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Abstract. There is need to identify and quantify the contribution of different sources to
airborne particulate matter (PM) emissions from animal houses. To this end, we compared
the chemical and morphological characteristics of fine and coarse PM from known sources
collected from animal houses with the characteristics of on-farm fine and coarse airborne
PM using two methods: classification rules based on decision trees and multiple linear
regression. Fourteen different farms corresponding to seven different housing systems for
poultry and pigs were sampled during winter. A total of 28 fine and 28 coarse on-farm
airborne PM samples were collected, together with a representative sample of each known
source per farm (56 known source samples in total). Source contributions were calculated
as relative percentage contributions in particle numbers and then estimated in particle
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mass. Based on particle numbers, results showed that in poultry houses, most on-farm
airborne PM originated from feathers (ranging from 4%to 43%in fine PM and from 6%to
35%in coarse PM) and manure (ranging from 9%to 85%in fine PM and from 30%to 94%
in coarse PM). For pigs, most on-farm airborne PM originated from manure (ranging from
70%t0 98% in fine PM and from 41%to 94%in coarse PM). Based on particle mass, for
poultry most on-farm airborne PM still originated from feathers and manure; for pigs,
however, most PM originated from skin and manure. Feed had a negligible contribution to
on-farm airborne PM compared with other sources. Results presented in this study improve
the understanding of sources of PM in different animal housing systems, which may be
valuable when choosing optimal PM reduction techniques.

Keywords. Animal housing, Dust, Emissions, Source apportionment.

Large amounts of particulate matter (PM) are emitted from animal houses, which can
compromise animal and human respiratory health (Radon et al., 2001; Zuskin et al., 1995)
and the environment as well. The scientific community and stakeholders (farmers and local
authorities) are seeking technically feasible and economically viable solutions to reduce these
emissions to comply with air quality regulations. Preventing dust release from its source not
only reduces emissions from the animal house but improves the indoor climate as well. To
develop such reduction techniques, it is necessary to identify and quantify the sources that
contribute to PM in animal houses.

A complete assessment can be achieved by quantifying PM contributions from each source
according to particle numbers and mass. Knowledge of the relationship between particle
number and mass contributions is essential because it gives an insight into particle size and
morphology related to different particle types (sources). Moreover, particle size and
morphology are related to a particle's aerodynamic behavior, which is closely related to lung
deposition mechanisms in the human airways: inertial impaction, sedimentation, interception,
and diffusion (Zhang, 2004). Although current European and U.S. regulations set limits to PM
concentrations based on mass, a mass-only approach to reduce PM would have very little
effect on the number concentrations of smaller particles found in the fine fraction. This
fraction contains fine and ultra-fine particles that pose greater risks of adverse health effects
because these particles can go beyond the larynx and penetrate into the unciliated respiratory
system (CEN, 1993). The control of particles larger than 2.5 u m in diameter, however, is also
relevant, because these particles can also cause adverse health effects through deposition in
the upper respiratory airways. Furthermore, particles larger than 2 i m in diameter found in
animal houses have been shown to contain high amounts of odorants (Cai et al., 2006) and
micro-organisms (Lee et al., 2006). Consequently, both PM number and mass concentrations
should be measured to tackle PM pollution related issues within animal houses, to develop
reduction techniques, and to assess their effects.

Analytical methods used to characterize PM, such as microscopic analysis, can supply useful
but limited data on particle or source chemical composition and morphological characteristics.
To further identify and quantify source contributions, source apportionment models can be
used. These models are versatile because they can be used in different scenarios (Watson et
al., 2002).

Source apportionment models based on multivariate linear regression permit quantitative
source apportionment and can be used to investigate the relationship between the chemical
and physical properties of the source and the properties measured at the site. Linear
regression is used to estimate the relative contribution of each known source as the linear sum
of products of source compositions and source contributions, based on predetermined source
profiles (Hopke, 1991). Furthermore, expert systems based on supervised methods can be
used to analyze data systematically. An expert system is software that simulates the judgment
and behavior of a human with expert knowledge and experience in a particular field (Jensen,
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2005). These systems contain a knowledge base with accumulated experience (data) and a set
of rules for applying the knowledge base to each particular situation that is described to the
program. Expert systems can be applied as knowledge-engineering tools in any field to
interpret, predict, diagnose, design, plan, monitor, and control systems (Kim and Hopke,
1988). Moreover, expert systems can be used to develop custom rules in the form of a
decision tree based on examples or training samples with known variables and then classify
data according to these rules. User-defined rules based on decision trees have been used to
sort and classify particles based on large datasets (Hopke, 2008; Hopke and Song, 1997; Kim
and Hopke, 1988; Wienke et al., 1995). Based on known source profiles, rules can also sort
and classify measured airborne particles into predetermined and selected classes or sources.

Attempts to identify and quantify primary sources of PM in animal houses have been made
for pigs and poultry using different approaches (Feddes et al., 1992; Heber et al., 1988;
Honey and McQuitty, 1979; Qi et al., 1992), but most of these studies provide limited data
from specific production systems related to single animal categories (turkeys, growing-
finishing pigs, and caged layers). Therefore, these studies are valuable for identifying the most
likely sources present in specific animal production systems, but there is a lack of comparable
source contributions for other production systems, between and within animal categories, for
different sized-particles. To this end, specific methodologies need to be developed that
include statistical methods to calculate source contributions, and measurement protocols to
characterize the morphology and composition of PM in different size fractions in animal
houses.

Moreover, it is generally accepted that to apply source apportionment models in animal
houses, it is necessary to obtain particle chemical characteristics. However, the presence of
similar chemical elements in most sources related to animal PM can complicate discrimination
among them (Cambra-L6pez et al., 2011). Hence, the use of specific and detailed source
profiles based on additional particle characteristics is necessary. Cambra-Lopez et al. (2011)
reported that, in addition to chemical data, particle morphological characteristics could add
value in source apportionment in animal houses because, in some cases, animal-related PM
can be more heterogeneous in size and morphology than in chemical composition. Therefore,
chemical-only or combined chemical and morphological particle characteristics can be used
to apportion single sources to on-farm airborne PM and improve the knowledge on the
quantitative importance of the different PM sources in terms of number and mass
contributions.

The objective of this study was to identify and quantify the contribution of different sources
to primary fine (PM 2.5) and coarse (PM 10-2.5) PM emissions from animal houses based on
chemical and morphological characteristics of particles. A comprehensive list of animal
categories was surveyed, including seven different housing systems: broilers on bedding,
laying hens on floor, laying hens in aviary, turkeys on bedding, piglets, growing-finishing pigs,
and dry and pregnant sows on slatted floor. The relative contribution from each source to PM
was estimated in terms of number and mass by comparing the chemical and morphological
characteristics of fine and coarse PM from each source with the characteristics of fine and
coarse airborne PM from the animal houses. Two methods were used to estimate source
contributions: classification rules based on decision trees and multiple linear regression. This
study provides a better understanding of sources of PM, which is essential to improve
reduction programs applicable to animal houses. It also gives an insight into the
environmental hazards of PM and their potential health effects by providing knowledge on
sources of PM through properties such as particle morphology and chemical composition.

