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Abstract: Cage-free (CF) layer houses tend to have high particulate matter (PM) levels because of
bedding/litter floor and the birds’ activities, such as perching, dustbathing, and foraging on it. It has
been reported that optimizing bedding management can potentially suppress PM levels in CF houses.
The objectives of this study were to (1) test the effect of the top application of new bedding materials
(BMs) on PM levels and (2) compare different BM PM reduction efficiencies. Small flake shavings
(SFS), large flake shavings (LFS), and aspen wood chips (AWC) were top-dressed on the surface of
the original litter (33-week-old litter) evenly in each of the BM treatment rooms at 20% volume of the
original litter floor. The initial litter depths in the control, SFS, LFS, and AWC rooms were 4.6 ± 0.6,
4.8 ± 0.8 cm, 4.8 ± 0.8 cm, and 4.6 ± 0.9 cm, respectively. One room was used as a control without
adding new BM. The results indicate that the top application of new bedding suppressed PM levels in
all treatment rooms (p < 0.01). The PM2.5 reductions in the SFS, AWC, and LFS treatment rooms were
36.5%, 34.6%, and 28.9% greater than in the control room, respectively. The mitigation efficiencies
were different between PM sizes. For instance, PM2.5, PM10, and TSP in the SFS room were lower
than in the control room by 36.5%, 39.4%, and 38.7%, respectively. For litter quality, the moisture
content was 18.0 ± 2.8, 20.0 ± 3.1, 20.6 ± 2.4, and 19.7 ± 4.2% in the control, SFS, LFS, and AWC
rooms, respectively. Treatment rooms with 20% new BM had 10% higher litter moisture than the
control room. The findings of this study reveal that the top application of new bedding on old litter is
a potential strategy for reducing PM generation in CF houses. Further studies are warranted, such as
regarding the effect of different ratios of new bedding on PM reduction, cost analysis, and verification
tests in commercial CF houses.

Keywords: air quality; animal welfare; bedding material; cage-free housing; bird activities; litter
quality

1. Introduction

Egg production in the US is shifting from conventional cages (CCs) to cage-free (CF)
housing systems because of various public concerns over animal welfare [1,2]. Moreover,
increasing animal welfare concerns and public demand are supported by major food
retailers and manufacturers, grocers, and restaurant chains that have pledged to buy or
sell CF eggs in the foreseeable future, such as by 2025 or 2030 [2–4]. In the past, CF
egg production has shown a general growth rate trend from 4% in 2010 to 14% in 2016,
accelerating with the passing years [2]. At the end of 2021, about 32% of US table eggs
were produced in a CF housing system, while 68% were produced under caged housing
conditions [5]. In addition, the future market prediction assumes that more than 66% of
eggs produced by 2026 will be from CF housing [2]. Cage-free production has continued to
grow rapidly in recent years and is considered to improve animal welfare by promoting
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the expression of different behaviors like nesting, perching, and dustbathing, which are not
possible in cages [6–8]. However, there is an inherent challenge in poor air quality, such
as higher levels of particulate matter (PM or dust), ammonia, and airborne bacteria in CF
housing [9–13]. Particulate matter of a size ≤ 2.5 µm is considered a major air pollutant
and constitutes almost half of the total anthropogenic air pollutant emissions (especially in
the eastern and western US) from agricultural sectors, including poultry production [14,15].
The PM concentration in poultry production varies with laying hen housing types [11].
According to Zhao et al. [7], CF housing systems have 6–9 times higher PM10 concentrations
than CC and enriched colony cages (ECs).

Particulate matter found in poultry housing is made up of biological, organic, and
inorganic compounds in origin and typically consists of a complex mixture of solid and
liquid materials such as moisture, feed, skin, feathers, dander, mold spores, excreta, bedding
materials (BMs), and microorganisms [11,16–19]. About 90% of total inhalable PM (diameter
≤ 100 µm) contains organic compounds [17]. In broiler facilities, the major sources of
PM found are down feathers, mineral crystals from urine, and litter, whereas the most
prominent sources in layer facilities are skin, feathers, and some feed particles from caged
housing, with additional excrement, litter debris, and litter particles from the floor-raised
housing [17,20].

