criteria cat-
egory (Figs. 4 and 5), the statistics show a greater dispersion
of values in the topographic data. This could be due to the
complex terrain morphology and the finer scale (10 mx 10 m
horizontal resolution), leading to a wider range of suitability
values. In turn, environmental criteria also contributed to a
high dispersion of values, particularly at the minima, which
correspond to areas poor in melliferous flora, whose suit-
ability values are highly correlated with the degree of prox-
imity to the existing hydrographic and rural road networks
(positive correlation). In the climatic variables, the range
of values is lower due to the more homogeneous spatial
pattern, as a result of the coarser resolution underlying the
raw data and the scale at which meteorological variations
occur. Regarding the final suitability map, that variability
is smoothed out by combining the weighted and spatially
normalised data per category (Fig. 6).

3.3 Modelling Evaluation

Modelled results of final beekeeping suitability were
assessed against the geographic location of the apiaries
(IFAP 2024b) and the average density of bechives per api-
ary at the parish level (FNAP 2024). In total, 1077 apiar-
ies are identified in the study area. Overall, most of these
apiaries and beehives are located in highly suitable sites for
beekeeping (Fig. 7). However, there are some areas clas-
sified with very high suitability that exhibit minimal or no
beekeeping activity, especially in the northern part of the
study area (Figs. 5 and 7). This happens because these areas
are located at high altitudes, far from villages, with limited
or poorly maintained access, and vegetation of little interest
to beekeepers.

Ultimately, for each beekeeping suitability class, the
whole study area and the apiary influence range, which
depends on the density of bechives, were quantified
(Table 4). This class-level numerical analysis emphasises
the spatial relationship between the land suitability for
beekeeping and its extension to the existing apiaries. As
main considerations, it is worth noting that the majority
of the study area falls within the very high suitability class
(51.3%), while the medium classification has only a residual
spatial presence (0.6%). Focusing on the apiary influence
range, whose distances were defined by law based on the
density of beehives (Ministry of Agriculture 2005), it is
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clear that beekeeping suitability in areas with 200 m and
400 m radiuses (i.e., with a stronger beekeeping activity) is
predominantly classified as very high. This finding is par-
ticularly evident in the 400 m range (73.2% within the very
high class), demonstrating that the beekeepers, especially
those managing many bechives, have a deep knowledge of
the activity and the territory where they operate.

4 Discussion

The results presented in this study provide valuable insights
on the spatial distribution of beekeeping suitability in a
honey PDO region, highlighting the importance of biophys-
ical and human factors in determining ideal locations for
the successful establishment of apiaries. The integration of
expert knowledge with the AHP method allowed the con-
struction of a robust suitability model that reflects the rela-
tive importance of various topographic, environmental and
climatic criteria. By combining this MCDA process with GIS
geoprocessing tools applied to high-quality spatial data, the
approach produces detailed suitability maps that can assist
stakeholders, such as beekeepers, land planners and poli-
cymakers, in identifying areas where beekeeping could be
promoted or expanded, particularly in locations with lower
activity levels. In other words, these suitability maps offer
a powerful tool for beekeeping planning and management,
providing a comprehensive view of the land potential for
honey production. Thereby, sustainable beekeeping prac-
tices aimed at natural heritage and biodiversity conservation
should be encouraged, particularly with regard to the health
and foraging behaviour of bee colonies. Thus, by integrat-
ing bee ecology into spatial modelling, it is hoped a more
accurate and meaningful evaluation of landscape suitability
for beekeeping. Furthermore, certain particularities inherent
to the study area, such as the local climate, orography and
vegetation have also contributed to the honey PDO label-
ling, ensuring high quality and authenticity standards and
an enhanced market value. To evaluate the performance of
this integrated modelling approach, a comparison between
the final beekeeping suitability and the influence range of
the actual apiaries revealed that most of these are in sites
classified as highly suitable, thus confirming the alignment
of expert judgments and beekeeper decisions. This evidence
reinforces the importance of integrating specialised knowl-
edge and geospatial tools to support the sustainable devel-
opment of beekeeping activities.