Material and Methods

To identify and quantify the contribution of different sources to fine and coarse PM emissions
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from different housing systems for poultry and pigs, we sampled airborne fine and coarse PM
on-farm and collected samples from known potential PM sources.

Housing and Animals

Table 1 lists the surveyed animal species, type of housing system, ventilation system, number
of animals, and animal age where airborne and source samples were collected. Two different
farm locations were sampled for each animal housing system in The Netherlands during
winter season. All surveyed animal houses used automatically distributed feeding systems
with crumbs or pelleted feed. Broilers and turkey houses used new wood shavings as bedding.

Table 1. Description of surveyed animal houses.

Farm | Vent | No.of | Age
Housing System
Location|System|Animals|(weeks)
Poultry
1 Tunnel| 50,400 4
Broilers, bedding
2 Roof | 2675 3
. 1 Tunnel| 3850 71
Laying hens, floor
2 Tunnel| 16,500 | 22
. . 1 Tunnel| 24,712 71
Laying hens, aviary
2 Tunnel| 35,000 | 50
1 Ridge | 5,000 12
Turkeys, bedding - J
2 Ridge | 4,040 10
Pigs
. 1 Roof | 125 8
Piglets, slatted floor
2 Roof 75 9
Growing-finishing pigs, partially slatted floor 1 Roof | 120 16
g 9 Pigs, partially 2 | Roof | 60 | 20
Dry and pregnant sows, group housin L Roof 39 |Diverse
y ana preg » drotp g 2 Roof | 46 |Diverse

On-Farm Airborne and Source Samples

Virtual cascade impactors (RespiCon, Helmut Hund GmbH, Wetzlar, Germany) were used on
each farm to sample airborne fine and coarse PM onto separate polycarbonate filters (37 mm
dia., 5 i m pore size). This device is a two-stage virtual impactor that follows the convention
of the European Standard (CEN, 1993) with a 50% cutoff at an aerodynamic diameter of 2.5
p m (for fine PM) and 10 p m (for coarse PM). According to Li et al. (2000), it exhibits
differences less than 17% between measured efficiencies and the curves following the
European Standard (CEN, 1993). Virtual impactors are similar to conventional impactors, but
the impaction surface is replaced with a virtual space of stagnant or slow-moving air,
consequently reducing sampling problems common to conventional impactors, such as
overloading and particle bounce losses. Portable pumps (Genie VSS5, Buck, Inc., Orlando,
Fla.) were used to draw air through each virtual cascade impactor at a constant flow of 3.11 L

min -1 )

Sampling was conducted during morning (from 09:00 to 12:00) at each animal house.
Duplicate airborne fine and coarse PM samples were collected simultaneously near the
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exhaust. For all the surveyed animal houses, a total of 28 fine and 28 coarse on-farm airborne
PM samples were collected indoors. Sampling time varied from 5 to 60 min, adjusted to

obtain particle loads of 5 to 20 p g particles cm -2 filter, to minimize particle overlap (Willis et
al., 2002). One background (outside) sample was taken from 10 to 15 m upwind of each farm
in the same way as indoor samples. Sampling time outside varied from 30 to 60 min.

Additionally, a light-scattering system (DustTrak aerosol monitor, model 8520, TSI, Inc.,
Shoreview, Minn.) was used for on-line continuous airborne PM 19 concentration
measurement inside and outside on each farm. Sampling time was 30 to 60 min. One-minute
values were recorded and stored. Temperature and relative humidity were also recorded
during each sampling, both inside and outside the animal house, using temperature and
relative humidity sensors (iLog data logger, Escort Data Loggers, Inc., Buchanan, Va.).

For source samples, composite samples of potential PM sources were collected per source
and farm by randomly sampling different locations in the animal house. Besides 14
background samples, a total of 42 known source samples were sampled, including:
concentrate feed (all farms), manure (fresh excreta in poultry and fresh feces in pigs),
feathers (in poultry), and wood shavings used as bedding material (present only for broilers
and turkeys). We also collected skin samples in pig houses, but only from sows because it was
impractical to collect such samples from younger animals (piglets and growing-finishing pigs)
whose skin was not as loose as a sow's dandruff. However, we used the skin collected from
the sows as a representative example of "skin source" in the other pig categories.
Approximately 200 to 500 g of representative samples of feed, manure, and clean wood
shavings were collected per farm. For feathers and skin, 10 to 50 g samples were collected.
All samples were stored in clean polyethylene bags.

Each source sample per farm was dried for 12 h at 70°C and then crushed in a ball mill for 1.5
min at 250 rpm. Dried and milled samples were stored at room temperature, and then airborne
PM was generated in a laboratory dust generator to collect airborne fine and coarse PM
samples from each source. The dust generator consisted of a stainless steel cylinder of 20 cm
diameter and 30 cm height with an airtight lid, which had a mechanical agitation system with
rotary blades. A varying quantity, from 0.2 g (feathers) to 40 g (feed), of each milled source
per farm was introduced in the dust generator and agitated at 200 rpm. The generated PM
was collected using a virtual cascade impactor (RespiCon, Helmut Hund GmbH, Wetzlar,
Germany) with polycarbonate filters (37 mm dia., 5 i m pore size), which was placed inside
the generator. A portable pump (Genie VSS5, Buck, Inc., Orlando, Fla.) was used to draw air
through the impactor from the dust generator. A detailed description of the dust generation
process and setup can be found in Cambra-Lopez et al. (2011).

Sampling time during dust generation varied from 1 min to 7 h, depending on the amount of

particles generated, aiming at particle loads of 5 to 20 u g particles cm 2 filter (Willis et al.,
2002). This generation procedure simulated the process by which PM can be generated in
animal houses. According to Gill et al. (2006), generating, collecting, and measuring PM in a
controlled laboratory setting is a useful tool for determining the emission potential per mass of
source, as well as the physical, morphological, and chemical characteristics of the emission.
The laboratory dust generation procedure used in our study worked by generating a large
cloud of particles and then collecting a small amount of them. The filter samples generated in
the laboratory (46 fine and 46 coarse PM samples) were stored at room temperature (20°C to
25°C) for several months before analysis, in sealed filter cassettes (Omega Specialty
Instrument Co., Houston, Tex.). The filter cassettes had a static-dissipative nature and were
chosen to protect filters, minimize sample losses, and avoid contamination during storage.
Freezing of filters was avoided to prevent physical changes, such as particle fragmentation,
during freezing.
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Morpho-Chemical Analysis of Airborne and Source
Samples

High-resolution scanning electron microscopy (SEM) (JSM-5410, JEOL Ltd., Tokyo, Japan)
combined with energy-dispersive x-ray analysis (EDX) (Link Tetra analyzer, Oxford
Instruments, Abingdon, U.K.) was used to obtain particle-by-particle chemical and

morphological data. A small section (approximately 1 cm 2) of the as-collected
polycarbonate filter from fine and coarse fractions was cut and mounted on a 12 mm carbon
stub with double-sided carbon adhesive tape. Samples were then coated with carbon using a
vacuum evaporator to provide electrical conductivity and create a conductive coating for
exposure to the SEM electron beam. Detection of elements with atomic number > 6 (carbon)
was obtained from element x-ray spectra.