Based on particle size, PM can be classified into PM1 (PM with an aerodynamic
diameter ≤ 1 µm), PM2.5 (PM with an aerodynamic diameter ≤ 2.5 µm), PM4 (PM with an
aerodynamic diameter ≤ 4 µm), PM10 (PM with an aerodynamic diameter ≤ 10 µm), and
total suspended particulate (TSP) [10,13,21–23]. Among these different PM sizes, PM2.5
and PM10 are very harmful to birds and caretakers [6,10,11]. Schwarze et al. [24] found
that long-term exposure to high levels of fine PM2.5 and the fraction size of PM10 impaired
lung functions and increased mortality risk, respectively. Similarly, endotoxins present in
PM decrease the cell-mediated immunity B-cell percentage in laying hens [25], resulting
in leukopenia (fewer white blood cells), which makes the immunity system weak and
causes various health issues in chickens [26]. Although CF housing with litter floor helps
to increase live weight and survivability [27], it is also linked to lung damage [9] and a
higher risk of mortality rates in birds due to higher PM production [28]. Particulate matter
from poultry houses affects chicken health and is linked to various adverse health issues in
workers. Compared with non-poultry workers, poultry workers are at high risk of many
respiratory problems like high asthma rates and other respiratory syndromes [11,29,30].
Therefore, suppressing PM concentrations is necessary to improve the health and welfare
of laying hens and barn workers. Previous research has reported that PM can be reduced
significantly by using various mitigation strategies such as spraying oil or electrolyzed
water [31,32], BM, electrostatic charging systems [33–35], different ventilation rates and
types [36,37], and applying manure management strategies [27,38].

Cage-free houses use litter that constitutes a mixture of initial BM and manure de-
posited above the BM [39]. Litter floor distribution usually covers the BM by at least 33%
(one-third) for layers and 100% for bedding spaces for broilers [40]. Thus, these BMs can be
organic (grass, maize silage, plant husk, paper, straw, rice hulls, wood shavings, or chips)
or inorganic (clay, sand, or stone) in origin and must be comfortable, highly absorbent,
and non-toxic for animals [11,30,41]. PM production from BM depends on BM types, the
amount of BM, litter moisture content, application rates [42], and bird activities [43]. Several
studies have indicated that using different BMs in CF houses significantly decreases PM
concentrations [11,39,44,45].

The litter in a CF layer house is usually removed after each flock, which tends to
increase higher PM concentrations within the flock. To improve litter and air quality, the
top-dressing of new BM could be an alternate PM mitigation strategy in CF layer housing.
Therefore, the objectives of this study were to (1) test the effect of top application of new
bedding materials with different sizes on PM levels and (2) compare different BM PM
reduction efficiencies.
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2. Materials and Methods
2.1. Ethical Approval

This study was conducted in a CF aviary facility at Michigan State University (MSU),
utilizing four housing rooms. All the procedures were approved by the MSU Institutional
Animal Care and Use Committee before starting this research (AUF#: PROTO202100003;
approved on 2 September 2021).

2.2. Housing and Management

This study was conducted in four identical rooms of a multi-tier AV system (NATURA60,
Big Dutchman, Holland, MI, USA) at the MSU laying hen facility. Each room measures 20 m
in length and 4.3 m in width. The room contains a system divided into four equal discrete AV
units or sections separated by a metal fence within the laying hen facility [46]. Each AV unit
included a 3-tiered enclosure (wire fence) and an upper level with a 61 cm internal ceiling height.
The lower, middle, and upper tiers were 51, 112, and 173 cm, respectively, higher than the AV
floor. The lower level was provided with an open litter area consisting of wood shavings (before
treatment was applied) and later top-dressed with different BMs over the original litter substrate
(pine shavings) for this research. The upper tiers were provided with colony nests. In addition,
manure belts were attached and run under each tier for manure removal. Each tier enclosure
consisted of round metal internal perches of 3.1 cm diameter at all levels, while additional outer
perches were provided in the open litter areas. Drinkers were placed in the lower and upper
tiers, but internal and external feeders were in the lower and middle tiers. Similarly, a door in
the lower tiers was provided to provide access to switch from enclosure to litter and vice versa.

