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ABSTRACT 

An important parameter for describing oxygen availability in growing media is the air capacity, but this parameter does 
not include any information about the gas exchange with the surrounding atmosphere. The oxygen diffusion coefficient 
fulfills this requirement and may be better suited as a characteristic parameter to describe the oxygen regime. The 
measurement of the gas diffusion coefficient is a common method to describe the oxygenation in mineral soils, but this 
method has not been studied well on growing media yet. In this investigation four different growing media were used to 
measure the oxygen diffusion coefficient at two different bulk densities and four different water tensions in the labora- 
tory. The effect of density and water tension on the oxygen diffusion coefficient in different growing media and the 
dependence on air content were investigated. The results show that both water tension and density have a major influ- 
ence on oxygen diffusion. With increasing density and moisture content, a decrease of the oxygen diffusion coefficient 
can be observed. Between the substrates there are no significant differences regarding the oxygen diffusion coefficient 
at the same air content. Based on the oxygen diffusion coefficients of the substrates, the models describing the depend- 
ence of gas diffusion coefficients to air content in the literature were tested for the transferability to growing media. The 
Moldrup model [1] shows the best fit. The fit can be slightly further improved by modifying the tortuosity parameter. 
 
Keywords: Gas Diffusivity; Pore Tortuosity; Air Capacity; Horticultural Substrate; Peat 

1. Introduction 

For the characterization of the chemical and physical 
properties of growing media, the parameters container 
capacity, air capacity as well as nutrient contents and 
nutrient storage capacity are most important [2-4]. Oxy- 
gen stress may induce a number of reactions in plants, 
such as a reduction in transpiration, nutrient uptake and 
growth [5]. Recently the meaningfulness of air capacity 
as the most important parameter describing oxygen sup- 
ply to roots is discussed in the literature [6-9]. The air 
in growing media contains oxygen, carbon dioxide, ni- 
trogen and water vapor. The oxygen concentration in 
the air in growing media can vary due to different oxy- 
gen consumption levels and different diffusion rates of 
atmospheric oxygen into the substrate. Thus, an inhib- 
ited gas exchange leads to reduced oxygen concentra-
tion. According to [10], the inhomogeneity of the pore 
distribution caused by compression can lead to strongly 
varying oxygen concentrations in the immediate vicin-

ity. The air capacity, however, provides little informa- 
tion about the oxygen content in the root zone. The gas 
exchange between atmosphere and growing media is 
probably more important for the description of the oxy- 
gen supply to growing media than the air capacity [9, 
11-13]. Primarily the air-filled continuous pores serve 
as a transport system for gas exchange. The rate of gas 
exchange is determined by the size and shape of these 
pores [4,14,15]. 

The determination of the oxygen diffusion coefficient 
played no major role in the analysis of growing media 
yet [16]. Investigations described in the literature are 
usually based on mineral soils [4,17]. 

Aims of this study were 1) to examine the effect of 
bulk density and water/air content of different horticul- 
tural growing media on the oxygen diffusion coefficient; 
2) to evaluate the transferability of model functions re- 
lating the oxygen diffusion coefficient to air content in 
mineral soils to growing media; 3) to test if a better fit of 
these functions can be achieved by varying the tortuosity 
parameter describing the intricacy of the pore. *Corresponding author. 
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2. Theoretical Background 

The air in growing media contains oxygen (O2), carbon 
dioxide (CO2), nitrogen (N2) and water vapor (H2O). The 
composition of air in growing media differs from the 
composition of atmospheric air (O2: 20.9%vol; CO2: 
0.03%vol) by a higher concentration of carbon dioxide 
and water vapor and a lower content of oxygen [15,18]. 
The higher content of CO2 and lower content of O2 result 
from biological processes in the growing media, such as 
root respiration or microbial activity. In these processes 
oxygen is consumed and CO2 is produced. The consumed 
O2 and produced CO2 can be compensated only slowly 
by atmospheric air through diffusion. This explains the 
lower O2 content and increased CO2 content in soils and 
growing media [18,19]. 

According to Raviv and Lieth [4] the understanding of 
the gas transport mechanisms is essential for the evalua- 
tion of the aeration in growing media; however this has 
not been adequately examined yet. The air in growing 
media is rather humid and because of the root respiration 
and microbial activity it is also enriched with CO2. The 
O2 content runs in opposite direction to the CO2 content, 
because respirated oxygen is spent. 

