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Abstract: For animal welfare and for farmers’ health, the concentration of ammonia (NH3) in animal
houses should be as low as possible. Plants can remove various atmospheric contaminants through
the leaf stomata. This study examined the effect of ornamental plants installed inside a piglet barn on
the NH3 concentration in the air. Gas measurements of the air in the ‘greened’ compartment (P) and
a control compartment (CTR) took place over two measuring periods (summer–autumn and winter).
Differences between the NH3 emissions were calculated based on the ventilation rates according
to the CO2 balance. Fairly low mean NH3 concentrations between 2 and 4 ppm were measured.
The NH3 emissions were about 20% lower (p < 0.01) in P than in CTR, in summer–autumn and in
winter period.

Keywords: piglet; forced ventilated barn; ammonia emissions; plant absorption; mitigation solutions

1. Introduction

Ninety-six percent of anthropogenic European ammonia (NH3) emissions originate
from agricultural activities [1]. Its release into the atmosphere causes acidification, and
its presence in surface water causes eutrophication, which can lead to severe reductions
in water quality with subsequent impacts including decreased biodiversity and toxicity
effects [2]. Livestock rearing is the main source of NH3 emissions. It accounts for around
75% of the European anthropogenic NH3 emissions in the atmosphere, and pig production,
in particular, plays, together with poultry production, a very important role [3]. Pig farms
are responsible for approximately 25% of NH3 emissions associated with livestock in
Europe [4]. Ammonia is mainly released from the excrements, therefore animal houses
and storage systems are the main sources of NH3 emissions in a pig facility [5]. The NH3
concentration in pig barns is considerable, because pigs are mostly intensively bred in
warmed up closed structures with forced ventilation and high animal density per square
metre [6]. Van der Heyden et al. [7] presented a literature overview of NH3 concentration
in various conventional mechanically ventilated pig fattening facilities and reported that
NH3 concentration usually ranges from 2 to 87 ppm.

For both animal welfare and for farmers’ health, NH3 concentrations in animal houses
should be as low as possible. The maximum concentration of NH3 for long-term exposure
(8 h) in animal houses is determined at 20 ppm by European legislation (Commission
Directive 2000/39/EC), and for short-term exposure (15 min) at 50 ppm. High NH3
concentrations in animal houses are related to respiratory ailment (e.g., coughing, upper
respiratory tract bleeding, excessive secretions, and lung bleeding or inflammation). It can
be rapidly absorbed in the upper airways, thereby damaging the upper airway epithelia. At
higher concentrations, a certain amount may bypass the upper airways, causing lower lung
inflammation and pulmonary oedema. NH3 may also adhere to respirable particulates
(<5 µm in aerodynamic diameter) present in animal housing that can reach alveoli and
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further adversely affect the respiratory function of the lung [8]. Unfortunately, there is still
no European legislation defining maximal upper limits of the NH3 concentration in the
barn for the animal health, but some countries, such as Germany, have already produced
specific legislation for it. The Tierschutz-Nutztierhaltungsverordnung [9] reports that the
NH3 concentration in pig barn has to be lower than 20 ppm, in order to protect the animal
health and welfare. Several tests, summarised by Wathes et al. [10], showed that weaners
were significantly averse to ammonia concentrations of 20 ppm and higher. This is also the
NH3 concentration limit for humans indicated by the European legislation, but this could
still be too high both for the animals and for the farmers. According to the high risks of
chronical and acute diseases of the airways connected to high NH3 concentration in pig
barns, Donham et al. [11] have proposed to lower the limits of NH3 concentration in pig
buildings to less than 7 ppm for humans and less than 11 ppm for animals.

To maintain a low NH3 concentration in pig barns, different solutions are available.
The floor type, the manure management and the pig diet mainly influence the NH3 emis-
sions from pig houses. Frequent removal of manure has been proposed as a measure to
diminish the release of emissions from pig buildings. The efficiency of protein use by pigs
depends on the dietary composition and the physiological status or the growth stage of
the animals [12]. The main dietary strategy proposed for the abatement of pollutant gas
emissions is the manipulation of the levels of crude protein (influencing NH3 and N2O) and
fibre content (influencing CH4 and CO2) in the diet; moreover, several dietary additives
have also been studied in particular for their impact on NH3 emissions [13]. The climatic
conditions inside the building also affect the emission levels.

