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Abstract
Aim of study: To study the relationship between the problem odours caused by livestock farms and the evolution of rural tourism. 
Area of study: A coastal region in Spain, the Valencian Community.
Material and methods: The odour emission rates of 4,984 farms have been calculated, and the ambient odour concentration was deter-

mined to assess the odour nuisance. The odour concentration was modelled by applying the Gaussian model based on emission data and the 
most unfavourable meteorological conditions of the 45 climatic stations distributed throughout the analysis area. The dispersion model was 
implemented in a geographic information system, deducing the municipalities affected using the odour concentration thresholds. Further-
more, the evolution of rural tourism in municipalities was studied during the period of 2006-2017. The relationship between the evolution 
of rural tourism and the effects of odours is studied by means of a bivariate spatial correlation analysis.

Main results: Pigs are the predominant species in areas with the greatest odour emission problems; ~ 29% of farms can result in an-
noyances among the population with odour concentrations greater than 5 OU/m3, and 46% of municipalities can be affected by odour pro-
blems. These odour nuisances had negative consequences in the municipality where measures were carried out to favour rural development, 
such as rural tourism. Municipalities were detected in which the problem of odours can be a deterrent to rural tourism, whereas in other 
municipalities it was observed that minimizing livestock activity can be a method to promote rural tourism.

Research highlights: This study provides a methodology that allows modeling the odour dispersion of livestock and relates its impli-
cations to rural tourism. Municipalities have been identified where livestock odours can cause a stagnation of the rural tourism income.
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Introduction
Livestock keeping are a direct source of nuisances in 

the form of odour emission rates, which have gradually 
increased because of the progressive intensification of 
livestock farming. All livestock farms are susceptible 
to odour problems, regardless of size. The management 
and handling of manure and slurry, as well as the animals 
themselves, contribute to odours that are dispersed into 
the atmosphere. Odours affect nearby dwellings and po-
pulations, causing adverse effects for citizens (Sucker et 
al., 2008; Aatamila et al., 2011), such as nuisance, nega-
tive effects on human health and depreciation of proper-
ty prices (Cai et al., 2011; Brancher et al., 2017). These 

negative externalities affect agents that are not linked to 
the activity and who do not derive any direct benefit from 
it, thereby contributing to a significant increase in comp-
laints to local authorities (Henshaw et al., 2006; Lin et al., 
2006; Romain et al., 2013).

Furthermore, European policy reforms have evolved in 
search of a model that allows for the recognition in rural 
areas of functions such as the conservation of the envi-
ronment and the rural landscape and the contribution of 
these functions to the development of a balanced territory; 
such functions are recognized in addition to the produc-
tion functions of agriculture and livestock. This multi-
functionality favours the development of tourism-related 
activities in rural areas, such as an activity that generates 
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new income and promotes the conservation of the rural 
environment (Fortuin et al., 2009; Gulickx et al., 2013; 
Olaizola et al., 2015), as has occurred in a large number 
of European rural areas (Willemen et al., 2008; Gulickx et 
al., 2013; Solsona Monzonís, 2014).

The confluence of these two phenomena in rural 
areas with intensive livestock farms creates disjunctive 
effects. The growing evolution of rural tourism accen-
tuates the problem of odours emitted by livestock farms, 
resulting in complaints to the livestock sectors of the  
affected municipalities.

There are currently no specific regulations establishing 
air quality criteria for odours. Schauberger et al. (2013) 
considered separating farms from the population to avoid 
high thresholds of odour as a variable for the management 
of livestock activity. Brancher et al. (2017) described 
the criteria considered to refer to odours throughout the 
world. In Europe, Council Directive 96/62 on ambient air 
quality assessment and management (EC, 1996) did not 
mention the nuisance caused by odoriferous molecules. 
The Netherlands, Germany and the United Kingdom have 
developed the most advanced standards: NEr, Netherlands 
Emission Guidelines for Air; TA Luft, Technical Instruc-
tions for Air Quality Control; and IPPCH4, Integrated 
pollution prevention and control horizontal guidance for 
odour, assessment and control respectively. These stan-
dards are guidelines that limit odour emission rates for 
each activity and establish acceptable air quality criteria.

In Spain, the Valencian Community (VC) is conside-
red a dynamic region in terms of urban and industrial de-
velopment, population growth and agricultural activities. 
According to Yepes (1995), the VC has a double territo-
rial personality of coastline and mountain, and this topo-
graphy has a considerable influence on the distribution of 
population and economic activity in the VC and enables 
coastal tourism to be complemented by inland tourism so 
that each form of tourism can benefit the other. On the 
coast, tourism and the residential phenomenon have limi-
ted the agricultural sector, in many cases supplanting it. 
However, in the inland mountain areas, policies have been 
designed to make rural societies more dynamic, preser-
ving their values and potential, halting the deterioration 
of their landscapes and correcting the negative effects ge-
nerated by practices that do not respect the environment. 
In short, this is a region where the spatial dynamics of 
tourism have been conditioned by the geographical area 
where the activity takes place (Solsona Monzonís, 2014).