A total of 2304 hens (Lohmann Brown Lite) were housed in four rooms, resulting in
a stocking density of 576 hens/room (144 hens/section). During the onset of this study,
hens were 50 weeks of age (WOA), and research was conducted for 6 weeks. In addition,
each hen was provided with a total useable floor area of 1132 cm2/hen, which included
a tiered section or enclosure space of 551 cm2/hen (112 cm2/hen solid metal ledges and
439 cm2/hen metal wire floor) and an open litter space of 581 cm2/hen. The drinker was a
pin-metered nipple and provided one nipple drinker for 9 hens. Similarly, each hen was
facilitated with 5.08 cm of feeder space per hen, 88 cm2 of colony nesting space per hen,
and 40.64 cm of perch space per hen. Additionally, the hens were provided with a standard
mesh diet throughout the study period. Fresh manure in the aviary system was removed
twice weekly with manure belts under the wire-mesh flooring on each level.

A PMSI Command III controller (Poultry Management Systems, Inc., Lowell, MI, USA)
controlled the room temperature and ventilation rates. The controller was programmed to
control the room at a targeted temperature of 21 ◦C (70 ◦F) by turning on and off two tunnel
ventilation fans and a cooling pad accordingly. For instance, a smaller fan (14” Vortex
VX14F1CP, Munter’s Corporation, Mason, MI, USA) would turn on and run continuously
as the stage-I ventilation control during the colder time, while a larger fan (24” Vortex
VX24F1CP, Munter’s Corporation, Mason, MI, USA) would start to run as the stage-II
control during the warmer time. Small and larger exhaust fans turned on when the room
temperature exceeded the set temperature and continued until the room temperature limits
were met. The research was conducted in warm weather, and the HOBO sensor (HOBO
MX CO2 Logger MX1102A, Bourne, MA, USA) data show that the temperature inside the
room was more than 21 ◦C in all treatment rooms during this bedding treatment research.
In addition, the lighting schedule adhered to the Lohmann Brown light management
guidelines, comprising 16 h of daily light exposure with a light intensity ranging from 10 to
15 Lux.

2.3. Experimental Setup

Three kiln-dried bedding materials, i.e., aspen wood chips (AWC; NEPCO, Warrens-
burg, NY, USA), large flake shavings (LFS; Family Farm and Home, East Lansing, MI,
USA), and small flake shavings (SFS; Family Farm and Home, East Lansing, MI, USA),
were tested for dust reduction in this study (Figure 1). The SFS, LFS, and AWC cost around
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USD 1.9, USD 1.9, and USD 3.9 per ft3, respectively, based on East Lansing, Michigan
prices when the study was initiated. Wood shavings were 100% softwood. The original
BM used in all treatment rooms before treatment was pine shavings placed at 17 WOA and
top-dressed with different bedding treatments when birds were 50 WOA. Litter depth was
measured before applying BM to estimate the BM needed for each room and each section.
A wooden ruler (30 cm long) was used to measure litter depth. The initial litter depth of
the original BM was measured randomly at 16 different locations per room (4 different
locations per section). The initial depth was measured from each section of each room and
then averaged out to obtain the average initial depth of each room (control—4.57 ± 0.55 cm;
SFS—4.83 ± 0.82 cm; LFS—4.83 ± 0.79 cm; AWC—4.57 ± 0.89 cm). One room was main-
tained as the control of the four rooms without top-applying any BM. The top-dressing
amount of new BM (20% of each) was calculated based on the initial litter depth (from the
concrete floor) before BM was placed (Table 1). After measuring the litter depth within
each room, 20% of the total volume of the original litter floor depth was top-dressed among
three different rooms with different litter substrates. Out of the four rooms, one room was
maintained as the control without the top application of any BM. Similarly, AV sections
within each room had a similar litter substrate.
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Figure 1. Bedding material treatment using (a) AWC—aspen wood chips, (b) SFS—small flake
shavings, and (c) LFSs—large flake shavings.

Table 1. Average litter depth (cm) before and at the end of the experiment with top-dressing of 20%
bedding material in different aviary laying-hen treatment rooms.

Experiments Room 1
(Control)

Room 2
(SFS)

Room 3
(LFS)

Room 4
(AWC)

Before start of
experiment 4.57 ± 0.55 4.83 ± 0.82 4.83 ± 0.79 4.57 ± 0.89

Estimated 20%
substrate - 0.97 0.97 0.91

End of experiment 5.33 ± 0.71 5.64 ± 0.92 5.46 ± 0.50 5.74 ± 0.69
Note: SFS (small flake shavings); LFS (large flake shavings); AWC (aspen wood chips).