Integrating green plants into animal barns could be an innovative system to mitigate
high gas concentrations and to create a pleasant environment both for the animals and
for the farmers. Several authors have discussed the capacity of plants to remove various
atmospheric contaminants through the leaf stomata [14–16]. The absorption through the
stomata proceeds in the following sequence: (a) the gas goes into the leaves through the
stomata, (b) the gas in the air space in the stomatal cavity dissolves in the aqueous phase of
the cell wall matrix, (c) the gas in the aqueous phase reacts with the leaf components. The
gas flux into leaves may also be controlled by reactions with cuticular components [17].
The absorption capacity is confirmed for both inorganic and organic compounds [17,18]. In
particular, in the group of inorganic compounds that can be absorbed by leaf plants, several
gases such as O3, SO2, Cl2, HF [15] and nitrogenous compounds such as NH3 and N2O
are listed [19–21]. Grundmann et al. [19] analysed the capacity of maize leaves to uptake
NH3 from the air and accumulate it in storage compartments, where it is successively
metabolised. This uptake mechanism might also change the modelling approach of gas
uptake based on passive diffusion. The potential uptake rate they measured was 0.392 mg
NH3-N dm−2 h−1. In this study, they also observed that the uptake took place mainly
during daylight when the stomata are open. Porter et al. [22] showed that maize leaves
could absorb gaseous NH3. Hutchinson [23] monitored the disappearance of NH3 from
an airstream flowing through a small chamber containing a single plant seedling and
calculated the amount absorbed by the plant as the difference of the amount of NH3
in the inflow and outflow. Their results indicated that plant leaves absorb NH3 from
the air and determined that the NH3 uptake rate of soybean was 4.2 µg dm−2 h−1 and
that of corn was 5.6 µg dm−2 h−1. Rogers and Aneja [21] also confirmed that plant
leaves are a sink for atmospheric NH3. They further observed that the rates at which this
absorption occurs is influenced by NH3 concentration (0.20–0.45 ppm), light (0–40,500 lux)
and temperature (22–26 ◦C). In the present study, the effect of different ornamental plants
on NH3 concentration in a piglet barn was investigated. The study was carried out in two
different seasonal conditions, summer–autumn and winter.
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2. Materials and Methods
2.1. Pig Barn Description

The study took place in a commercial pig farm (under real production conditions)
located in Brandenburg (Germany), where sows, piglets and fattening pigs are bred for
meat production. In one animal house, two separate compartments dedicated to the rearing
of piglets were selected for the measurements. Each compartment had the dimensions
of 4.2 × 17 m (W × L) and height (H) of 2.6 m with plastic slatted floor (Figure 1). Each
compartment was divided in eight pens and had a corridor of 0.7 × 17 m (W × L) to access
the pens. On one of the two shorter sides of the compartments, there was the entrance and
on the other one, there was a window. The window was closed and not used for ventilation.
In each pen, there was a heated area for the piglets on the opposite side of the corridor.
The ceiling of the barn was covered with wood wool lightweight panels with a porous
surface. Fresh air was able to stream into the barn through slots below the roofing, passing
the roof insulation and the wood wool lightweight panels. The air of each compartment
was extracted through a centrifugal fan with a diameter of 0.6 m (Modell CD606 produced
by Echberg, Denmark), located on the barn ceiling 2 metres away from the entrance. The
fan activities, as well as the temperature, were regulated according to the animal age by an
automatic, electronic system. On the wall close to the piglets at a height of about 150 cm
above the floor, there was an additional electric heater for each pen, which could intervene
in case of very low temperatures in winter. There was not any additional cooling system.
The pig slurry was collected in separate pits underneath the slatted floor. At the end of each
growing period, the slurry tanks were emptied, and the compartments were completely
cleaned and disinfected. Homogeneous groups of piglets were set up and two growing
periods were analysed, summer–autumn (Experiment 1) and winter (Experiment 2).

Figure 1. Drawing of the piglet compartment P. The blue area indicates where the plants were installed during the first
experiment (summer–autumn), the green area indicates where further plants were installed in the second experiment
(winter).