The diffusion coefficient of O2 in air (1.98 × 10−5 m2·s−1) 
is much larger than that in water (1.90 × 10−9 m2·s−1) [18]. 
The gas exchange can be reduced by water in the sub- 
strate which primarily occupies the smaller pores so that 
the gases are confined to the larger pores. At higher wa- 
ter contents typical for growing media, the water also oc- 
cupies part of the coarse pores and, thus, strongly reduces 
the oxygen diffusion rate. Compaction usually decreases 
the coarse pores and leads to lower gas exchange rates 
[4]. Also the structure of the growing media is an impor- 
tant factor for gas exchange. Substrates containing small- 
er particles usually have less continuous pores and, there- 
fore, smaller gas diffusion rates [4,19,20]. In soil air, 
CO2 is commonly 0.3% - 1% but can be much higher in 
warm soils with fresh organic matter [21]. Gruda et al. 
[22] indicate CO2 content in growing media of about 
1.4%vol at high microbial activity and inhibited gas ex-
change. Soil O2 concentrations less than 10%vol indicate 
poor aeration [21]. 

For many gases in growing media sources and sinks 
are not precisely determined. For oxygen, however, the 
atmosphere is the source and the substrate is the sink. 
Therefore, the gas exchange between growing media and 
atmosphere is essential for the oxygen content and, thus, 
for the life of organisms and for plant growth in growing 
media [19]. 

The pore size is decisive for the intensity of the gas 
exchange between growing media and atmosphere [4]. 
The more macropores exist in growing media, the more 
gas exchange takes place between growing media and 

atmosphere. Small pore sizes and a disturbed continuity 
of pores act as a barrier to gas exchange [7,23]. 

Gas exchange can take place either through convection 
or diffusion. Convective gas exchange can occur due to 
barometric or temperature-related gas volume changes or 
flowing water. In total, however, the convective gas ex- 
change is only about 10% of the total gas exchange; the 
rest of the gas exchange occurs by diffusion [18,19].  

The diffusive gas exchange depends on the oxygen 
and carbon dioxide partial pressure. The higher CO2 par- 
tial pressure in the air of growing media results in a CO2 
diffusion into the atmosphere. In contrast, the lower O2 
partial pressure in the air of growing media performs to a 
diffusion of atmospheric oxygen into the growing media. 

Diffusion is driven by concentration gradients. The flux 
of gases (JG) can be described with Fick’s law (Equation 
(1)) [4]:  

G s
cJ D s
                    (1) 

with the flux of gases JG [M·L−2·T−1], the gas concentra-
tion c [M·L−3], the effective gas diffusion coefficient Ds 
[L−2·T−1] and the diffusion length s [L]. 

The diffusion coefficient of soils Ds is often described 
in relation to the diffusion coefficient in free air Da. This 
ratio is the relative diffusion coefficient Ds/Da and has 
the advantage that it is independent of temperature, air 
pressure and type of gas [24]. The dependency of Ds/Da 
on air content and pore volume is described by different 
models developed for mineral soils. Different models 
have been compiled by several authors [17,25,26]. As 
natural soils have a different pore structure than growing 
media, the latter need different functions to describe the 
dependency of the oxygen diffusion coefficient on air 
content [27]. The applicability of different functions for 
growing media was tested in preceding studies of the 
authors of this investigation (unpublished data). The tests 
showed that the function of Moldrup [1] (Equation (2)) 
with the tortuosity parameter m = 6 fits best: 

 12 m
3

s aD D 0.66 f
f




     
 

           (2) 

where Ds is the gas diffusion coefficient in the growing 
media [L2·T−1], ε is the air content [L3·L−3], Da is the gas 
diffusion coefficient in free air [L2·T−1], f is the pore 
volume [L3·L−3] and m a tortuosity parameter (3 for un-
disturbed soils or 6 for disturbed soils). 

For the physical characterization of growing media 
different parameters are used. The pore volume (PV) is 
referred to as the proportion of the air- and water-filled 
pore space in the total volume. The container capacity 
(CC) is the water content, which remains at a matric po-
tential of −10 hPa in the medium. The air capacity (AC) 
is the proportion of the pore volume, which is filled with 
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air at a matric potential of −10 hPa [6]. 

3. Materials and Methods 

Four types of commercially available growing media in 
two densities and four moisture levels were prepared 
(Table 1). 

The standard substrate density (SSD) was determined 
by a standard method [28]. Since considerable substrate 
shrinking after wetting and drying to the required pF lev-
els was observed in preliminary tests, densities of SDD 
plus 10% and SDD plus 20% were used which practi-
cally showed no more shrinking. Prior to measuring the 
oxygen diffusion coefficient, the substrate samples were 
filled with the respective densities to the double rings 
described in DIN EN 13041 [29]. In this study only the 
lower ring was required, because a defined density was 
set. 