The estimation of odour problems in livestock farms 
has been analysed using Geographic Information Systems 
(GIS). In the study of land use planning, in any aspect that 
is addressed, the geographical component is fundamental. 
GIS intervene in a multitude of territorial research stu-
dies with different objectives, such as solving problems of 

land planning and management (Amador & Dominguez, 
2005; Vanhaverbeke & Cloodt, 2006; Rich et al., 2018; 
Yamashita & Hoshino, 2018)  and providing the capacity 
to predict and evaluate their impact (Molina-Ruiz et al., 
2011; Amadou et al., 2018). 

The aim of this study is to estimate the number of mu-
nicipalities affected by this problem by estimating the 
odour units (OU/m3) of the geographical areas and the 
evolution of rural tourism in the VC, and then to analyse 
whether there is a spatial relationship between these two 
variables. The initial hypothesis is that there are munici-
palities where the problems caused by odours in livestock 
farms are holding back the growth of rural tourism in the 
area and possibly causing the stagnation of the popula-
tion’s income.

Material and methods
Study area and characteristics of the livestock 
farms and tourism sector 

An extensive description of the study area and study 
of livestock farms can be found in Calafat et al. (2015) 
and Gallego et al. (2019). The VC has a total of 542 mu-
nicipalities spread across the three provinces; all of the 
municipalities of the VC have been included in the study.

Otherwise, rural tourism, considered as tourist activi-
ty carried out in rural areas, is made up of the integrated 
leisure offer, characterized by contact with the natural en-
vironment. It also facilitates interaction with the local so-
ciety through which it is managed (Generalitat Valencia-
na, 2006). In the VC, tourism in 2017 represented 13.2% 
of GDP and 14.4% of regional employment (Exceltur, 
2018); the rural environment presents a great diversity of 
spaces rich in landscapes (22 natural parks, 4 marine re-
serves, 8 protected landscapes, 71 municipal natural parks 
and one natural monument (BOE, 1995), and potential for 
the practice of tourist activities.

In the VC the influence of tourism depends on the loca-
tion of the territory. Therefore, mass tourism concentrates 
in coastal areas (beach tourism) and have low livestock 
activity. In contrast, the interior areas of the study area 
have high livestock activity and tourism is based on the 
offer of rural houses and hostels in small municipalities 
(it is not mass tourism) where there are no hotels as in 
the coastal area. Therefore, this study considers only rural 
tourism in rural areas, which are the areas with livestock 
activity that do not contain hotels, which are linked to 
coastal areas with mass tourism where livestock activity 
is practically non-existent.

Throughout the VC, rural tourism is concentrated in 
the province of Castellón, which has the largest number
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          Table 1. Evolution of the percentages of places in rural houses and hostels in the Valencian Community (VC)

                   (1) VC is divided administratively into three provinces: Castellón, Valencia and Alicante

Provinces(1) 1996 2017 2017-1996

Rural houses

Alicante 32.42 26.88 26.70

Castellón 60.94 40.24 39.56

Valencia 6.64 32.88 33.75

Hostels

Alicante 23.91 25.40 25.65

Castellón 69.13 23.94 16.59

Valencia 6.96 50.65 57.76

of rural houses and hostels. Valencia and Alicante, on the 
other hand, have seen the greatest increase in supply in 
the last 20 years (Table 1). 

The policies that mainly regulate the evolution of rural 
tourism in the VC come from three different areas, deve-
loped through the LEADER initiative (of the European 
Commission), the PRODER Rural Development Policy 
(of the Spanish Government) and aid from the Regio-
nal Administration, such as aid for the rehabilitation of 
rural housing for tourist accommodation. Two VC ru-
ral development programs co-financed by the European 
Agricultural Fund for Rural Development (EAFRD) have 
been developed, one for the period of 2007-2013 and the 
other for 2014-2020 (EC, 2015, 2017). In the last report, 
which presents the evolution of the areas included in the 
LEADER Programs, it is observed that practically all the 
areas included in the first period continue to be included 
in the second. Only a few larger municipalities, or tho-
se with positive demographic trends, leave the objective 
of the new LEADER Axis. This indicates that, despite 
the successive periods of public intervention (LEADER, 
LEADER II, LEADER PLUS and PRODER), the most 
depopulated territories of this region persist, even today, 
in this situation of demographic and economic crisis. For 
this reason, it is highlighted that the new development 
strategies to be defined should include proposals with  
greater innovative effort and the search for new approa-
ches that allow for qualitative progress with respect to 
the starting situation and that allow for an increase in  
awareness of the importance of tourism together with a 
greater business dynamic. 

Atmospheric dispersion models

During the last few decades, research has been carried 
out to model the concentration of odours from livestock 
farms. Initially, only the different chemical components 

present in the odours were considered (Zahn et al., 2001; 
Janes et al., 2004), then environmental conditions such 
as wind speed, atmospheric stability classes and distance 
from the odour source were taken into account (Janicke 
et al., 2012; Lucernoni et al., 2016; Piringer et al., 2016; 
Guffanti et al., 2018; Oettl et al., 2018).