The piglets were fed ad libitum with an automatic dry-meal feeding system refilled
twice a day, at 7:00 a.m. and at 12:00 a.m. The feed quality and quantity were maintained
according to the age of the animals. At the beginning and at the end of the growing
period all pigs were weighed, the number of dead pigs was regularly recorded. In the first
experiment, 148 piglets (4 weeks old) were placed in the compartment with plants (P) and
147 in the control (CTR), about 18–19 piglets per pen (0.4 m2 per animal). For the second
experiment only 88 piglets were placed in each compartment, 11 piglets per pen (0.7 m2 per
animal). The animals stayed in the compartments for the entire growing period of 8 weeks.

2.2. Description of Green Plant Structure and Management

In one of the two compartments (P) a selection of ornamental plants was hung up in
two rows of ready-made pipes with holes on the wall above the heating system (75 cm
and 120 cm below the barn ceiling), high enough so that the animals cannot reach the
plants. Square pots with a side length of 11 cm were placed in the tubes (Figure 2) and
accurately fit and closed with them. The plants were introduced in the compartment P at
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the beginning of the piglet growing period and remained in the compartment till the end
of the piglet growing period for a total of 8 weeks. Another compartment (CTR) without
plants was used as control. In the control compartment neither plants nor plant structure
were introduced.

Figure 2. Plant system introduced in compartment.

The plants were watered by flooding the system four times a day. The water tank
(250-L capacity) contained liquid fertiliser (Wuxal super 8-8-6, Hauert MANNA Düngerw-
erke GmbH, Nürnberg, Germany). The fertiliser was added at the beginning of the experi-
ment directly into the water reservoir (250 mL Wuxal super 8-8-6, pH: 7.23, ec: 1.25 mS).
The fertilised solution passed through the upper tube and then into the lower one and back
into the reservoir. The ornamental plants were cultivated in a hydro substrate composed of
round expanded clay, with a diameter between 4 and 8 mm (CN Hydro, Green Line, CN
Consulting, Geesthacht, Germany). To guarantee appropriate lighting for the plants, 1.5 m
long neon tubes (Philips Master TL-D, 58 W/840) were installed over the length of the
first six pens starting from the window. In the last two pens, closer to the entrance, 1.5 m
LED lights were installed (19 W/840, 4000 K). Three additional 1.5-m-long neon tubes
(Philips Master TL-D, 58 W/840) were installed longitudinally in a central position between
the first two pens, between the central ones and between the last ones. The illuminance
varied between 340 and 1480 Lux in the compartment and the values reduced with the
distance from the artificial lights. Lower illuminance values were also measured close to
the window.

In the first experiment (summer–autumn period) 175 plants were introduced in the
whole compartment, 88 in the upper tube and 87 in the lower one. The plants were a
mixture of the following cultivars: Chlorophytum comosum, Tradescantia zebrina, Aglaonema
commutatum ‘Maria Christina’, Spathiphyllum floribundum, Epipremnum aureum, Mühlenbeckia
complexa, Peperomia rotundifolia, Dypsis (Chrysalidocarpus) lutescens and Dieffenbachia seguine.

In the second experiment (winter period) the number of plants in compartment
P increased, but the number of cultivars was reduced, selecting those that were better
able to adapt to the conditions in the barn and a new cultivar was also introduced. The
plant cultivars selected for the second experiment were: Sanseveria trifasciata ‘Laurentii’,
Epipremnum aureum, Aglaonema commutatum ‘Maria Christina’. The additional plants were
installed in 14 flower boxes between the eight pens, each of them 120 cm long. Each
box contained six plants adding 84 plants to the original amount. Thus, in the second
experiment (winter) compartment P contained a total of 259 plants.