Litter moisture content (LMC) was measured once every two weeks (n = 3). The
initial litter moisture content of the AWC, SFS, and LFS was 10.78 ± 0.02, 12.67 ± 0.34, and
12.74 ± 0.10%, respectively. Litter samples (100 g) collected from each room and section
were kept in plastic bags and stored in a freezer at −20 ◦C to prevent nutrient and moisture
content loss before sending them away for analysis. For tracking changes in LMC in the
control and BM treatment rooms, duplicate litter samples (about 10 g each, one for testing
and another for validating) were sampled from each section (n = 48 samples in total) of the
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4 rooms for drying in a 105 ◦C oven for 24 h. The LMC was calculated with the following
equation (Equation (1)).

LMC = 100 × LWW − LDW
LWW

(1)

where LMC—litter moisture content (%); LWW—litter wet weight (g); LDW—litter dry
weight (g).

2.4. Particulate Matter Measurements

The PM concentrations were measured with the help of a TSI DustTrak sensor (Dust-
Trak DRX Aerosol Monitor 8533, TSI Incorporated, Shoreview, MN, USA), which was
placed at the center of each section at a 0.35 m height (bucket height; Figure 2b) above the
littered floor inside each room before and after the bedding treatment was placed, and the
reading was recorded twice a week (from 9 to 10 a.m.) over six weeks. The selection of
morning hours for monitoring was based on previous evidence demonstrating its efficacy
in stabilizing house ventilation [23]. The device underwent a multi-point calibration before
the research started as the PM can show different properties from the test dust data, which
can change the instrument’s reading (US EPA-designated Federal Reference Method) and
decrease accuracy [47]. To improve the PM reading accuracy, the DustTrak sensor was
zero-calibrated. The filter was changed and cleaned inside monthly. The TSI DustTrak
sensor was programmed to collect PM data for 2 min at each section and to record 12 sam-
ples per minute (1 sample every 5 s; a total of 24 samples in 2 min). The first 6 samples
were not considered because of potential interferences from sensor relocation (changing
location) within rooms. This sensor was capable of measuring PM concentrations of five
different particle sizes (PM1, PM2.5, PM4, PM10, and TSP). Among these PM sizes, PM2.5,
PM10, and TSP were taken into consideration because of their harmful effects on bird
and caretaker health and welfare. During the PM measurement, the DustTrak sensor was
covered with plastic (leaving the PM inlet open; Figure 2) to prevent dust accumulation
and possible damage to the system. Similarly, the DustTrak sensor was randomly assigned
to each room and each section (within the room) twice a week to reduce the dust-reading
difference between treatment rooms. The PM sensor measured each section randomly
before transitioning to the next room.
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Figure 2. Particulate matter measuring: (a) TSI DustTrak device and (b) placement in cage-free aviary
housing room.

2.5. Environmental Parameters

Environmental parameters (temperature and relative humidity—RH) in each room
were continuously measured using a data logger (HOBO MX CO2 Logger MX1102A,
Bourne, MA, USA). The data logger was placed 0.9 m above each room’s littered floor
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in the middle of Sections 2 and 3. The device was programmed to record the data every
10 min throughout the study.

2.6. Statistical Data Analysis

The litter qualities (e.g., litter moisture content and new bedding) and sampling period
(each week) were considered factors and blocks to measure PM of 5 different sizes: PM1,
PM2.5, PM4, PM10, and TSP. The statistical analysis used JMP Pro-16 (SAS Institute Inc.,
Cary, NC, USA). The PM levels, LMC, and litter depth in each treatment were analyzed
using two-way ANOVA, which included treatment rooms as the main effect and each week
as a block. The difference between treatment rooms was considered significant at p ≤ 0.05.
The means were separated using LSMeans Tukey HSD methods.