The SEM-EDX was conducted manually and operated under the same conditions throughout
the study: 10 keV accelerating voltage, 15 mm working distance, 3 nA electron probe current,
1000 x magnification for coarse PM and 1800 x for fine PM, and x-ray acquisition time of 60
s per particle. Secondary electron mode was used for particle location, measurement, analysis,
and image acquisition.

At least three fields of view (spots) per filter sample were analyzed. On each analyzed field,
both an image (photomicrograph at 1000 x or 1800 x , saved in tiff format 1024 x 768
resolution) and the single-particle x-ray spectra of every particle found in that field were
obtained and stored. Within each field, the minimum projected area diameter for the coarse
particles was set at 1 u m. The minimum projected area diameter for the fine particles was set
at 0.1 u m (Conner et al., 2001). Since the particles were not flat but included complex sizes
and shapes, the SEM electron beam and beam energy could be affected by particle
morphology. Therefore, these size limits were set to minimize the amount of data acquired for
non-particle features (e.g., filter substrate) at the magnifications used. For each airborne
sample, a total of 50 to 75 particles were chemically analyzed in each duplicate sample. For
each source sample, a total of 25 to 50 particles were chemically analyzed. All x-ray spectra
were processed with INCA software (Oxford Instruments, Abingdon, U.K.), confirmed
manually to correct for element omission or confusion, and checked to eliminate the
contribution of the filter material (carbon and oxygen). In fact, in this study, hair source was
not included in the analysis because it showed very high carbon and oxygen peaks in the
SEM-EDX, which was confused with the background filter composition.

The stored images (SEM photomicrographs of each field of view) were analyzed using the
object-based image analysis (OBIA) approach (Blaschke, 2010) using FETEX 2.0 software
(Ruiz et al., 2011). All images were radiometrically corrected by background values to avoid
spectral differences due to acquisition conditions and to equalize the background value to
compare intensity values between images. Individual particles were defined by means of
segmentation using thresholding. The OBIA software extracted spectral, textural, and
shape-based features for each detected particle (object).

Therefore, based on chemistry, each particle was characterized by 25 elements: nitrogen (N),
sodium (Na), magnesium (Mg), aluminum (Al), silicon (Si), phosphorus (P), sulfur (S),
chlorine (Cl), potassium (K), calcium (Ca), iron (Fe), nickel (Ni), copper (Cu), zinc (Zn),
silver (Ag), lead (Pb), tin (Sn), chromium (Cr), cobalt (Co), barium (Ba), bromide (Br),
titanium (Ti), vanadium (V), antimony (Sh), and gold (Au). Based on morphological
characteristics, each particle was characterized by 23 variables. In total, each particle was
exhaustively characterized by 48 variables.

Source Apportionment Methods
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Fine and coarse source samples as well as on-farm airborne fine and coarse PM samples from
each animal house were used in source apportionment using classification rules based on
decision trees and multiple linear regression. Single-particle chemical and morphological
characteristics obtained using SEM-EDX were used as data sources. Apportionment results
were calculated as relative percentage contributions in number and then estimated in terms of
mass. Results provided by the two methods are compared and discussed.

Classification Rules Based on Decision Trees

Decision trees were used to develop a set of rules for each group of sources from each animal
house. Single-particle chemical and morphological characteristics from known sources
obtained using SEM-EDX were joined in a combined database and used in this process.
Decision trees were built using See 5 software, using the C5.0 classification algorithm, which
is the latest version of the algorithms ID3 and C4.5 developed by Quinlan (1993). Decision
trees were created following the boosting multiclassifier method (Freund, 1995). This method
searched the features that best separated one source from the other by dividing data using
mutually exclusive conditions until the newly generated subgroups were homogeneous, i.e.,

all the elements in a subgroup belonged to the same class or a stopping condition was fulfilled.

The rules developed using the known sources were then applied to classify the airborne
on-farm samples into one of the known sources based on their chemical and morphological
characteristics.

Accuracy of this method was predicted through leave-one-out cross-validation using a single
observation from the source samples as validation data and the remaining observations as
training data. The cross-validation statistical method worked by applying the rules to the
source samples and comparing the source assigned to each particle using the rules with its
reference source per farm. Overall measure of prediction accuracy for number of particles
was obtained by dividing the total correct validations in each source by the total number of
classified particles.

Multiple Linear Regression

Multiple linear regression was also used to apportion airborne PM sampled on the farms to
the known sources. Bulk source chemical characteristics from known sources obtained from
the average of single-particle chemical characteristics using SEM-EDX, were used in this
process. The average PM concentration of elements in fine and coarse airborne on-farm
samples were used as dependent variables, and the average fine and coarse PM
concentrations of elements in each source were used as independent variables. All elements
were included at once in the model using Genstat (Genstat Committee, 2008) following
equation 1:

SE8658_files\eqn\egnl.gif (1)
where

Y im = relative concentration of the i th element in collected airborne fine or coarse PM on
the m th farm (average of duplicate samples)

f ikm = number contribution of the i th element of the k th source to airborne fine or coarse
PM on the m th farm (the sum of the fractions was set to 1)

F ikm = average relative concentration of the i th element in the k th source on the m th farm.

Mass Estimation

http://asae.frymulti.com/azdez.asp?JID=3&AID=36466&CID=t2011&....

28-4-2011 8:12



Article Request Page

8 of 21

Results from the classification rules based on decision trees and multiple linear regression
were given in particle numbers. Particle number contributions were transformed into mass
contributions based on the average mass of particles in each source. The mass for each single
particle ( m) was calculated from the projected area diameter ( D p ) provided by the SEM
images, based on a density value and shape factor, following the equation for the mass of a
particle (eq. 2) (Ott et al., 2008). From single-particle masses, the average particle mass per
source was calculated:

SE8658 _files\egn\eqn2.gif (2)

where

m = particle mass

? p = particle density

v p = particle volume

r = equivalent radius of a spherical particle

D p = projected area diameter, SE8658 files\eqn\eqn3.gif

S v = volume shape factor, a correction factor to convert D p to equivalent volume diameter,
defined as the diameter of a sphere having the same volume as the irregular particle.