2.3. Measurement of Air Parameters

Inside and outside temperature (T) and relative humidity (RH) were measured every
5 min throughout the entire growing periods using portable temperature/humidity log-
gers (Hobo®Pro v2 logger, internal T/RH, Model U23-001, Onset Computer Corporation,
Bourne, MA, USA) in both compartments and outside the building. The sensor accuracy
for T and RH were, respectively, 0.2 ◦C over 0 ◦C to 50 ◦C and ±2.5% from 10% to 90% RH
(typical), to a maximum of ±3.5%. The sensor resolution for T and RH were respectively
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0.02 ◦C at 25 ◦C and 0.03%. The T and RH sensors were placed at a distance of one metre
from the centrifugal fan at a height of approximately two metres, in order to measure the
temperature and the humidity of the exhaust air very close in place and time to the gas
concentration measurements. The gas concentrations in compartment CTR and P were
measured continuously for a period of two weeks at the end of the growing period. During
this period, with the higher body mass of the animals and thus an expected higher emission
rate, possible differences should be detectable. The gas (CO2 and NH3) concentrations
indoor and outdoor were measured by means of a Multicomponent FTIR Gas Analyzer
(GASMET CX4000 FTIR Gas Analyzer, Gasmet Technlogies Oy, Helsinki, Finland). The
limit of detection for NH3 was given by the manufacturer with 0.1 ppm. The FTIR Gas
Analyzer had a combined standard uncertainty of 0.49 mg m−3 (0.65 ppm), certificated for
the range of 0 to 15 mg NH3 m−3 [24]. It was calibrated with different calibrating gases
containing 500 ppm CO2, 0.5 ppm, 3 ppm and 5 ppm NH3, respectively. The exhaust
gas concentrations were measured below the fan at a height of approximately 2 m above
the floor; the incoming air was sampled from the space between the barn ceiling and the
roof. The incoming and the exhaust air was sampled consecutively for both compartments
(inlet CTR–exhaust CTR–inlet P–exhaust P), with 5 repetitions, respectively, resulting in
a measuring interval of 5 min. To evaluate the effect of the external temperature on the
ventilation rate (VR), the measurements were carried out in two different periods of the
year, summer–autumn (experiment 1) and winter (experiment 2).

2.4. Estimation of Ventilation Rate and Gas Emission Rate

Due to the not practicability to directly measure the ventilation rate in both compart-
ments (CTR and P), the ventilation rates were calculated using the CO2 balance. For the CO2
balance the direct (respiration) and indirect (manure and other activities) CO2 emissions
from the piglets were considered. The influence of the plants on the CO2 was neglected,
because according to the literature, the net CO2 uptake from the plants (5–20 kg m−2 per
year) is negligible compared to the large amount of CO2 that is emitted from the animals
(around 350 kg CO2 per year) [25,26]. The ventilation rate (VR) was calculated according
to Dong et al. [27]:

VR =
VCO2 × 106

[CO2]e − [CO2]i
(1)

where
VR = ventilation rate (m3 h−1)
VCO2 = specific CO2 production rate of the pigs (m3 h−1)
[CO2]e, [CO2]i = CO2 concentrations of the exhaust and inlet air, respectively (ppm).
106 = conversion of kg to mg.

According to Van Ouwerkerk and Pedersen [28] the difference in CO2 concentration
between exhaust air and inlet air should be greater than 200 ppm for the application of
the CO2 balance method, in order to minimise the margin error. As determined by Liu
et al. [29], this approach can be used for VR estimation also with lower differences between
exhaust and inlet air (down to > 50 ppm) with a margin error of less than 20%. In our study,
the difference between exhaust and inlet air was always higher than 150 ppm CO2.

As reported in Van Ouwerkerk and Pedersen [28], the CO2 production of the pig
barn could be expressed using the indirect calorimetry relationship between total heat
production (THP), CO2 production, and respiratory quotient (RQ), and adjusting for
environmental temperature effects and CO2 production from manure, which accounts for
4% of the total production:

VCO2 =
0.0036 × fc × THP × N × 273(

16.18
RQ + 5.02

)
× (Ti + 273)

× Km, CO2 (2)

where
THP = total heat production rate of the piglet (W pig−1)
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fc = correction factor for diurnal CO2 production (fc = 1 for this study)
N = number of piglets in the barn
RQ = respiratory quotient (RQ = 1 for this study)
Km, CO2 = multiplication factor representing the increase of CO2 production from manure
and other activities (Km, CO2 = 1.04 for this study)
Ti = inside air temperature (◦C).

To calculate piglet THP, the piglets (>20 kg body mass) were considered as fattening
pigs, as recommended in CIGR [30]. THP values at 20 ◦C were calculated using the
following equation:

THP = 5.09 × m0.75 + (1 − (0.47 + 0.003 × m))× (n × 5.09 × m0.75 − 5.09 × m0.75
)

(3)

where
m = piglet body mass (kg) and n represents the daily feed energy intake, expressed as n
times the maintenance requirement.