3. Results and Discussion
3.1. Litter Moisture Content Data

Litter moisture content plays an important role in PM reduction [13,48] and differs
according to the BM moisture content used as a treatment. According to Homidan et al. [49],
LMC resulting between locations within the house was found to be highest near drinking
areas, resulting in less PM production. Usually, rooms with higher LMC have lower PM
levels [13,48] because higher LMC binds PM present in litter and makes them heavier,
allowing the particulates to be suppressed and settle down. The results from this study
show a statistical difference in LMC taken biweekly (p < 0.01; Figure 3A) and between
treatment rooms (p < 0.038; Figure 3B). However, sections (p = 0.637) were not different,
which is to be expected since a single treatment was placed in each room section, and there
was common airflow in the housing room. In addition, the LMC was lowest in the control
room (18.0 ± 2.8%) compared with the SFS (20.0 ± 3.1%), LFS (20.6 ± 2.4%), and AWC
(19.7 ± 4.2%) rooms. Similarly, LMC increased (p < 0.01) as the age of birds and litter
increased. Therefore, an increased LMC might be due to daily fecal matter (which contains
water or moisture) deposition [50]. Thus, the increase in LMC is affected by the increasing
age of birds and the treatment used in the research.
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Figure 3. Percentage change in litter moisture content over different (A) sampling weeks and
(B) treatment rooms (n = 3). Different letters above the data bars (standard deviation) represent
significant differences at p ≤ 0.05. LMC (litter moisture content); AWC (aspen wood chips); SFS
(small flake shavings); LFS (large flake shavings).



AgriEngineering 2023, 5 1669

3.2. Thermal Environment

The research was conducted in the summer with an outside temperature of an average of
22.8 ± 1.4 ◦C (73.0 ± 2.6 ◦F) [51]. Temperature and RH directly affect PM production [11,52].
Increasing the temperature inside a house leads to higher ventilation rates, increasing cooling
pad activation. The incoming air carries a significant amount of humidity, causing extreme
relative humidity (RH) levels that are absorbed into the litter. Higher RH and lower temperature
decrease PM production because moisture present in air binds PM and makes particles heavy
enough to settle down. The temperature inside each room was maintained using a controller
resulting in the four treatment rooms having similar temperature/ RH values during the test
(i.e., 23.2 ± 2.3 ◦C/65.0 ± 16.1%, 22.8 ± 2.5 ◦C/66.6 ± 16.0%, 23.0 ± 2.2 ◦C/65.5 ± 15.8%,
and 23.0 ± 2.2 ◦C/66.3 ± 16.5% in the control, SFS, LFS, and AWC rooms, respectively). RH
plays an important role in PM reduction. The higher the RH, the lower the PM level [11,13,53].
Since all treatment rooms have similar temperatures and RH, overall, thermal environment
parameters did not affect PM production. However, temperature and RH were hard to control,
so differences were found within 6 weeks of hen rearing (Figure 4). There was a high fluctuation
in RH within 6 weeks because of the very high temperature outside and humid air inside the
housing generated by cooling pads.
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Figure 4. Temperature and RH variation over 6 weeks of cage-free hen rearing in different treatment
rooms. RH represents relative humidity in percentage; AWC—aspen wood chips, LFS—large flake
shavings, SFS—small flake shavings, control—without adding any treatment.

3.3. Litter Depth

The litter depth measured did not show any significant difference (p = 0.96; Table 1)
when comparing litter depth after topping the BM and at the end of the experiment (over
the treatment). Excreta produced while hens were in the aviary system was removed via
manure belts and not introduced to the litter, which is the main reason for no significant
changes in litter depth. Litter depth was found to be higher where the birds spent the
most time dustbathing. According to Moesta et al. [54], birds need thick layers of BM to
perform dustbathing; otherwise, dustbathing behavior is impaired with a thin layer of BM.
This research also found higher litter depths below the lower tiers than in the open spaces
because of a higher incidence of dustbathing behavior.

3.4. Particulate Matter Reduction

Litter is the major source of higher PM concentration in a poultry housing system.
Hens raised on bedding or litter floor (an AV or CF floor) have higher PM concentrations
than CCs and ECs [7]. Litter in AV houses increases activities like dustbathing, foraging, and
locomotion, thus generating higher PM levels of different sizes [6,7,13,23,55,56]. Among the
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different PM sizes, PM2.5, PM10, and TSP are significantly higher during the daytime [57]
because of increased bird activity on the littered floor [13,57]. Using different BMs directly
affects PM emissions and helps decrease PM levels [39,44,45]. This research found that the
top application of new BM significantly affects PM reduction in different sizes (p < 0.01;
Tables 2 and 3). The reduction in PM might be due to the weight and top area covered by
BM, which helps to suppress PM production. Similarly, there was a PM reduction in all
treatment rooms during week 3 and week 5, possibly because of higher RH than in other
weeks. When RH inside the house increases, it makes PM heavy enough to settle down
and thus decreases PM concentrations [13].

Table 2. Average weekly PM concentrations (mg m−3) in an aviary laying house when litter substrate
was top-dressed with different bedding materials.