We assumed average values for density of 1.2 g cm -3 (feathers), 2.6 gcm -3 (feed), 1.3 gcm

-3 (hair), 1.5gcm -3 (manure and wood shavings), 1.4 g cm 3 (skin), and 2.1 gcm -3 (outside)
(McCrone, 1992). Shape factors used in the mass calculation were obtained from Zhang
(2004), assigning values of 1.06 (feathers and wood shavings), 1.08 (feed and outside), 1.15
(poultry manure), 1.36 (pig manure), and 1.88 (skin).

Results

On Farm Airborne PM M easurements

Environmental conditions during sampling are shown in table 2, including average PM 19
concentrations measured using a light-scattering system, relative humidity, and temperature
measured inside and outside the animal houses. Values in the table represent sampling time
averages over 5 to 60 min and standard errors between the two surveyed houses for the same
animal category.

Table 2. Summary of average PM 19 measurements, temperature ( T ) and relative humidity
(RH) inside and outside the surveyed animal houses. Standard error (SE) represents variation

between both surveyed animal houses for the same animal category. [2]

PM- 10 PM 10 T Inside RH T. RH
Inside Outside Inside || Outside || Outside

Animal Category mgm3) || (mgm™3) ) (%) (°C) (%)
Avg.| SE || Avg. | SE ||Avg.|SE ||Avg.| SE ||Avg.| SE || Avg.| SE
Broilers 1.96 | 0.55 || 0.08 | 0.05 [|23.2|ND||{81.6 |ND||13.2|ND|| 50.6 | ND
Laying hens, floor | 3.94 | 0.69 || 0.03 | 0.00 ||16.2|1.7|{74.8|0.5|/10.3|0.4|| 74.4 |18.8

http://asae.frymulti.com/azdez.asp?JID=3&AID=36466&CID=t2011&....

28-4-2011 8:12



Article Request Page

9of21

La)g\rl‘%:‘;”s' 3.06| 1.54|| 0.03 | 0.00||15.63.2|| 70.4| 3.2|| 10.3| 0.4|| 74.4| 18.8
Turkeys 2.32|0.99|| 0.08 | 0.05||19.4| 2.5/ 63.3 7.0(| 1.3/ 0.1|| 54.3| 0.2
Piglets 1.44|0.11|| 0.03 | 0.01||25.2/ 0.1]| 75.8] 0.3| 11.4| 1.8|| 55.0| 20.5

GrOWi”F%g;”iShi”g 1.27] 0.35(| 0.03 | 0.01||21.9 0.8|| 62.3] 9.0 11.4| 1.8/| 55.0| 20.5
Dryar;%fvrseg”am 0.39| 0.01|| 0.03 | 0.01||23.9/ND|| 75.6/ ND|| 13.3/ ND|| 34.5| ND
(21 ND = no data due to equipment failure in one of the farms.

Source Identification

Sources were identified through individual particle morphologies based on SEM observations.
Different types of particles collected from different animal housing systems were identified
by comparison to known standards (McCrone, 1992; Cambra-L06pez et al., 2011). Figure 1
shows examples of particle types from different animal housing systems. In broiler houses, a
mixture of bent, soft, and loose particles probably from feathers, and flattened agglomerates
is shown in figure 1la. Bent, sharp-edged particles from wood shavings and spherical particles
from excreta (sometimes agglomerated) could also be identified (fig. 1a). For laying hens,
spherical particles from excreta were dominant in collected PM in floor housing systems (fig.
1b) and also in aviary systems (fig. 1c). In turkey houses, bent, sharp-edged particles from
wood shavings or feathers, and few spherical particles from excreta were identified (fig. 1d).
In piglet houses, deposited round gray, smooth particles were identified, together with some
brighter layered manure particles (fig. 1e). A mixture of layered manure particles and large,
flattened skin particles was identified in collected PM from piglet houses (fig. 1f) and from
growing-finishing pigs (fig. 1g). Large, folded skin particles were identified in collected PM
from dry and pregnant sow houses (fig. 1h)..

SE8658_files/image4.jpg SE8658_files/image5.jpg
SE8658 _files/image6.jpg SE8658_files/image7.jpg
SE8658_files/image8.jpg SE8658_files/image9.jpg
SE8658 _files/imagel0.jpg SE8658_files/imagell.jpg

Figure 1. Examples of SEM images from on-farm airborne PM samples collected on
polycarbonate filters (5 u m diameter filter pores shown as round dark holes). (a) Particles
from broiler houses. Spherical particles from (b) laying hens with floor housing system and (c)
laying hens with aviary system. (d) Particles from turkey houses. (e and f) Particles from
piglet houses. (g) Mixture of particles from growing-finishing pig houses. (h) Large skin
particles from dry and pregnant sow houses. Scale shown as white bar (scale bar = 100 p m).

Contribution of Sources to On-Farm Airborne PM
Expressed in Number

Source apportionment using classification rules based on decision trees and multiple linear
regression resulted in relative percentage contributions of sources to on-farm airborne PM
expressed in particle numbers. A total of 912 individual particles were apportioned in fine and
1071 in coarse PM using classification rules based on decision trees. A total of 1546
individual particles were apportioned in fine and 1670 in coarse PM using multiple linear
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regression.

Using Classification Rules Based on Decision Trees

Results using classification rules based on decision trees are shown in table 3 (fine PM) and
table 4 (coarse PM), together with method accuracies. Results indicated that for poultry, most
of the PM originated from feathers and manure. The relative percentage contribution of
manure was generally higher in coarse PM (ranging from 30% to 87%) compared with fine
PM (ranging from 9% to 85%). Even though the number of sources was not equal among
poultry categories due to the presence of wood shavings for broilers and turkeys and not for
laying hens, the relative percentage contributions of manure were generally higher for laying
hens compared with broilers and turkeys; whereas feather contribution was higher for broilers
and turkeys compared with laying hens. Where present, wood shavings contributed less than
20% of particle numbers. For pigs, most of the PM originated from manure. The relative
percentage contribution of manure was higher in fine PM (ranging from 70% to 89%)
compared with coarse PM (ranging from 41% to 84%) for all pig categories. Skin and feed
were the other most important contributing sources for pigs. The relative percentage
contribution of skin varied from 2% to 33%, varying between pig categories, being generally
higher in coarse PM compared with fine PM. The relative percentage contribution of feed
was found at or below 16% for all animal categories. It was slightly higher for pigs compared
with poultry, being the highest for piglets, in both fine and coarse PM. Outside particles had a
relevant contribution for broilers and turkeys, especially in fine PM.

Table 3. Average percentage number contribution of the different PM sources to airborne fine
PM (PM 2.5) from different animal housing systems and accuracy of the classification.
Standard error (SE) represents variation in the contribution between both surveyed animal
houses for the same animal category.

Laying Laying Growing- || Dry and
. Hens, Hens, .