As the body mass of the piglets was only recorded twice at the beginning and the end
of the growing period, respectively around the 4th and 12th week of the piglet’s life, the
body mass of the piglets during the entire growing period was estimated for both groups
(CTR and P) by means of pig growing curves calculated by Carr [31]. The value n was also
estimated according to the data reported by CIGR [29] and Brown-Brandl [32].

The temperature measured inside the compartments was normalised to the reference
temperature of 20 ◦C by the following equation [27]:

KTHP = 12 × 10−3 × (20 − Ti) + 1 (4)

The determined NH3 emission rate (ERNH3) represents the amount of NH3 emitted
from one piglet per unit of time. The ERNH3 was calculated from the hourly mean NH3
concentrations and the corresponding calculated VR [27]:

ERNH3 = VR ×
([NH3]e−[NH3]i)× δNH3

N
(5)

where
ERNH3 = emission rate of the gas (mg h−1 pig−1)
δNH3 = NH3 density (kg m−3)
N = number of piglets in the compartment
[NH3]e, [NH3]i = ammonia concentration in the compartment exhaust and inlet air (ppm).

2.5. Statistical Analysis

All data analyses were performed on the hourly averages with JMP 14.0 (SAS Institute
Inc., Cary, NC, USA). The Kolmogorov–Smirnov test showed that the data were not
normally distributed (p < 0.05); therefore, the data were transformed as Log, in order to
apply parametrical statistical procedures. One-way analysis of variance (ANOVA p < 0.01)
was applied to evaluate the effect of the plants on the gas concentration in the pig barns
and to investigate the effect of different factors on it. The ‘Levene test’ was previously
carried out to confirm the homogeneity of the variances. The final body mass of the piglets
was compared through a student t-test (p < 0.05)

3. Results and Discussion
3.1. Piglet Body Mass Gain and Mortality during the Entire Growing Period
3.1.1. Experiment 1, Summer–Autumn

At the beginning of the growing period, two homogeneous groups of piglets, com-
posed of 147 animals with a mean body mass of 6.5 kg an−1, were introduced in compart-
ment CTR (Table 1) and 148 piglets with a mean body mass of 6.3 kg an−1 in compartment
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P. The animals stayed in the two compartments for eight weeks under the same conditions,
except for the presence of the plants and the artificial light in P.

Table 1. Description of the piglet groups in the two compartments CTR and P, during the two
analysed growing periods.

No. Pigs Age Body Mass
Days kg

Start End Start End Start End

Experiment 1
(summer–autumn)

CTR 147 141 28 83 6.5 ± 1.3 30.2 ± 4.6
P 148 142 28 83 6.3 ± 1.5 32.1 * ± 5.1

Experiment 2
(winter)

CTR 88 80 28 82 6.9 ± 1.3 31.2 ± 4.2
P 88 85 28 82 6.9 ± 1.6 33.1 * ± 4.7

For the body mass the mean values ± standard deviation are reported. The symbol * indicates significant
differences from the control (p < 0.05).

During the eight weeks, six dead animals were registered in each of the barns. The
mortality rate was about 4% and consistent with data present in literature [33]. In CTR six
piglets died in the last two weeks of the growing period, whereas in P most of the deaths
occurred during the first week, the adaptation period. The death of piglets during the first
week of rearing is not surprising and can occur quite often, on the contrary the death of
piglets at the end of this rearing period is uncommon and usually related to environmental
factors [34]. Differences in the body mass gain of the piglets between compartment CTR
and P were also observed. At the end of the growing period the piglets in P (32.1 kg an−1)
were heavier (p < 0.05) than in CTR (30.2 kg an−1), although at the beginning of the growing
period the animals in P were slightly lighter than in CTR. The general growth of the piglets
in compartment P appeared more efficient than in CTR.

3.1.2. Experiment 2, Winter

In the winter period smaller groups of piglets were introduced in the compartments,
only 88 piglets per compartment, but the mean body mass of the piglets at the beginning of
the growing period was slightly higher than in experiment 1, 6.9 kg an−1 in both groups.

Additionally, in experiment 2, at the end of the growing period the mean body mass
of the piglets in the compartment with the plants showed a higher final mean body mass
(p < 0.05), at 33.1 and 31.2 kg an−1 in P and CTR, respectively. Moreover, the mortality
in CTR was higher than in P. During the entire growing period only three piglets died
(3.4%) in P, but eight died in CTR (9.1%). All the deaths occurred in the first 4 weeks of the
growing period.