One of the most relevant studies on odour modelling in 
livestock farms is the study by Hayes et al. (2006), which 
illustrates a dispersion model to determine the odour im-
pact of intensive poultry production units and the eva-
luation of separation distances for new facilities. Some 
European countries (Austria, Germany, Switzerland, Ne-
therlands, etc.) and some North American states or cities 
(Ontario, Illinois, Purdue, Iowa, etc.) have developed gui-
delines for the development of dispersion models for the 
calculation of separation distances. The Austrian model 
considers the most factors (Guo et al., 2004), including 
the number of animals, species, housing systems, ventila-
tion systems, manure handling, feeding methods, land use 
and topography (Janicke et al., 2012; Schauberger et al., 
2012b, 2013, 2014; Brancher et al., 2016). Since 1970, 
the U.S. Environmental Protection Agency (EPA) has de-
veloped a series of regulatory programs for the modelling 
of air quality. It groups air quality (or dispersion) models 
into different categories: Gaussian (non-reactive pollu-
tants), numerical (if the source is of an urban type with 
reactive pollutants), statistical (if the chemical and physi-
cal processes do not have a clear scientific interpretation 
or a reliable database is not available), box (if pollutants 
emitted into the atmosphere are uniformly mixed in a fi-
nite volume), or physical (if it involves the use of tunnels, 
waterways or other means to model fluids).

The choice of the most appropriate model for a given 
application should be assessed on a case-by-case basis 
and considering several factors (Capelli et al., 2013). Sta-
tionary state models (Gaussian models) are applied when 
the aim of the study is to look for the most unfavourable 
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condition. Models that are more sophisticated include pa-
rameterizations that are more complex and with a greater 
number of meteorological variables. 

In this study, the Gaussian model was applied to 
determine the most unfavourable situation. For this  
purpose, simulations of concentrations of atmospheric 
pollutants were generated both in the location of farms  
and in the surrounding area, generating an odour concen-
tration point matrix.

Methodology for calculating farm odour nuisance 

The workflow followed for the calculation of odour 
nuisance of the VC livestock farms can be followed 
 in Fig. 1.

Data input and general procedure
The impact of odour emission rates in the immediate 

surrounding of the farm depends on the magnitude of the 
emission rate of the facility, the proximity of sensitive re-
ceptors, the local topography and the prevailing meteoro-

logical conditions. To take into account all these aspects 
and determine the odour emission values generated by 
the activity, it was necessary to apply mathematical odour 
dispersion simulation models (Pagans et al., 2010).

STEP 1: DATA INPUTS 
Previous work georeferenced the livestock farms of 

the VC (Gallego et al., 2019), allowing us to know the 
location of each, with the necessary precision. For geo-
graphic referencing, the ETRS89 (European Terrestrial 
Reference System 1989) was adopted (BOE, 2007).

STEP 2: EMISSION AND SPATIAL ODOUR DEN-
SITY OF LIVESTOCK FARMS

First, the odour emission rate derived from each lives-
tock farm has been calculated, using the emission factors 
by species and production orientation applicable to lives-
tock farms in the VC, validated in Generalitat Valenciana 
(2008) (Table 2). Considered emission factors were ob-
tained using samples analysed by dynamic olfactometry 
from different livestock facilities, which have provided an 

Livestock
farms Georeferencing

Odour
emision

Emission rate x 
number of animals 

(OU/sec)
Odour emission 

density

Meteorologic 
al data

46 climatic seasons: wind direction 
and speed, temperature and cloudiness 

in the summer months

Odour 
concentration

Gaussian 
dispersion model 

(OU/m3)
Odour concentration 

matrix

Atmospheric 
dispersion 
modeling

GIS implementation of odour
concentration matrix 

Model of odour
dispersion by 
interpolation

Disturbing 
odour 

perception

Nuisance 
threshold: 
5 OU/m3

Superposition of 
dispersion layers and 

municipalities
Affected 

municipalities

Relationship 
odours farms/
rural tourism

Univariate spatial 
analysis: rural tourism 
evolution (Global and 
local Moran Index)

Multivariate spatial analysis: 
rural tourism evolution and 

odour affection

Figure 1. Workflow to obtain odour nuisance and its relationship with the evolution of rural 
tourism at municipal level.
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emission rate per animal unit. In this guide, the values that 
represent the reality of VC livestock and that are adapted 
to their production conditions were selected.

The emission rate of each farm was obtained by mul-
tiplying the odour emission rate, established for each 
type of animal, by the total number of animals of the 
same type in the facility. The normalized values, per 
unit area, were obtained by interpolation of the sam-
ple data from the spatial density of the odour emission. 

STEP 3: METEOROLOGICAL DATA
The meteorological information used was based on data 

of 46 weather stations over the last four years, provided 

by the State Meteorological Agency (AEMET) of the 
Spanish Ministry of Agriculture. 

The study was carried out on the dates of higher tempe-
ratures, as the temperatures are the climatological factors 
that most influence the dispersion and concentration of 
odours and adopt the most unfavourable scenario possible. 
Specifically, the meteorological data of the summer mon-
ths of the past four years has been used in the simulation. 
Data was used daily at 7, 13 and 18 hours regarding:  
wind direction, temperature, wind speed, low clouds and 
high clouds.