Source Broilers Turkeys || Piglets Finishing || Pregnant
Floor Aviary Pigs Sows

Avg.| SE ||Avg.| SE || Avg. | SE ||Avg.| SE ||Avg.|SE|| Avg. | SE || Avg. | SE

Feathers [30.1|20.7||38.4(22.9(| 10.5(5.8{27.3|19.1|| -- |--|| - | -- - | -
Feed 81|81 30|18 24 |24| 17 |1.7|[159|5.1|| 3.7 [15(|| 145|2.2
Manure |14.0(7.3/49.5|22.0(|84.7|1.0(| 8.9 |8.9/73.9/1.6/| 88.8 13| 69.8 |2.4
Outside |28.8/9.1|| 9.2 |08 || 2.4 |2.4||44.3(37.1|| 7.0 |5.3|| 5.4 |0.1|| 41 |41
Skin - | - - | - - |- -] -1 32|14] 21 |0.1|| 11.7|0.6
Wood 1y90l108|| - | ~ || ~ |- |[178/108]| ~ [-|| - ||| -~ |-

shavings

ACZ%‘CV 731086 || 73t074 || 521075 || 671083 |[57t0 79|| 781084 || 7410 75

Table 4. Average percentage number contribution of the different PM sources to airborne

coarse PM (PM 10-2.5) from different animal housing systems and accuracy of the

classification. Standard error (SE) represents variation in the contribution between both
surveyed animal houses for the same animal category.

Laying Laying Growing- || Dry and
. Hens, Hens, .
Source | Broilers Turkeys || Piglets Finishing || Pregnant
Floor Aviary Pigs Sows
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Avg,| SE || Avg.| SE|| Avg.| SE||Avg,| SE ||Avg.| SE || Avg.| SE || Avg. ?5

Feathers | 35.1|13.1{| 12.8|1.9|| 8.9 |2.7||32.4{17.6/| - | -- -- -- -- --

Feed 8.2|18| 25|15|| 25|0.0{| 3.7| 1.7||14.1| 7.0|| 5.0 | 0.7|| 6.3 | --

Manure |29.8| 7.2|| 83.6|1.5|| 86.7| 4.7(| 40.7| 8.0|| 41.3/34.1]| 71.0| 0.4|| 84.1| --

Outside |16.5| 4.5|| 1.0 |0.0/| 1.9 |1.9||/13.7] 7.9|| 11.6/ 9.8|| 10.8|6.6/| 1.6 | --

Skin - | - - | - - | -]l -] --]33.0/3L.3]| 13.1|5.5|| 79| --

Wood

. 103/ 03| -- | -|| - | -]/ 95]|01| --| -- N | .
shavings

Accuracy

(%) 76t085|| 781088 | 75t084 || 62to /6 || 74to79|| 78to81 63

2] No standard error because missing values for one farm.

The standard errors of the estimated contributions presented in tables 3 and 4 showed that, in
some cases, there were large differences in the contribution of the same source in different
animal houses. This was especially the case for the outside source for turkeys in fine PM; and
the contribution of manure and skin for piglets in coarse PM. Overall method accuracies
calculated per farm using the cross-validation procedure and calculated as the number of
correctly assigned particles to its reference source divided by the total number of classified
particles varied from 52% to 88%. Therefore, classification rules could successfully
distinguish more than 50% of particles and correctly assign them to its reference source.

Using Multiple Linear Regression

Results using multiple linear regression are shown in table 5 (fine PM) and table 6 (coarse
PM), together with the variance explained by the regression model. Results showed higher
relative percentage contributions of manure to fine and coarse PM, and mostly lower
contributions of feed and outside PM, compared with results when using classification rules
based on decision trees. For piglets, there was no estimated contribution of skin to number of
particles, whereas manure particles were dominant in fine and coarse fractions. Overall,
results indicated that for poultry, most of the PM originated from feathers and manure. The
relative percentage contribution of manure was again higher in coarse PM (ranging from 36%
to 94%) compared with fine PM (ranging from 23% to 84%). The relative percentage
contribution of manure was also higher in laying hen houses compared with broilers and
turkeys; whereas the relative percentage contribution of feathers was higher for broilers and
turkeys compared with laying hens. Wood shavings showed higher relative percentage
contributions for turkeys than for broilers, varying from 33% to 34% in fine and coarse PM
for turkeys. For pigs, very high percentage contributions from manure were found. The
relative percentage contribution of manure was again higher in fine PM (ranging from 79% to
98%) compared with coarse PM (ranging from 85% to 94%). The relative percentage
contribution of skin to coarse PM was lower (below 20%) compared with classification rules
based on decisions trees. The relative percentage contribution of feed was estimated to be low
(at or below 10%). It was generally higher for pigs compared with poultry, especially in
coarse PM, where the contribution of feed was zero for all poultry categories. The relative
percentage contribution of the outside source was very low. Standard errors of the estimated
contributions between the surveyed animal houses were generally lower than using
classification rules based on decision trees. The variation explained by the model varied from
43% to 97%.

Table 5. Average percentage number contribution of the different PM sources to airborne fine
PM (PM 2.5) from different animal housing systems and variance explained by the regression

model (R 2 ). Standard error (SE) represents variation in the contribution between both
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surveyed animal houses for the same animal category.

Laying Laying Growing- || Dry and
Source Broilers Hens, Hens, Turkeys || Piglets Finishing || Pregnant
Floor Aviary Pigs Sows
Avg.| SE || Avg. | SE ||Avg. | SE [|Avg.| SE ||Avg.|SE || Avg. | SE || Avg. | SE
Feathers |28.4|21.5|| 4.4 |1.1||16.0|8.7|/43.2|15.3|| -- | -- - | - - | -
Feed | 0.0 |00/l 9.6 [9.6/] 0.0 |0.0|| 0.0 [0.0| 2.4 |24]|| 0.4 |0.4]|| 0.7 |0.7
Manure |67.7(18.2|| 74.21.8(|84.0|8.7|(22.9(12.8||91.2|4.0(| 98.3 |1.7|| 78.9 | 4.1
Outside | 0.3 | 0.3 || 11.8|8.9|| 0.0 (0.0|[{ 0.2 |0.2 || 6.4 |6.4|| 1.0 |1.0|| 0.4 |04
Skin - | - - -1 - 1-1 - 1-1 00/00|| 0.4 |{0.4]/20.0|4.4
er:\?ﬁ%s 35 (35| — || ~ |~|337|27] - ||| - |~ - |-
R 2 value 0.79to 0.49to || 0.94t0 0.88to || 0.43to 0.78 to 0.71to
0.82 0.87 0.96 0.97 0.74 0.96 0.78

Table 6. Average percentage number contribution of the different PM sources to airborne
coarse PM (PM 10-2.5) from different animal housing systems and variance explained by the

regression model (R 2 ). Standard error (SE) represents variation in the contribution between
both surveyed animal houses for the same animal category.