Despite the valuable insights provided by this study,
some limitations must be recognised. The model primarily
considered biophysical and expert-derived criteria, without
directly addressing socioeconomic or logistical factors that
can significantly influence the beckeeping viability, such
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as market access, infrastructures, land tenure or technical
support. In addition, some spatial datasets (e.g., mellifer-
ous shrub species and climatic variables) could benefit from
further refinement to enhance the modelling accuracy. The
reliance on a limited group of experts can also introduce
subjectivity, emphasising the need for a greater stakeholder
involvement in future assessments. On the other hand, fac-
tors related to bee health, which were not integrated into
the model, such as pesticide exposure, disease prevalence
and ecological competition, could substantially affect the
long-term suitability. Therefore, future studies should aim
to incorporate these dimensions and assess how suitabil-
ity patterns may shift under climate change and land use
dynamics. Addressing these limitations will support the
development of more comprehensive, realistic and action-
able planning tools for sustainable beekeeping.

In a broader geographic context, research on beekeep-
ing suitability has emphasised the methodological scheme
and various criteria adopted in this study. In Konya, Tur-
key, Sari et al (2020b) tested two MCDA methods (AHP
and PROMETHEE—Preference Ranking Organization
Method for Enrichment of Evaluations) to determine suit-
able locations for apiaries. Both methods reached similar
results, highlighting flora, proximity to water, and hillside
exposure as the most influential criteria. In another MCDA
study involving AHP and GIS techniques, conducted in the
northwest region of Amazonas, Peru, Cotrina-Sanchez et
al (2023) showed that highly suitable areas for beekeep-
ing were primarily determined by the combination of three
biophysical criteria: land cover/land use (forest), proximity
to water (within 500 m), and air temperature (20-25 °C).
Using an MCDA based solely on GIS, applied to Mediter-
ranean lands (Calabria, Southern Italy), Zoccali et al (2017)
demonstrated that an innovative GIS approach for assess-
ing beekeeping suitability can overcome methodological
constraints and reduce the subjective influence of decision
makers. Under harsh environmental conditions in Saudi
Arabia, Abou-Shaara et al (2013) identified a set of criteria
affecting honeybee colonies during summer, in order to map
the beekeeping suitability based on uncontrolled (maximum
temperature and relative humidity) and controlled (land use,
summer crops and water resources) factors. This approach
proved to be relevant for identifying the most suitable areas
for beekeeping, providing a scientific basis to guide deci-
sion-making in management of beekeeping activities in the
face of weather extremes.

5 Conclusions

This research highlights the significant role of beekeep-
ing suitability mapping in a Portuguese honey producing
region with PDO certification. By adopting an enhanced
multicriteria approach, it assesses the suitability of rural
landscapes for beekeeping activities and the fulfilment of
the bee ecological requirements, considering topographic,
environmental and climatic criteria. This integrated assess-
ment methodology, which combines expert perceptions with
analytical and geoprocessing tools (AHP and GIS), not only
provides practical guidance for sustainable beekeeping, but
also offers a scalable framework applicable to other regions
with similar ecological and biophysical characteristics.

The findings indicate that environmental and climatic cri-
teria categories had a greater impact (43% each) on overall
beekeeping suitability. Within each target category, hillside
exposure, land use/flora and annual precipitation were the
main contributing criteria, significantly influencing the land-
scape potential for honey production and maintaining bee
health. Moreover, a comparison between the final suitability
map and the geographic location of the existing apiaries,
revealed that the influence range of most apiaries is located
in very high suitability areas, thus validating the accuracy
and effectiveness of this beekeeping mapping approach.

In conclusion, this study reinforces the importance of
beekeeping suitability mapping and the potential of the
proposed methodology for improving beekeeping prac-
tices and supporting the sector’s sustainability, ensuring
the economic viability and the environment conservation.
In addition, this appeal has a special meaning for the rural
development, given the honey PDO status attributed to the
study area, which confers recognized quality and subse-
quent higher profitability, as the entire production chain is
based on traditional and sustainable beekeeping activities.

Appendix A

Mapping the selected criteria considering their spatial rep-
resentation and relative beekeeping suitability (see Figs. 8,
9 and 10).
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