For the characterization of different meteorological 
data, the mode for wind direction and the arithmetic mean 

                                       Table 2. Odour emission factors by species and production orientation

Species Production orientation FE Head(1)

(OU/s)
Poultry Broiler 0.11

Laying hens in cages 0.49
Laying hens on the ground 0.39
Laying hens housed in aviaries 0.24
Breeding chicks 0.19

Pigs Transition 4.87
Fattening 14.67
Gestation 16.34
Lactation 41.41
Dried sows 20.63
Sows global cycle 19.30
Boars 26.22
Replacement 12.10

Bovine Dairy cow in production 46.48
Replacement heifer 15.00
Beef calves 39.73

Sheep Lactating sheep 7.80
Replacement sheep 4.68
Breastfeeding goats 1.95

Goats Replacement goats 18.84
Reposition goats 11.30
Cunningham 5.70

Lamb Breeding mothers 1.00
Fattening 0.25

Equine Animals <12 months 39.73
Breeders and adults 46.68
Males 44.20

(1) FE Head: factor emission per animal head, measured in odour units per second 
(OU/s). Source: Generalitat Valenciana (2008).
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for wind speed and temperature were calculated from the 
daily data. Fig. 2 shows an example of the wind roses ob-
tained for each of the main directions used from one of 
the weather stations, which corresponds to the examples 
of concentration and dispersion shown in Figs. 3 and 4.

STEP 4: CALCULATION OF ODOUR CONCEN-
TRATION. GAUSSIAN METHOD

The Gaussian dispersion model is one of the most 
widely used models to describe the movement of pollu-
tants in the atmosphere (Schauberger et al., 2012a; Som-
mer-Quabach et al., 2014; Piringer et al., 2016). 

The Gaussian atmospheric dispersion approach was 
used to assess the impact of the smell of the livestock 
facilities, in particular the model of Pasquill, obtained 
from the universal equation of dispersion turbulence and 
convective transport. Pasquill (1961) proposed a simple 
method of estimating atmospheric dispersion from conti-
nuous point sources, expressed in the equation:

        (1)𝐶𝐶 𝑥𝑥, 𝑦𝑦, 𝑧𝑧 =
𝑄𝑄

2𝜋𝜋𝜋𝜋𝜎𝜎,𝜎𝜎-
𝑒𝑒𝑥𝑥𝑒𝑒 −

𝑦𝑦1

2𝜎𝜎,1
−
𝑧𝑧1

2𝜎𝜎-1
 

	

		
Figure 3. Example of GIS representation of odour concentration and dispersion: a) odour concentration points grid; b) odour 
dispersion

ODOUR ODOUR

Figure 2. Example of wind rose (% of wind direction frequencies) from the same weather station used in Figures 3 
and 4: (a) wind rose with directions of total hours used (%); b) rose of the winds with the directions in function of the 
speed of the total of hours used; c), d) and e) rose winds of the directions for 7:00, 13:00 and 18:00 hours respectively.

	

c) 7:00 (direction)

	

d) 13:00 (direction)

	

e) 18:00 (direction)

	

a) All hours (direction)

	

b) All hours (wind direction and speed)
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where C is the odour concentration (OU•m-3) at the recep-
tor location; Q is the odour emission (OU•s-1); U is the 
horizontal wind velocity (m s-1); and 𝜎𝜎"	 and 𝜎𝜎"	 are the at-
mospheric dispersion coefficients (m). The Gaussian dis-
tribution determines the odour plume size on the leeward 
side, and this depends on the atmosphere stability and its 
own dispersion in transverse direction. 

It is acceptable to assume some simplifying hypothe-
ses when the emission is on a small scale (up to a few 
kilometres): development of the model for a stationary 
state; the diffusion of mass is negligible in the direction 
of the x axis; the wind speed U is considered constant be-
cause the variations in the three coordinate axes are very 
small and can be looked over; the point source is located 
at x = 0 and the effective height of chimney H.

Reduced expression of the Gaussian dispersion model 
corresponds to the level of the ground:

𝐶𝐶 𝑥𝑥, 𝑦𝑦, 𝑧𝑧 = '
()*+*,

𝑒𝑒𝑥𝑥𝑒𝑒 − 01

2*+1
− 31

2*,1
  

	

     (2)

where H is the effective emission height. 
Dispersion parameters are determined once the class of 

turbulence of the atmosphere is defined. This turbulence 
class defines the ability of the atmosphere to dilute more 
or less pollution that is being generated by a point source 

at a given time. The Pasquill stability classes (Table 3) de-
fine six stability levels (Classes A-C, D and E-F represent 
unstable, neutral and stable conditions, respectively). The 
more unstable the atmosphere, the greater the dilution. 
Stability classes are defined for different meteorological 
situations, characterised by wind speed and solar radia-
tion (during the day) and cloud cover during the night. 
Once the stability class is defined the parameters of dis-
persion are determined, which also depend on the distan-
ce to the source. 

In the present study, the effective emission height is 
the source height, without considering any over elevation 
of the odour plume. The atmospheric dispersion coeffi-
cients were determined using Eqs. 3 and 4 (Ubeda et al., 
2010), depending on atmospheric stability classes (A-F) 
(Table 4):

𝜎𝜎" = 𝑎𝑎	𝑥𝑥' 
                              

(3)

𝜎𝜎" = 𝑏𝑏	𝑥𝑥' 

	
                             

(4)

The methodology used in this study has been validated 
with field data in the case of a single source, in the same 
study area, the study of Ubeda et al. (2010).