Laying Laying Growing- || Dry and
. Hens, Hens, .
Broilers Turkeys || Piglets Finishing || Pregnant
Source Floor || Aviary Pigs Sows
Avg.|SE || Avg. | SE || Avg. | SE || Avg. | SE || Avg. | SE || Avg. | SE || Avg. ?5
Feathers |17.2(6.8|| 6.3 [6.3(| 10.29.9|(31.7 (3.2|| - | -- T B | B e
Feed 0.0 |0.0(| 0.0 |0.0|| 0.0 [0.0|| 0.0 |0.0|| 6.0 |6.0|| 42 [4.2]| 0.0 | --
Manure |82.8|6.8((93.7|6.3||87.7(7.8(/35.8|1.5//94.0(6.0{| 84.5|1.8(/85.4| --
Outside | 0.0 |0.0(| 0.0 |0.0|| 2.2 |2.2]| 0.0 |0.0(| 0.0 |0.0|| 0.0 [0.0|| 0.0 | --
Skin - |-l - |- - |-l - |-]/00(00| 11.3|24|[146| --
Wood | o6 100l - [« - |- |[325]17| - [~ - || - |-
shavings
2\al 0.86to || 0.88to 0.95to || 0.86to || 0.44t0 0.76 to 0.85
R%value | ¢ g7 0.88 0.96 0.94 0.61 0.88 '
2] No standard error because missing values for one farm.

Contribution of Sources to On-Farm Airborne PM
Expressed in Mass

Applying equation 2, average mass per source in each animal house was calculated. The
relative percentage contribution results presented in tables 3 to 6 were weighed by the
average mass of each PM source in each animal house to express percentage contribution of
sources to on-farm airborne PM in mass.

Using Classification Rules Based on Decision Trees

Results using classification rules based on decision trees shown in table 7 (fine PM) and table
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8 (coarse PM) show different relative source contributions from number contributions.
Although for poultry most of the number of particles originated from feathers and manure, the
contribution of feathers decreased for broilers but increased or did not vary for laying hens
and turkeys when expressed in mass. In mass, the relative percentage contribution of manure
was higher for laying hens compared with broilers and turkeys (same as for numbers), but the
relative percentage contribution of feathers was higher for laying hens, especially compared
with broilers. Although for pigs most particles originated from manure, the mass contribution
of skin considerably increased compared with number contributions, in some cases ten-fold,
ranging from 29% to 68% when expressed in mass, and thus decreasing the contribution of
manure to below 65% in fine PM and below 41% in coarse PM. Wood shavings showed
approximately a two-fold increase in mass compared with number contributions, whereas the

relative percentage contribution of feed and outside did not vary or was generally lower
compared with number contributions.

Table 7. Average percentage mass contribution of the different PM sources to airborne fine
PM (PM 2.5) from different animal housing systems using classification rules based on
decision trees. Standard error (SE) represents variation in the contribution between both
surveyed animal houses for the same animal category.

Laying Laying Growing- || Dry and

Source Broilers Hens, Hens, Turkeys || Piglets Finishing || Pregnant
Floor Aviary Pigs Sows

Avg.| SE ||Avg. | SE || Avg. | SE ||Avg.| SE [|Avg.| SE || Avg. | SE || Avg.| SE
Feathers {17.3(14.9/| 67.9|0.5|| 21.5(0.5(|30.3|14.6|| -- | -- - |- - | -

Feed |[14.4(14.4|| 3.1 |0.7|| 1.1 (1.1} 28 (28| 4.0|0.2|| 24 [0.9]|36.0|21.3
Manure [12.9(6.4 |/ 255|2.8||76.5|1.4|/ 59|5.9|/62.1(18.2|| 65.0 [0.4|/ 13.9| 1.3
Outside |25.2{9.3|| 3.5 [1.6(| 0.8 |0.8]33.5(33.2|| 3.3 24| 3.7 |0.3|| 0.8 | 0.8

Skin - | - - -1 - |-l - | - [|30.6(15.5|| 28.9 |0.8|[49.4 {19.2
SX;’\‘I’I‘;‘;S 30.3/116.3|| - | || ~ |- ||275[155] - | - || ~ | ~| - | -

Table 8. Average percentage mass contribution of the different PM sources to airborne coarse
PM (PM 10-2.5) from different animal housing systems using classification rules based on
decision trees. Standard error (SE) represents variation in the contribution between both
surveyed animal houses for the same animal category.

Laying Laying Growing- || Dry and
. Hens, Hens, .
Broilers Turkeys || Piglets Finishing || Pregnant
Source Floor Aviary Pigs Sows
Avg.| SE ||Avg. | SE || Avg.| SE ||Avg.| SE ||Avg| SE ||Avg.| SE ||Avg. ?5
Feathers | 9.2 | 1.8 || 37.8 (3.7||31.5| 9.8 ||48.6|28.3|| -- | -- - | - - | -
Feed |24 12| 3.7 (23||13|09|[17|16| 56(50( 11 |02]| 25| --
Manure [47.2|30.1||57.4 {5.0||63.8(12.3|(31.3|20.1||31.2(30.8/||23.4| 6.8 ||40.8| --
Outside | 3.2 15| 1.1 |09|| 34 |34 |44 |37||42|19]|| 76 |40 17| --
Skin - | - —- -1 - | -l - |- [|59.0/33.9|/67.9|11.0(|55.0| --
Wood ag11202|| ~ ||| - | ~ [[139l30|| ~ |~ || - |~ || - |-~
shavings
[2] No standard error because missing values for one farm.
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Using Multiple Linear Regression

http://asae.frymulti.com/azdez.asp?JID=3&AID=36466&CID=t2011&....

Results using multiple linear regression are shown in table 9 (fine PM) and table 10 (coarse
PM). These results are comparable to using classification rules based on decision trees,
showing similar trends and differences when compared with number contributions, increasing
the relative percentage contribution of feathers for laying hens, of manure for broilers and
turkeys, and of skin for pigs.

Table 9. Average percentage mass contribution of the different PM sources to airborne fine
PM (PM 2.5) from different animal housing systems using multiple linear regression. Standard
error (SE) represents variation in the contribution between both surveyed animal houses for
the same animal category.

Laying Laying Growing- || Dry and

Source Broilers Hens, Hens, Turkeys || Piglets Finishing || Pregnant
Floor Aviary Pigs Sows

Avg.| SE [|Avg.| SE ||Avg.| SE ||Avg.| SE ||Avg.|SE|| Avg. | SE || Avg.| SE
Feathers {21.3|19.5|| 17.0(12.0{| 36.3(26.0{|39.1{16.8|| -- | -- || - | - || - | -
Feed |0.00.0([23.2(23.2|| 0.0 {00/ 0.0{0.0(|0.4|0.4|| 0.7 |0.7] 3.8 |3.8
Manure [72.1(14.3||54.2| 6.8 ||63.726.0(|34.8|17.1|(94.5|4.6|| 92.8 |7.2||17.2| 6.2
Outside | 0.7 [0.7|/ 55| 4.4/ 00|00/ 01|0.1]/50 5.0/ 09 |09]/ 0.1 ]|0.1

Skin - | - - | - - | - - | - /0.0 0.0/ 5.7 |5.7|[79.010.0
sr\]’;’\‘/’fr’]‘és 58|58 — | - || - | — [[261]03] ~ || ~ |~ - | -

Table 10. Average percentage mass contribution of the different PM sources to airborne
coarse PM (PM 10-2.5) from different animal housing systems using multiple linear
regression. Standard error (SE) represents variation in the contribution between both
surveyed animal houses for the same animal category.