Treatments PM Sizes Week 1 Week 2 Week 3 Week 4 Week 5 Week 6

PM1 0.80 ± 0.08 0.90 ± 0.28 0.55 ± 0.16 0.97 ± 0.22 0.66 ± 0.11 1.15 ± 0.03
PM2.5 0.86 ± 0.08 0.98 ± 0.31 0.60 ± 0.17 1.05 ± 0.22 0.72 ± 0.11 1.24 ± 0.03

Control PM4 1.02 ± 0.09 1.19 ± 0.39 0.72 ± 0.19 1.26 ± 0.25 0.86 ± 0.12 1.48 ± 0.03
PM10 2.13 ± 0.20 2.41 ± 0.84 1.42 ± 0.38 2.58 ± 0.60 1.69 ± 0.28 3.06 ± 0.02
TSP 3.52 ± 0.32 3.79 ± 1.22 2.26 ± 0.68 4.16 ± 1.20 2.72 ± 0.52 5.04 ± 0.08

PM1 0.50 ± 0.06 0.71 ± 0.08 0.43 ± 0.09 0.69 ± 0.06 0.64 ± 0.10 0.32 ± 0.05
PM2.5 0.54 ± 0.06 0.78 ± 0.10 0.47 ± 0.09 0.75 ± 0.06 0.69 ± 0.11 0.35 ± 0.06

AWC PM4 0.64 ± 0.07 0.95 ± 0.13 0.57 ± 0.11 0.91 ± 0.07 0.82 ± 0.14 0.42 ± 0.07
PM10 1.32 ± 0.13 1.90 ± 0.21 1.10 ± 0.19 1.79 ± 0.15 1.62 ± 0.29 0.76 ± 0.11
TSP 2.20 ± 0.23 2.89 ± 0.20 1.67 ± 0.28 2.82 ± 0.28 2.59 ± 0.49 1.19 ± 0.13

PM1 0.42 ± 0.10 0.62 ± 0.35 0.49 ± 0.26 0.64 ± 0.11 0.63 ± 0.08 0.71 ± 0.12
PM2.5 0.46 ± 0.11 0.68 ± 0.38 0.54 ± 0.28 0.70 ± 0.12 0.68 ± 0.09 0.77 ± 0.14

LFS PM4 0.54 ± 0.13 0.83 ± 0.47 0.65 ± 0.34 0.84 ± 0.15 0.81 ± 0.09 0.91 ± 0.16
PM10 1.03 ± 0.24 1.65 ± 0.96 1.28 ± 0.69 1.65 ± 0.32 1.58 ± 0.17 1.80 ± 0.31
TSP 1.74 ± 0.42 2.57 ± 1.46 2.01 ± 1.10 2.61 ± 0.51 2.56 ± 0.41 2.99 ± 0.51

PM1 0.43 ± 0.08 0.63 ± 0.17 0.45 ± 0.21 0.57 ± 0.05 0.60 ± 0.19 0.51 ± 0.02
PM2.5 0.46 ± 0.08 0.68 ± 0.18 0.49 ± 0.22 0.62 ± 0.04 0.65 ± 0.20 0.56 ± 0.02

SFS PM4 0.55 ± 0.08 0.82 ± 0.20 0.59 ± 0.25 0.73 ± 0.04 0.76 ± 0.24 0.67 ± 0.02
PM10 1.09 ± 0.19 1.65 ± 0.44 1.10 ± 047 1.44 ± 0.13 1.47 ± 0.50 1.26 ± 0.08
TSP 1.80 ± 0.42 2.66 ± 0.84 1.75 ± 0.84 2.39 ± 0.26 2.53 ± 0.92 2.04 ± 0.14

PM (particulate matter); PM1 (particulate matter with a diameter ≤ 1 micron); PM2.5 (particulate matter with a
diameter ≤ 2.5 microns); PM4 (particulate matter with a diameter ≤ 4 microns); PM10 (particulate matter with a
diameter ≤ 10 microns); TSP (total suspended particulate). Means within the weeks show no significant difference
(p < 0.05); means within the treatments differ significantly (p < 0.05); n = 6; AWC (aspen wood chips); LFS (large
flake shavings); SFS (small flake shavings).

Table 3. Overall particulate matter concentration (mg m−3) for each PM size in an aviary laying
house when litter substrate was top-dressed with different bedding materials.