This way, the odour concentration matrix has been ob-
tained around each farm (Fig. 3a).

Figure 4. Farm odour emissions (OU/s) and odour emission density (OU/km2): a) map of 
odour emissions by farm; b) map of odour emission density

	

ODOUR

	

ODOUR
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Modelling was performed using meteorological data 
from the nearest meteorological station. Total odour con-
centration around the farm was calculated as a sum of the 
concentrations of the resulting odour in each direction of 
the wind by spreadsheet software. 

STEP 5: MODELLING ODOUR DISPERSION IN GIS
The odour concentration matrix was implemented in 

GIS as a point layer (Fig. 3a). A continuous surface of 
the odour dispersion model of each farm was obtained by 
interpolation (Fig. 3b).

STEP 6: MUNICIPALITIES' PERCEPTION OF 
ODOUR NUISANCE 

To deduce that farms affect municipalities due to 
odours, the following odour concentration thresholds 
have been considered according to the population’s per-
ception, according to standard (UNE, 2004):

 — Detection threshold: The minimum concentration of 
odour that can be detected by 50% of the population. The 
detection threshold is 1 OU/m3.

 — Recognition threshold: The minimum concentration 
of the odour at which 50% of the population can des-
cribe the odour. A recognition threshold accepted by the 
scientific community is defined as 3 OU/m3.

 — Nuisance threshold: The concentration at which a sma-
ll part of the population (<5%) manifests nuisance for at 
least 2% of the time. The most commonly used is 5 OU/m3.

Odour is classifiable above 5 OU/m3 i.e., it can 
be identified and can be a source of complaint 
among the population. Odours are clearly recogni-
zable when the concentration reaches 10 OU/m3, 
and complaints can also be received.

To analyse this situation in the study area, an overlap 
was made between the odour dispersion layers and the 
layer of urban centres, which allows us to know how 

Table 3. Pasquill categories of atmospheric stability.

(1) Categories: A, extremely unstable; B, moderately unstable; C, slightly unstable; D, neutral conditions; E, slightly 
stable; F, moderately stable. Source: Pasquill (1961). (2)Cloudy conditions refer to the extent of sky covered by clouds 
and is expressed in eighths. It is measured by observation, grouping all the clouds, and counting how many eighths (x/8) 
of the sky they occupy.

Wind speed
(m s-1)

Diurnal insolation(1) Cloudy conditions(2)

Strong Moderate Weak
Covered

(8/8)
Semicloudy

(>4/8)
Cloudless

(3/8)

<2 A A-B B D

2-3 A-B B C D E F

3-4 B B-C C D D E

4-6 C C-D D D D D

>6 C D D D D D

Stability class
𝝈𝝈𝒚𝒚 𝝈𝝈𝒛𝒛 

a p b q

A 0.3658 0.9031 0.00025 2.1250

B 0.2751 0.9031 0.0019 1.6021

C 0.2089 0.9031 0.2000 0.8543

D 0.1474 0.9031 0.3000 0.6532

E 0.1046 0.9031 0.4000 0.6021

F 0.0722 0.9031 0.2000 0.6020

Table 4. Parameters used to determine atmospheric dispersion coefficients.
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many farms can affect each urban centre and the maxi-
mum odour density value with which it can be affected. 
In addition, it is possible to know how many municipa-
lities can be affected by each farm, and for each urban 
centre, how many farms can affect it and, therefore, the 
maximum concentration of odour that can be perceived.

STEP 7: RELATIONSHIP BETWEEN ODOUR NUI-
SANCE AND THE EVOLUTION OF RURAL TOU-
RISM AT THE MUNICIPAL LEVEL.

The municipal evolution in VC of rural tourism was ba-
sed on the variation in the number of places in rural houses 
and hostels in the period from 2006 to 2017, a period in 
which the LEADER and PRODER programs were applied.

This analysis is performed in order to assess whether 
tourism in rural areas is increasing or, on the contrary, 
decreasing. In addition, the study examines if there is an 
influence between the evolution of rural tourism between 
municipalities near each other, i.e. if the increase of the 
rural tourism in a municipality spread to the nearest mu-
nicipalities; it was carried out by means of an analysis of 
spatial autocorrelation (Anselin et al., 2006). The study 
shows if the evolution of rural tourism in a municipality 
has an overflow effect in neighbouring (showing a positi-
ve spatial autocorrelation), favouring the concentration in 
a given geographical area. Otherwise, if the growth of ru-
ral tourism is concentrated on a municipality at the detri-
ment of neighbours’ municipalities, it produces the spatial 
hierarchy phenomenon (negative spatial autocorrelation). 