In barn P, a slightly higher RH occurred, due to the presence of the plants, but it did
not affect the growth and the health of the piglets, because it did not exceed the normal
values for the piglet growing, based on the reports of other studies [35].

3.2. Gas Concentration and Ventilation Rate during the Last Two Weeks of the Growing Period
3.2.1. Experiment 1, Summer–Autumn

T and RH showed the same trend in both compartments (CTR and P), with higher
temperatures and lower humidity during the days and lower temperatures and higher
humidity during the nights (Figure 3). The mean temperature in CTR (22.6 ◦C) was slightly
higher than in P (21.4 ◦C) (Table 2). According to the recommended temperatures for piglets
at the end of the rearing period, the temperatures were a little bit higher, but still within a
comfortable range for the animals [35]. The humidity, measured near the ventilation fan,
ranged between 42 and 72% in CTR and between 45 and 78% in P. The transpiration of the
plants and, in parts a slight evaporation of the water remaining in the plantation system,
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may explain the higher humidity in barn P [36,37]. RH and T values in this range are
within the recommended range for pigs [35,38]. For the plants these levels of temperature
and humidity were also suitable for their growth [39].

Figure 3. Temperature (T) and relative humidity (RH) in the compartments CTR and P in the two
measuring periods (summer–autumn and winter).

Table 2. Gas concentrations, ventilation rates (VR), temperatures and humidity in the compartments CTR and P for the last
two weeks of the analysed growing periods (summer–autumn and winter).

Summer-
Autumn CTR P Outside

CO2 NH3 VR T RH CO2 NH3 VR T RH CO2 NH3 T
ppm ppm m3 h−1 ◦C % ppm ppm m3 h−1 ◦C % ppm ppm ◦C

Mean
SD

965
248

2.4
1.2

6050
3330

22.6
0.9

57.2
5.5

980
274

2.0 *
1.1

6060
2910

21.4 *
1.4

62.5 *
6.5

425
39

0.5
0.1

14.4
4.6

Min 526 0.5 2260 20.0 41.6 581 0.5 2100 19.1 45.2 377 0.2 4.6
Max 1630 6.0 17,900 26.1 71.9 1790 5.9 13,800 25.9 77.7 563 0.9 24.4

Winter CTR P Outside

CO2 NH3 VR T RH CO2 NH3 VR T RH CO2 NH3 T
ppm ppm m3 h−1 ◦C % ppm ppm m3 h−1 ◦C % ppm ppm ◦C

Mean
SD

1177
183

4.0
0.5

2390
1060

20.7
0.6

53.0
5.0

1162
203

3.2 *
0.4

2670 *
1170

20.7
0.7

56.4 *
5.0

482
57

1.0
0.3

5.4
6.6

Min 638 2.3 970 19.2 40.9 657 1.9 1330 19.3 40.7 423 0.5 −8.3
Max 1600 5.2 8610 22.1 69.4 1630 5.3 8540 22.3 66.1 680 1.7 22.0

The symbol * indicates significant differences between the compartment with plants (P) and the control (CTR) (p < 0.01).

As determined by the CO2 balance, the VR varied throughout the whole day, with
higher VR during the daytime and lower VR at night (Figure 4), following the exter-
nal temperature. The mean ventilation rate in summer–autumn was similar in the two
compartments, 6050 m3 h−1 and 6060 m3 h−1 (about 33 air changes per hour, ACH),