Laying Laying Growing- || Dry and
. Hens, Hens, .
Broilers Turkeys || Piglets Finishing || Pregnant
Source Floor Aviary Pigs Sows
Avg.|SE||Avg.| SE ||Avg.| SE |[|Avg.|SE||Avg.|SE|| Avg. | SE || Avg. ?5
Feathers | 4.4 (1.7|| 14.5|14.5|/30.029.0|(25.1|2.8|| -- | -- -- -- -- --
Feed 0.0 |0.0{| 0.0 | 0.0 || 0.0 | 0.0 || 0.0 |0.0{| 7.9 [7.9]| 1.1 |11 0.0 | --
Manure [95.6|1.7(| 85.5|14.5(|69.6 |28.6(/51.9|1.8(|92.1(7.9|| 29.8 |3.3||29.1| --
Outside | 0.0 [0.0{| 0.0 [ 0.0 || 0.4 | 0.4 || 0.0 |0.0/| 0.0 |0.0{| 0.0 [0.0(| 0.0 | --
Skin -~ |- -] - - | - - |--1/0.0/0.0|| 69.1 |4.4|[70.9| --
Wood 160100l - | « || = | = |l2z9l10l - [«| « | <] -] -
shavings
8] No standard error because missing values for one farm.

Comparison Between Methods

Results between classification rules based on decision trees and multiple linear regression in

number of particles showed relatively high linear correlations (R 2 = 0.75 for fine PM and R 2
= 0.61 for coarse PM) (fig. 2). Correlations were higher for fine PM compared with coarse
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PM, probably influenced by the disagreement in the contribution of skin for piglets in coarse
PM between methods.

SE8658 _files/imagel2.gif SE8658 _files/imagel3.gif

Figure 2. Linear relationship between classification rules based on decision trees and multiple
linear regression source apportionment results in number of particles, for fine PM (left) and
coarse PM (right).

Discussion

Our results have been presented and analyzed as relative percentage contributions. If we
expressed the relative percentage contribution in absolute terms considering the total PM
concentrations, these source contributions could vary. Under the environmental conditions
experienced during sampling in this study (table 2), PM 10 concentrations in poultry houses
were consistently higher compared with pig houses. Therefore, it can be expected that
expressed in absolute source contributions, minor sources for poultry become more important
compared with pigs. Although the relative percentage contributions are also influenced by the
number and type of sources, they still provide valuable quantitative estimations of the major
sources per animal category. We infer differences in relative percentage source contributions
among the animal categories to be related to the particles' morphological and thus
aerodynamic characteristics, which can affect their airborne properties, together with the
intrinsic differences and presence of sources per animal category and specific housing
systems.

Based on particle numbers, feathers (relative percentage contribution ranging from 4% to
43% in fine and from 6% to 35% in coarse PM) and manure (ranging from 9% to 85% in fine
and from 30% to 94% in coarse PM) were the most abundant sources for poultry. Manure
(ranging from 70% to 98% in fine and from 41% to 94% in coarse PM) was the most
abundant source for pigs. Differences in source contributions among the animal species were
mainly related to the housing system and the presence of bedding, especially for broilers and
turkeys. Morphology of the particles from the different sources could also explain such
differences, for instance, the relatively higher contribution of feathers for broilers and turkeys
compared with laying hens. Broiler and turkey feathers are generally lighter and looser,
fluffier in appearance (corresponding to plumules or down feathers), than adult feathers as
found on laying hens (Cambra-Lopez et al., 2011). Consequently, broiler and turkey feathers
are probably more prone to become airborne.

The relative percentage contribution of feed (which was below 16% in all cases) varied
among animal species, being higher in pig houses compared with poultry houses. Perhaps the
type of feed and the feed processing could explain such differences, as poultry feed is
generally less ground than pig feeds. The relative percentage contribution of outside particles
was higher in the pig houses compared with the poultry houses, which were all tunnel
ventilated except for turkeys (which also showed high outside PM contribution) compared
with ceiling ventilation in pig houses.

Similar sources have been identified and similar number contributions have been reported in
other studies. Donham et al. (1986) showed higher contributions of manure particles in the
fine fraction of PM compared with larger particles in pig houses, as in this study. For poultry,
we found higher numbers of manure particles in coarse PM than for pigs. The existence of
two distinctive morphological types of manure particles between poultry and pigs could be
the cause of this difference. Poultry excrete encapsulated uric acid crystals, which are
identified as round, smooth, spherical particles that can easily agglomerate, increasing in size
(Casotti and Braun, 2004). For pigs, however, this type of excretion does not exist, and the

http://asae.frymulti.com/azdez.asp?JID=3&AID=36466&CID=t2011&....

28-4-2011 8:12



Article Request Page

16 of 21

manure particles are generally smaller, fragmented, rough, and angular particles, which are
mostly found as individual particles falling into the fine range (Cambra-L06pez et al., 2011).

Feed, manure, pig dander, mold, pollen and grains, insect parts, and mineral ash have been
identified in PM samples from pig houses (Donham et al., 1986). The contribution of feed to
PM in pig houses has been generally reported in higher ranges than those presented in this
study. For finishing pigs, Heber et al. (1988) reported that most of PM originated from feed
particles (about 65%) and to a lesser extent from manure and skin. Aarnink et al. (1999)
found a high contribution of feed for weaning pigs but also identified skin as a major source.
For poultry, Aarnink et al. (1999) obtained comparable results to those reported in this study
and identified down feathers and urine components as most abundant for broilers. Feddes et
al. (1992) found fecal material, mainly uric acid crystals, as the main constituent in PM from
turkey houses.

Fecal particles can morphologically resemble feed particles. Furthermore, undigested feed
components could be found in manure. The higher proportion of feed particles found in other
studies (mainly starch in pig houses) (Aarnink et al., 1999; Donham et al., 1986; Heber et al.,
1988) could be attributable to the use of only light microscopy to distinguish between
particles. Light microscopy uses lower magnifications compared with scanning electron
microscopy, and thus it is more difficult to identify particle types and discriminate between
similarly shaped particles with light microscopy than with SEM. Furthermore, to overcome
the limitations of light microscopy, authors have used stains to distinguish starch (in feed)
from manure. The use of stains may lead to misleading observations due to the presence of
undigested feed components in particles from manure, and a higher content of starch found in
pig feces compared with poultry (Feddes et al., 1992). This fact could also explain the higher
proportion of feed particles in airborne PM presented in other studies. Moreover, total dust
was used in previous studies, as opposed to fine and coarse segregated PM measurements as
in our study. As reported by Feddes et al. (1992), the contribution of feed in particles bigger
than 10 g m can be 30 times higher in numbers compared with the 0 to 5 4 m size range.