The spatial correlation (or dependence) is calculated 
from the spatial weights’ matrix (also called contact ma-
trix or spatial proximity matrix), which represents the 
influence relationships of some observations and indica-
tes which spatial units are neighbouring and which are 
not. It is symbolized with W, it is a matrix square N×N 
(where N is the number of spatial units, in this case N 
being the number of municipalities in the VC), not sto-
chastic, whose elements wij reflect the intensity of the 

interdependence between each pair of municipalities i,j 
(Moreno & Vayá, 2000). If wij = 1 the two municipalities 
are contiguous and if wij = 0 otherwise. The elements of 
the diagonal are 0, since no municipality can be its own 
neighbour. Subsequently the matrix is normalised in rows. 
There are different contiguity criterions in practice (Rook 
criterion if there is a common border; Bishop Criterion 
if there is a common vertex; Queen Criterion if there is 
either a common border or vertex). Queen’s Criterion was 
used as a contiguity criterion in this study, due to make up 
for spatial contiguity by incorporating both the rook and 
bishop relationships into a single measure (Anselin et al., 
2006). Table 5 presents a hypothetical example of a spe-
cial weight matrix with 5 municipalities, as well as a re-
presentation of the Queen's contiguity criteria. The spatial 
weights matrix allows generate an array of space delay of 
the explanatory variable (WY), from multiplying the W 
matrix by a vector of variables, in N×1 order.

Moran's Index values range from -1 to 1, where -1 
means a negative spatial autocorrelation and 1 means a 
positive spatial autocorrelation. A value of zero indicates 
a random spatial pattern. The software package used for 
this index was GeoDa 1.12, developed by Anselin.

Moran’s Index measures spatial autocorrelation using 
the following equation:

𝐼𝐼 = 	
𝑁𝑁
𝑊𝑊&' ()

𝑊𝑊'&(𝑋𝑋' −& 𝑥𝑥)(𝑋𝑋& − 𝑥𝑥)'

(𝑋𝑋' − 𝑥𝑥)/0
'12

𝑖𝑖 ≠ 𝑗𝑗 

 

(5)

where N is the number of municipalities, Xi is the number 
of places in rural houses or hostels in i, Xj is the number 
of places in rural houses or hostels in j, x ̅ is the mean 
number of places in rural houses and hostels and Wij is a 
matrix of spatial weights.

Local Spatial Autocorrelation (LISA) indicates which 
municipalities have greater weight in index global Mo-
ran's Index and which ones are not. LISA map represents 
the local significant values (Anselin, 1995; Chasco & Fer-
nández, 2008), and classifies the spatial clusters such with 

Table 5. Example of the weight matrix and contiguity criterion of the Queen. M: municipality

M1 M2 M3 M4 M5

M1 0 1 1 0 0 Contiguity criterion

M2 1 0 1 1 0

M3 1 1 0 1 1 i

M4 0 1 1 0 1

M5 0 0 1 1 0 Queen

M1

M2

M3

M4

M5
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positive autocorrelation (high-high and low-low) and ne-
gative autocorrelation (high-low and low-high). A positi-
ve autocorrelation cluster indicates that the development 
of rural tourism has been the same in all the municipalities 
that are neighbours (high-high or low-low), instead, a ne-
gative correlation indicates that if in a municipality the 
rural tourism has increased, the opposite will have happe-
ned in the neighbouring municipalities (high-low).

Subsequently, the bivariate spatial correlation was 
analysed. In this case, it was examined whether there 
is autocorrelation among rural tourism variations and 
odours from the livestock farms. This correlation was 
held using the concept of global and local spatial bivariate 
correlation. The number of livestock farms in a munici-
pality according to the emission of odours (OU/m3) was 
considered as the explanatory variable in this study and 
the spatial delay matrix was calculated on the variation of 
the rural houses in each municipality (WY). In this case it 
is the values of the global moral bivariate I range from -1 
to 1, where -1 means that the evolution of the number of 
rural houses and hostels and the number of livestock far-
ms in a range of odour evolve at opposite rates (high-low 
indicates that the houses and hostels have increased in 
an municipality and in neighbouring municipalities there 
has been a decrease in the number of farms in a range of 
odour; low-high indicates that there has been a decrea-
se of rural houses and hostels in an municipality and the 
number of farms in a range of odour have increased in 
neighbouring municipalities). A spatial autocorrelation 
equal to 1 means a positive spatial autocorrelation and the 
evolution of the number of rural houses and hostels and 
the number of livestock farms in a range of odour evolve 
in the same sense.

Results
This study makes a novel contribution of determining 

and relating two different problems in the same geogra-
phical area; also contributes by analysing the implications 
between key economic sectors for the economic and so-
cial development of disadvantaged areas, such as the rural 
areas within the VC. With the values of the emission fac-
tors by species and production orientation, the livestock 
farms were represented on a map depending on the nui-
sance thresholds (Fig. 4a) and the odour emission density 
map was also represented (Fig. 4b). The highest rate of 
odour emissions came mostly from pig farms, which was 
the species that produced greater discomfort by its smell. 
This situation is repeated at intermediate intervals, lea-
ding to the conclusion that the pig species is, in addition 
to be the most annoying, the species that generates the 
greatest odour emissions in the VC. Likewise, farms with 

very high odour emission rates were concentrated in some 
areas, what causes them to become areas with high odour 
emission density (Fig. 4b).