Atmosphere 2021, 12, 1150 9 of 14

respectively in CTR and in P. The recommended ventilation rate for pigs in summer re-
ported by Pluske et al. [40] is 2.10 m3 h−1 per kg pig. According to the body mass of the
piglets in the last two weeks of the rearing period (from 23 to 32 kg) this would result in
48–67 m3 h−1 per piglet. The ventilation rate per animal was approximately 43 m3 h−1 per
piglet in both compartments in our study. This was lower than the value recommended
by Pluske et al. [40], but still in a normal range, considering that the measurements were
carried out in summer–autumn. Furthermore, lower yearly mean values of approximately
30 m3 h−1 per piglet have also been reported in the literature [41].
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Ni et al. [42] reported CO2 concentrations between 2000 and 2300 ppm in a pig
fattening barn and van der Heyden et al. [7] found a wider range between 1000 and
5000 ppm in a review of pig farms in Europe. The CO2 concentrations in the compartments
were in a normal range, according to the age and the body mass of the piglets and far below
the critical limit fixed by the legislation for the farmers (5000 ppm) (Commission Directive
2006/15/EC) and the ones fixed for the pigs, as reported in the German legislation for
the animal welfare (3000 ppm) [9]. Moreover, the low animal density per square metre
and the forced ventilation operating all day and night contributed to maintain these low
values. The NH3 concentrations were low, but within a normal range regarding the body
mass and the number of the animals [7,43] and very far from the critical limit defined by
legislation. The NH3 concentration was about 17% lower (p < 0.01) in the compartment with
plants (P) compared to the one without plants (CTR), with values of around 2.0 ppm and
2.4 ppm, respectively. Due to the quite low NH3 concentration in the two compartments,
an uncertainty of measurement is to be expected in the range of this difference. This
assessment is supported by experience from our own measurements, as well as other tests
and studies [24,44].

3.2.2. Experiment 2, Winter

In winter the temperature variation in the compartments between day and night was
lower compared to the summer–autumn period. This was due to the fact that no cooling
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device was installed, and temperature regulation was achieved by ventilation rate only.
The temperature in both compartments during the entire winter period ranged between 19
and 22 ◦C and the humidity values between 40 and 70%. The humidity in winter was also
higher (p < 0.01) for the entire period in P (56.4%) compared to CTR (53.0%).

During the winter experiment the number of plants in compartment P increased by
50%, in order to improve their impact on gas mitigation. Due to the farm management, the
number of piglets in the compartments changed; the winter experiment started with only
88 animals per compartment.

The ventilation rate was lower than in summer–autumn, because of the lower external
temperatures and the reduced number of animals, and differed in the two compartments,
2390 m3 h−1 in CTR and 2670 m3 h−1 in P, although the internal temperatures were the same
in both compartments. Pluske et al. [40] reported 1.60 m3 h−1 per kg pig as recommended
ventilation rate for the wintertime in pig barns. According to the body mass of piglets in
our study in the last two weeks of the rearing period this results in a ventilation rate of
35–53 m3 h−1 per piglet. The ventilation rate per animal was approximately 31 m3 h−1 per
piglet in both compartments in our study. Zimmerman et al. [41] indicates lower values,
about 23 m3 h−1 for piglet. Despite the reduced number of animals in the compartments,
CO2 and NH3 concentrations were higher than in summer–autumn. This is explained by
the lower ventilation rates. The CO2 concentration was slightly less than 1200 ppm in both
compartments and the NH3 concentration was 4.0 ppm and 3.2 ppm, respectively, in CTR
and P. As in the first experiment, also in the second experiment the ammonia concentration
in compartment P was lower than in CTR.

3.3. Ammonia Emission Rate during the Last Two Weeks of the Growing Period

The mean NH3 emissions in experiment 1 were 45.3 ± 13.2 and 35.7 ± 12.3 mg h−1 an−1

in compartment CTR and P, respectively. The daily differences between day- and night-
time were in the range of 20–30 mg h−1 an−1 (Figure 5). In experiment 2, the mean
NH3 emissions were 65.4 ± 13.9 and 50.7 ± 16.8 mg h−1 an−1 in CTR and P, respectively.
Here, not only the mean emissions, but also the daily differences between day and night-
time, were higher. The daily differences between day and night-time raised in the winter
experiment up to 50 mg h−1 an−1. In both experiments, the NH3 emissions did not increase
during the last two weeks of the piglet growing period.
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Figure 5. NH3 emissions in the compartments CTR and P in the two measuring periods (summer–
autumn and winter).

Misselbrook et al. [45] reported for fattening pigs with a body mass of 20 up to more
than 110 kg a daily N-NH3 emission of 79.2 g per LU (livestock unit, 500 kg) and for
fatteners below 20 kg body mass a daily N-NH3 emission of 27.8 g per LU. For the latter,
a N-NH3 emission of about 60–70 mg h−1 an−1 can be calculated for piglets with a body
mass of 25–30 kg. Overall, very few studies have been carried out in piglet barns [46,47],
and NH3 emissions of between 30 and 50 mg h−1 an−1 have been measured for piglets
with a body mass between 10 and 27 kg. This corresponds with the results of our study.