Treatments PM1 PM2.5 PM4 PM10 TSP

Control a 0.84 ± 0.22 0.91 ± 0.23 1.09 ± 0.28 2.21 ± 0.60 3.58 ± 1.00

AWC b 0.55 ± 0.16 0.59 ± 0.17 0.72 ± 0.21 1.42 ± 0.44 2.23 ± 0.68

SFS b 0.53 ± 0.08 0.58 ± 0.09 0.68 ± 0.10 1.34 ± 0.22 2.19 ± 0.39

LFS b 0.59 ± 0.11 0.64 ± 0.12 0.76 ± 0.14 1.50 ± 0.29 2.41 ± 0.46
PM (particulate matter); PM1 (particulate matter with a diameter ≤ 1 micron); PM2.5 (particulate matter with a
diameter ≤ 2.5 microns); PM4 (particulate matter with a diameter ≤ 4 microns); PM10 (particulate matter with
a diameter ≤ 10 microns); TSP (total suspended particulate). a,b Means in the same treatment column differ
significantly for each PM size (p < 0.05); n = 6; AWC (aspen wood chips); SFS (small flake shavings); LFS (large
flake shavings).
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3.4.1. PM2.5

The concentration of PM2.5 in the hen house accounted for a 5–13% relatively stable
portion of PM10, and PM2.5 has been reported as being influenced by PM10 concentra-
tions [7]. In the current study, as PM10 increased, PM2.5 also increased (Tables 2 and 3).
PM10 increased because of an increase in PM2.5 [58]. The current research found a difference
in PM2.5 concentrations between treatment groups (p < 0.01; Table 3) but did not find a signif-
icant difference between weeks (p = 0.108; Table 2). The PM2.5 concentration was highest in
the control group (0.91 ± 0.23 mg m−3) and smallest in the SFS group (0.58 ± 0.09 mg m−3).
No significant difference was found between SFS, AWC (0.60 ± 0.17 mg m−3), or LFS
(0.64 ± 0.12 mg m−3; p = 0.95). The PM reductions in SFS, AWC, and LFS were 36.5,
34.6, and 28.9%, respectively (Figure 5). The details on PM2.5 concentrations in various
treatments are mentioned in Table 3, and weeks 3–5 had lower indoor PM levels because of
increased outdoor and indoor temperatures, which led to higher house ventilation during
those three weeks (see temperature information in Figure 5).
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3.4.2. PM10

The concentration of PM10 is directly influenced by the hens’ activity, ambient temper-
ature, and the ventilation rate [8,11,59]. PM10 concentrations usually spike (exceeding the
upper limit of 20 mg m−3) when lights come on and the flock has access to the littered floor,
and the lowest levels occur after the lights turn off [7]. According to [60], PM10 and TSP are
usually higher during feeding and ventilation. The current research found a difference in
PM10 concentrations between the treatment groups (p < 0.01; Table 3), but there were no
differences between weeks (p = 0.113; Table 2). The PM10 concentration was highest in the
control group (2.21 ± 0.60 mg m−3) and smallest in the SFS group (1.34 ± 0.22 mg m−3). In
addition, we observed no difference (p = 0.94) between SFS, AWC (1.42 ± 0.44 mg m−3), or
LFS (1.50 ± 0.29 mg m−3). Thus, PM10 was reduced by top-dressing with the new BM.
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3.4.3. TSP

The results indicate a difference in TSP production after introducing new BM (p < 0.01;
Table 3). However, TSP was found to show no difference between weeks (p = 0.150; Table 2).
Compared with the control group (3.58 ± 1.00 mg m−3), SFS (2.20 ± 0.39 mg m−3), AWC (2.23
± 0.68 mg m−3), and LFS (2.41 ± 0.46 mg m−3) resulted in higher PM reduction (Figure 5). The
TSP reductions due to top-dressing with SFS, AWC, and LFS were 38.7%, 37.9%, and 32.6%,
respectively. There was no significant difference in PM reduction found between different bedding
treatments.