The large differences in source contributions for a given housing system between farms in our
study, expressed as high standard errors, could be the result of the methodology used because
source apportionment models usually show high variations. Moreover, this could have been
caused by the different housing conditions during samplings, together with the short sampling
times used. Differences in PM concentrations between farms with the same housing systems
during sampling, as for turkeys (table 2), could also play a role in these differences. The PM
concentrations and emissions in a given animal house can vary depending of the time of the
day, e.g., PM increases with feeding time and lighting periods (Calvet et al., 2009; Hinz and
Linke, 1998), and along a growing cycle, e.g., with animal age, age of the bedding, or cleaning
of the rooms (Hinz and Linke, 1998; Redwine et al., 2002). Therefore, source contributions
could vary depending on the farm activity within a day and also between days; thus, part of
the between-farm variation could be due to on-farm variation. More frequent measurements
in the same animal house over time could provide data to understand how PM source
contributions can vary within a day and through a growing cycle. In our study, however, all
sampling was conducted during the morning. During sampling, no specific farm activities,
such as manure cleaning, were performed. Furthermore, all farms used automatically
distributed feeding systems, meaning that the animals were fed ad libitum and there was no
particular feeding moment because they had free access to feed. Therefore, within their
limitations, our results can be applicable and representative of other farm situations.

Great variability between number and mass contributions results from the inherent variability
of the morphological characteristics of PM (Cambra-Lépez et al., 2011). Based on particle
mass, feathers (relative percentage contribution ranging from 17% to 68% in fine and from
4% to 49% in coarse PM) and manure (ranging from 6% to 77% in fine and from 31% to 96%
in coarse PM) were still the most abundant sources for poultry, whereas skin (relative
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percentage contribution ranging from 0% to 79% in fine and from 0% to 71% in coarse PM)
and manure (relative percentage contribution ranging from 14% to 95% in fine and from 23%
to 92% in coarse PM) were the most abundant for pigs. When estimating mass contributions,
it can be expected that large particles with large projected area diameters, although less
numerous, gain relative importance. This is the case for wood shavings, and especially for
skin particles. Differences among sources from different animal species also result in different
mass contributions of the sources. The different morphological characteristics of (down)
feathers from broilers compared with feathers from laying hens could explain why feathers
increase in relative contribution for laying hens when expressed in mass compared with
numbers. The opposite occurs for broilers. Other studies have reported similar source mass
contributions. For growing-fattening pigs, Aarnink et al. (2004) reported high mass
contributions of skin, comparable to those reported in this study. Hair from pigs, which shows
large projected area diameters (Cambra-Lopez et al., 2011), could probably also gain relative
importance when expressed in mass contributions.

Overall, both methods used in our study to quantify PM source contributions from animal
houses presented comparable results. Although leave-one-out cross-validation could
overestimate the predictive ability of the model, our results showed that it was a robust
procedure within the context of this study. Therefore, both methods presented sufficient
levels of accuracy for source apportionment of PM in animal houses, where the aim is to
provide knowledge of the major sources that can be further used to develop new PM
reduction techniques or optimize existing techniques. In this sense, the accuracies presented
in this study can reasonably fulfill this aim. Therefore, using two independent methods, the

contribution results were consistent between them (R 2 = 0.75 for fine PM and R 2 = 0.61 for
coarse PM). Differences between both methods, however, can be explained by method
characteristics, by the use of different particle characteristics (morphological and/or
chemical), and consequently by the discrepancies between single-particle chemical and
average (bulk) source compositions.

In our results, differences in the obtained source contributions between classification rules
based on decision trees and multiple linear regression were mainly caused by a higher
contribution of manure when using multiple linear regression. This can be because manure is
one of the most well-defined and homogeneous sources in terms of element composition
compared with other sources (Cambra-Lopez et al., 2011). Therefore, the contribution of
sources whose contributions were low using multiple linear regression (regression coefficients
were very close to zero) could have been distributed among the manure source. Multiple
linear regression apportioned PM to sources based on bulk particle chemical characteristics,
and it searched for the combination that could predict better the changes in the dependent
variable in relation to changes in the independent variables using the least-squares method. In
fact, Almeida et al. (2006) reported that with this method, the proportion of "unknown™
fraction would be distributed among the identified sources with properties in common.
Furthermore, when there are discrepancies between single-particle chemical source
characteristics and average (bulk) source compositions, or when sources are not well-defined
and are not chemically homogeneous, single-particle classification might apportion more
accurately to the sources that show a more heterogeneous element composition than using
average source composition. This could be the case of feed and outside sources, which have
been described as heterogeneous sources (Cambra-Ldpez et al., 2011) and which show, in
this study, lower contributions when using multiple linear regression compared with
classification rules based on decision trees.

The differences found for piglets between methods could possibly be explained by the
abundance of deposited round, gray, smoothed particles in piglet houses in coarse PM (fig.
1e). The morphology of these particles probably corresponds to highly hygroscopic particles
that were sampled under high humidity levels. It has been reported in the literature that
particles can show an increase in size as they take up water and thus present this shape
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(Hiranuma et al., 2008). These particles, which showed large sizes, could have been confused
with skin particles when using classification rules but not when using only chemical
characteristics with multiple linear regression, where skin did not show such high
contributions in piglets.

Conclusions

Results presented in this study improve the understanding of sources of PM in different
animal housing systems, not only in numbers but also in mass contributions, which may be
valuable when choosing optimal PM reduction techniques. From our results, we can conclude
that:

¢ Using two independent methods, source apportionment results were consistent between
classification rules based on decision trees and multiple linear regression (R 220,75 for

fine PM and R = 0.61 for coarse PM), and with detailed and specific chemical and
morphological source profiles, both methods presented sufficient levels of accuracy for
the aim of this study.

e Based on particle numbers, in poultry houses, most on-farm airborne PM originated
from feathers (relative percentage contribution ranging from 4% to 43% in fine and
from 6% to 35% in coarse PM) and manure (ranging from 9% to 85% in fine and from
30% to 94% in coarse PM).

e Based on particle numbers, in pig houses, most on-farm airborne PM originated from
manure (relative percentage contribution ranging from 70% to 98% in fine and from
41% to 94% in coarse PM).

e Feed had a negligible contribution to on-farm airborne PM compared with the rest of
the sources.

e Based on particle mass, in poultry houses, most on-farm airborne PM originated from
feathers (relative percentage contribution ranging from 17% to 68% in fine and from
4% to 49% in coarse PM) and manure (ranging from 6% to 77% in fine and from 31%
to 96% in coarse PM); but in pig houses most on-farm airborne PM originated from
skin (ranging from 0% to 79% in fine and from 0% to 71% in coarse PM) and manure
(ranging from 14% to 95% in fine and from 23% to 92% in coarse PM).
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