In both of our experiments (summer–autumn and winter), the NH3 emissions were
about 20% lower in P compared to CTR (p < 0.01). This corresponds to the margin of error
in the calculated VR. It could be speculated that the lower NH3 emissions in compartment
P were attributed to the capacity of the plants to uptake NH3 from the barn air, as reported
in previous studies [22,48,49]. A contribution to the absorption of the NH3 from the air
could also come from the substrate used for the plant cultivation (expanded clay) and
the water used for the plant irrigation. In any case, it is reasonable to consider this to be
very small, because the plant pots were accurately closed in the tubes and the substrate
quantity in contact with the air was very small. Moreover, the increased amount of plants
(+50%) and related irrigation and plant substrate surface showed no further improvement
in the reduction of ammonia in the air. From this it could be speculated, that the plant
cultivation substrate and the irrigation had nearly no effect on the NH3 emissions decrease.
An explanation for the similar NH3 reduction rates in both experiments could be the effect
of other factors, playing an important role on the NH3 uptake by the plants. Ammonia
uptake from the atmosphere by plants is influenced and regulated by several factors such
as the plant cultivar, the type and the dimensions of the leaves, the dust concentration
in the air, the ammonia concentration in the air and the humidity [48]. Porter et al. [22]
showed that corn seedlings could absorb NH3 through the leaves, but this capacity was
affected by the NH3 concentration in the air. Increasing the concentration of NH3 in the
air from 1 to 10 ppm, the leaf absorption of NH3 strongly decreased by 30%. Air humidity
positively affects the ammonia absorption by the leaves because of the high solubility of
NH3 in water [49]. In our study, the higher air humidity in the compartments P versus
CTR could explain only 7% of the lower NH3 emission.
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The range for NH3 absorption by the plant leaves is quite large and varies between
0.0015 and 0.025 mg N-NH3 dm−2 h−1 [20–23]. According to the foliar surface in the
barn and the difference in the ammonia concentrations between the barn CTR and P, an
absorption of approximately 0.5 mg N-NH3 dm−2 h−1 in experiment 1 and approximately
0.2 mg N-NH3 dm−2 h−1 in experiment 2 was calculated. At the same time, also the NH3
concentration in the air, which the plants were exposed to, had a wide range from 0.03
to 0.05 ppm [20] to 10 ppm [22]. In Lockyer and Whitehead [20] the plants were exposed
to a very low NH3 concentration, and as a consequence, the absorption was less than
0.006 mg N-NH3 dm−2 h−1. A study by Grundmann et al. [19] observed an aerial ammonia
absorption capacity in maize leaves ranging between 0.3 and 0.5 mg N-NH3 dm−2 h−1,
exposed to an NH3 concentration of about 40 ppm. According to the results determined
in the present study, it could be speculated that the plants can absorb NH3 from the
atmosphere and that this activity can also take place under less suitable environmental
conditions, such as those created in experiments at laboratory scale.

4. Conclusions

In the present study various ornamental plants were introduced in a piglet barn
for the entire growing period of 8 weeks, in order to observe the effect on the ammonia
emissions. CO2 and NH3 concentrations were measured in a compartment equipped
with plants and another one without plants (control), simultaneously. The ventilation
rates were calculated by means of the CO2 balance. Measurements were carried out in
summer–autumn and winter. The installation of the green plants in the piglet compartment
showed no negative effects on the animals; on the contrary, slightly higher body mass
gains (+1.9 kg, appr. +6%) occurred in this compartment, compared to the control. The
presence of these plants, including associated irrigation, increased relative humidity by
about 9% in summer–autumn and 6% in winter. The NH3 concentrations measured in
the compartments were rather low, the maximum of the mean hourly values did not
exceed 6 ppm. NH3 emissions were about 20% lower in the plant compartment than in
the control compartment, in both the summer–autumn and winter measurement periods.
However, this difference was within the range of measurement uncertainty (0.5–1 ppm),
which was determined mainly by the low NH3 concentrations and the ventilation rates
calculated by means of the CO2 balance. Further studies should focus on single factors
affecting the ammonia emissions: the air temperature and humidity, the ventilation rate,
the ammonia concentration, the dust in the air as well as the plant irrigation system and
cultivation substrate.
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