This study revealed that LMC in the control group was notably lower than in the other
treatment groups (p < 0.01), which could have contributed to the elevated PM levels observed
in the control group. However, the various treatment groups showed no significant difference
in LMC. The effectiveness of PM mitigation through bedding management is influenced by
a multitude of factors, including the type and quantity of the BM used, the breaking strength
of the BM, and manure management practices [11,42,44,45,48]. Furthermore, the considerably
higher levels of PM reduction observed in the treatment groups, except the control group, imply
the involvement of additional factors contributing to the enhanced PM reduction. The variability
in PM reduction and overall emission levels can be attributed to the specific attributes of the
bedding materials, including their capacity to effectively absorb and capture dust particles;
their electrostatic properties, which attract and retain dust; and their dense and tightly woven
structures acting as barriers. Consequently, the presence of loose litter on the floor may serve as
another contributing factor to elevated dust levels, particularly during periods of heightened
bird activities.

Among the different treatments employed, it is noteworthy that the cost of AWC was
approximately 1.9 times higher per cubic foot compared with SFS and LFS, and AWC may
not be as readily accessible as SFS and LFS. Given that AWC, SFS, and LFS demonstrated
comparable performance in PM reduction, opting for SFS and LFS would be a more cost-
effective choice for producers aiming to mitigate PM levels. Moreover, SFS exhibited a 6–7%
greater PM reduction than LFS. Consequently, top-dressing with SFS emerges as a viable
alternative for reducing the higher percentage of PM concentration in CF aviary housing.

Although this study did not examine the effect of time change (weeks) on dust levels,
insights from previous research on broiler and pullet houses suggest that dust levels vary
over time because of factors such as bird growth, increased feed intake, and higher manure
generation, resulting in elevated dust and ammonia levels [11,13]. Additionally, bedding
material was previously identified as a key factor influencing PM levels in CF houses [23].
Thus, the absence of significant differences between weeks in this study aligns with the
understanding that various interrelated factors influence the dynamics of dust levels in
such settings.

This study utilized a single portable sensor for PM measurements because of observed
differences between newly calibrated sensors. Monitoring each location for 2–5 min instead
of 24 h was necessary to prevent sensor damage in the dusty environment. Moreover, the
behavioral changes in hens over time were considered, as highlighted by Chai et al. [23],
where the highest dust levels in CF houses were observed when birds accessed the litter
floor in the morning, with dust levels decreasing after lights off in the evening. These
considerations enhance the contextual relevance of the study’s findings and reinforce the
complex interplay between bird behavior and indoor dust levels.

3.5. Implications and Future Studies

The findings of this study hold significant implications for poultry producers striving
to adopt effective and sustainable methods of mitigating PM emissions and enhancing
environmental conditions in poultry housing systems. The research underscores the pivotal
role of factors such as litter moisture content, bedding material selection, and environmental
variables in shaping PM dynamics. While this study provides valuable insights, certain
limitations should be acknowledged. The study’s focus on specific bedding materials
and its exclusion of potential contributors like ventilation rates and bird density constrain
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the breadth of the conclusions. Additionally, reliance on a single portable sensor and the
specificity of geographic and seasonal conditions at the study site may impact the broader
applicability of the findings.

Future research endeavors could encompass the synergistic effects of bedding mate-
rials, ventilation rates, and bird density on PM levels. Employing long-term monitoring
with multiple sensors across diverse geographical locations and seasons would bolster the
robustness and generalizability of the outcomes. Furthermore, investigating the economic
viability of various PM reduction strategies and their potential implications for bird health
and welfare would offer practical insights for poultry producers. This study enriches our
comprehension of the intricate factors influencing PM reduction in poultry housing systems.
The results serve as a valuable compass for formulating effective and feasible strategies to
abate PM emissions, elevate environmental quality, and enhance poultry welfare within
contemporary production frameworks.

4. Conclusions

In conclusion, the present study demonstrated that the top application of new bedding
on old litter is a potential strategy for reducing PM generation in CF houses. Our research
has laid a foundation for effective PM reduction practices, with SFS emerging as a cost-
efficient and highly effective choice, showcasing a remarkable 36.5% reduction in PM2.5
and a 39.7% reduction in PM10 compared with control groups. Additionally, the treatment
rooms showed higher moisture content compared with control rooms with 10% more
LMC. Higher moisture content might have helped to reduce PM concentration. This study
highlights the potential of the top application of new bedding to reduce PM levels in CF
housing, suggesting a practical avenue for PM mitigation. Further research, encompassing
varying BM ratios, cost analysis, and real-world testing, is imperative to advance these
promising findings for effective PM reduction strategies in commercial CF environments.
By advancing our understanding and application of effective PM reduction strategies, we
can contribute to improved poultry health and elevated environmental conditions in CF
poultry housing systems.
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