The odour concentration was calculated using the 
Gaussian formula for each of the livestock species farms 
in the VC. Fig. 5 shows the livestock farms according to 
the value of the dispersed odour concentration (OU/m3). 
Table 6 presents the frequencies of the results obtained. 
It was observed that 10% of the farms may cause a nui-
sance to nearby municipalities, as they cause concentra-
tions greater than 5 OU/m3, and that 18% may cause a 
nuisance to most of the population, with concentrations 
greater than 10 OU/m3. Approximately 46% of munici-
palities may be affected, at some time, by odours emitted 
by livestock farms, which may cause complaints among 
the population.

Once the effects of odours were known at the urban 
centre level, their relationship with rural tourism was 
analysed and the geographical behaviour of the evolu-
tion of rural tourism in the VC was described. The evo-
lution of the number of places offered for rural tourism 
shows a greater spatial autocorrelation for rural houses 
than for hostels (Table 7). In the case where the group of 

	
Figure 5. Concentration of dispersed odour 
(OU/m3) in all livestock farms according to 
odour levels

ODOUR
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rural houses and hostels showed a positive autocorrela-
tion, mainly for the period from 1996 to 2006, the effects 
of the European programs of rural development had a 
contagious effect between the nearest municipalities. On 
the other hand, over the last decade, the territorial effects 
of these programs have not produced these effects.

Figure 6 shows the municipalities with the highest le-
vels of spatial autocorrelation. The map in Fig. 6a shows 
the municipalities, shaded in red, with a high variation in 
the number of rural houses surrounded by municipalities 
with the same behaviour. Municipalities shaded in blue 
are characterized by little variation among rural houses 
and are surrounded by municipalities with the same trend. 
Provincial statistics indicate that the province of Caste-
llón is where rural accommodation is concentrated but has 
had lower growth. Moreover, local spatial autocorrelation 
indicates that the cluster of municipalities with the grea-
test contagious effect among their neighbours is concen-
trated in the interior zone of Castellón (CL1; see Fig. 6) 
and, therefore, in these municipalities the variables that 
affect the evolution of rural tourism will be transferred to 
the neighbours. In the interior of the Valencia province, 
there is another cluster of municipalities that follow the 
same trend (CL2 and CL3; Fig. 6).

The global spatial correlation between the variation of 
rural houses and the number of farms by the odour con-
centration range indicates a low dependence between the 
two variables (Table 8). It is remarkable that, in the second  
period of analysis, there is a negative spatial relationship 
at all odour levels, which indicates that municipalities that 
increase/decrease the number of rural houses correspond 
to municipalities with few/many farms in each range of 
odour concentration.

The LISA maps are representative of municipalities 
with a level of significance of p=0.001 (Figs. 7 and 8). 
In the first and second period of rural development fun-
ding, for each level of odour concentration, there were 
few cases of positive local association: high values of 
both variables, six municipalities mainly in the north of 
Castellón, which in the first period increased as OU/m3 in-
creased, reaching 12 municipalities. Moreover, the num-
ber of municipalities was reduced in the second period. 
Instead, more complaints can be received due to odour 
problems from livestock farms in these municipalities, 
as they are municipalities where rural tourism presents a 
clear increase and the possibility of generating income for 
its inhabitants. It was observed that not all the municipa-
lities that were in this situation in the first period repeat 

Table 6. Number of farms and municipalities that may be affected by odour problems 

Highest concentration (OU/m3) No. of farms No. of municipalities

< 1 2018 52

1-3 1178 272

3-5 363 121

5-10 507 261

>10 918 594

Table 7. Spatial autocorrelation (Moran Index) according to types of rural tourism in the times 
of the LEADER and PRODER programmes.

Time periods Moran Index

Rural houses and hostels 1996-2017 0.257017

1996-2006 0.308086

2006-2017 0.003310

Rural houses 1996-2017 0.336208

1996-2006 0.405790

2006-2017 0.033605

Hostels 1996-2017 0.085906

1996-2006 0.080223

2006-2017 -0.005254
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Table 8. Bivariate spatial autocorrelation (Moran Index) according to the evolution of rural houses in 
the last 20 years and the number of farms according to each odour interval in each municipality.

Odour concentration (OU/m3) Moran Index

Rural houses  < 1 0.3326800

1996-2006 1-3 0.1358580

3-5 0.1891390

5-10 0.1789220

10-50 0.2070790

50-100 0.1493630

> 100 -0.0498380

Rural houses < 1 -0.1027730

2006-2017 1-3 -0.0724050

3-5 -0.0596544

5-10 -0.0700574

10-50 -0.0684552

50-100 -0.0623618

> 100 -0.0111484

 

 
 
 

CL1 

CL2 

CL3 

 

 
 
 Figure 6. Municipalities with the greatest contribution to the global Moran’s Index value and their 

statistical significance level (p-values)
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1-3 OU/m3 3-5 OU/m3 5-10 OU/m3 10-50 OU/m3

Figure 7. Bivariant local spatial autocorrelation between rural house evolution from 1996 to 2006 (first period of rural develop-
ment programs in the Valencian Community) and odour concentration according to the degree of nuisance. Categories: Positive 
autocorrelation: High-High (Low-Low): High (Low) increase in rural tourism in municipality i and High (Low) increment in the 
number of livestock farms in neighbouring municipalities, in each odour range. Negative autocorrelation: Low-High (Hig-Low): 
Low (High) increase in rural tourism in municipality i and High (Low) increment in the number of livestock farms in neighbouring 
municipalities, in each odour range

    

    
 

1-3 OU/m3 3-5 OU/m3 5-10 OU/m3 10-50 OU/m3

Figure 8. Bivariant local spatial autocorrelation between the evolution of the rural house from 2006 to 2017 (second period of the 
rural development program in the Valencian Community) and odour concentration according to the degree of nuisance.
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in the second period. In fact, the majority municipalities 
changed to a situation of low-high values; they have beco-
me municipalities with a low growth of rural houses and 
a high number of farms with odour nuisances, which indi-
cates that they are municipalities where livestock activity 
continues to predominate over tourism.

The number of municipalities with dissimilar values, 
mainly high-low, increased with a greater concentration 
of odour. They were characterized by being municipali-
ties in which rural tourism grows (growth of rural hou-
ses) and had few livestock farms in each odour range, 
up to levels of 50 OU/m3, which is a threshold of high 
nuisance. In other words, they were municipalities with 
few odour-generating livestock farms where rural tourism 
is growing. In the two periods analysed, the number of 
municipalities with these characteristics increased, being 
more pronounced in the second period.

Municipalities with low and high values were cha-
racterized by low growth of rural tourism and a high 
number of farms in all ranges of odour concentration. In 
other words, they were municipalities where the tourism  
sector does not displace the livestock sector. In the first 
period, the number of municipalities was scarce, but in the  
second period, it was higher as the concentration by  
odour increased.

Discussion
Livestock odours are a very demanding analytical 

challenge due to their chemical complexity and the low 
concentrations of individual compounds. In the study by 
Boers et al. (2016), it was indicated that age and educa-
tion do not truly have a significant influence on the per-
ception of odour nuisance. Instead, exposure to odour is 
the main driver for odour nuisance. For this reason, it is 
essential to know the odour exposure at the urban cen-
tre level, linking the possible odour-generating sources. 
At the European level, the odours generated by livestock 
farms and their consequences on the surrounding popula-
tion, the environment and local economies are not regu-
lated. In Spain, there is no legislation that can be applied 
to the whole territory. This lack of legislation hinders  
possible action and the development of efficient techni-
ques for its reduction.

In general, different types of models can be used to 
simulate the dispersion of pollutants into the atmosphere. 
Among them, Gaussian models, for which turbulent dis-
persion is parameterized with empirical coefficients (Gi-
fford, 1959; Pasquill, 1961; Smith, 1995). This stationary 
state model (Gaussian models) is applied when the aim of 
the study is to look for the most unfavourable condition. 
Models that are more sophisticated include parameteriza-

tions that are more complex and with a greater number of 
meteorological variables. Many studies analyse the lives-
tock farm odour problems of the farms mediating Gaus-
sian models (Capelli et al., 2013; Danuso et al., 2015; 
Piringer et al., 2016). 

In the study presented, the entire territory of the VC 
and livestock farms with more than one livestock unit 
have been included in the analysis, thus 4984 farms were 
included in the study. In contrast, the number of consi-
dered farms in most of the studies of odours in livestock 
farms is lower (Schauberger et al., 2012a; Romain et al., 
2013; Sommer-Quabach et al., 2014), even in many of 
them only one farm is analysed to study, either, the com-
position of odour concentration in detail, or the odours of 
the same farm in several geographical locations (Schau-
berger et al., 2014; Wu et al., 2016). Other studies include 
several buildings in farms (Henshaw et al., 2006; Hernan-
dez et al., 2012), but the number of observations is also 
lower than the ones considered in this study. The amount 
of data used determines both the objectives of the study 
and the results, and, in this case, makes the results of the 
concentrations and dispersion of odours not comparable 
with other studies.

The methodology developed can be applied to other re-
gions and extended to consider additional environmental 
variables, such as the concentration of nitrates or other at-
mospheric pollutants that cause odours. In addition, other 
geographical and livestock criteria could be incorporated 
to influence the growth of rural tourism. Implementing 
the results of GIS techniques allows for the geographical 
detection of the most problematic areas in the territory.

The results obtained allowed the identification of the 
hot spot in municipalities where the complaints to the 
local institutions increased due to livestock odour. In this 
municipality cluster, that is increasing the rural tourism, 
the effects of livestock odours may suppose a restraint for 
rural tourism. Against this, groups of municipalities are 
evidenced where the livestock sector predominates over 
tourism and the complaints of the neighbours may not in-
crease for this reason. In conclusion, the initial hypothesis 
is fulfilled in municipalities that increase rural tourism, 
due to problems caused by odours in livestock which can 
cause a stagnation of the population’s income.

Finally, the results obtained make it possible to inform 
and facilitate decision-making in the design and applica-
tion of sectorial and social policies by the public admi-
nistrations, which are responsible for the management of 
livestock activities and the territory. In addition, another 
line of future research is the identification of suitable geo-
graphical locations for new livestock farms that guarantee 
the necessary production of food and produce an impro-
vement of activities and incomes in areas at risk of depo-
pulation (such as the interior areas of the CV) and do not 
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restrain the development of booming economic sectors, 
such as rural tourism.
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