The water tension of the media was adjusted to pF 0.5, 
1.0, 1.5 and 1.8 using an Eijkelkamp standard sand box 
apparatus [29,30]. After measuring the oxygen diffusion 
coefficient, the substrates were oven dried at 105˚C and 
the air content was calculated as the difference between 
pore volume and water content. 

The physical properties of the growing media used 
were characterized as pore volume (PV), container ca-
pacity (CC) and air capacity (AC) (Table 2). There are 

 
Table 1. Experimental variants. 

Growing media 

Substrate 1: 85% light sphagnum peat 
plus 15% perlite 
Substrate 2: 80% light sphagnum peat 
plus 20% clay 
Substrate 3: 80% light sphagnum peat, 
10% coconut fibers plus 10% green compost 
Substrate 4: 100% white peat 

Density 
variations 

standard substrate density (SSD) plus 10%, 
SSD plus 20% 

pF level 0.5; 1.0; 1.5; 1.8 

 
Table 2. Physical characteristics of the growing media for 
the different densities used (cm3·cm−3). 

Growing media Density PVa CCb ACc 

SSD plus 10% 0.939 0.675 0.264
Substrate 1 

SSD plus 20% 0.929 0.789 0.140

SSD plus 10% 0.916 0.729 0.187
Substrate 2 

SSD plus 20% 0.908 0.796 0.113

SSD plus 10% 0.943 0.697 0.247
Substrate 3 

SSD plus 20% 0.938 0.745 0.192

SSD plus 10% 0.946 0.721 0.225
Substrate 4 

SSD plus 20% 0.941 0.765 0.176

a. Pore Volume; b. Container Capacity; c. Air Capacity 

differences in their hydraulic characteristics due to the 
different composition of the growing media. An increase 
in density is accompanied by an increase in the container 
capacity and a decrease in the air capacity. Substrates 1 
and 3 (peat/perlite and peat/coconut fibre/compost) had 
the highest air capacity whereas substrate 2 (peat/clay) 
had the lowest. 

The particle size distribution of each substrate was de-
termined according to DIN 11540 [31], with a set of 
eight sieves with a mesh size of 0.2 mm to 31.5 mm. 
Portions of substrate samples remaining on each screen 
were weighed and expressed as the percentage of total 
sample weight. The mean weight diameter (MWD) was 
calculated using Equation (3) [32]:  


n

i i
i 1

MWD x f


                 (3) 

with the number of classes n, the average particle size fi 
and the mass retained on the sieve divided by the total 
medium mass xi. 

Substrate 3 is the one with the finest particles, the 
lowest proportion of coarse particles larger than 2 mm 
(35.7%) and the smallest MWD (3.2 mm). The other 
substrates used have a proportion of coarse particles and 
a MWD of 44.4% and 4.7 mm (substrate 4), 50.0% and 
4.5 mm (substrate 2) and 62.9% and 5.7 mm (substrate 1), 
respectively (Table 3). 

The equipment used to measure the oxygen diffusion 
coefficient is based on the principle of Rolston and Mol-
drup [33]. Similar equipment was used for rockwool and 
perlite [34] and for peat based substrates [35]. The device is 
shown schematically in Figure 1: the measuring equipment 
consists of a PET container with a volume of 5390 cm3, 
 
Table 3. Particle size distribution of the four different grow- 
ing media (g·g−1). 
 

Fractions 
in mm 

Substrate 1 Substrate 2 Substrate 3 Substrate 4

<0.2 0.055 0.079 0.117 0.074 

0.2 - 0.5 0.122 0.163 0.259 0.209 

0.5 - 1.0 0.097 0.128 0.153 0.158 

1.0 - 2.0 0.097 0.131 0.115 0.115 

2.0 - 3.2 0.101 0.104 0.073 0.085 

3.2 - 10 0.361 0.265 0.198 0.244 

10 - 16 0.110 0.087 0.062 0.037 

16 - 31.5 0.056 0.043 0.023 0.066 

>31.5 0.000 0.000 0.000 0.013 

<2 0.371 0.500 0.643 0.556 

>2 0.629 0.500 0.357 0.444 

MWD 5.7 4.5 3.2 4.7 
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Figure 1. Schematic illustration of the measuring equipment. 
 
which is the diffusion chamber. On a highly perforated 
plate in the screw cap the sample is placed with the sam-
ple ring (383 cm3). The diffusion chamber contains an 
oxygen sensor connected to a data logger which records 
the oxygen concentration in the chamber every minute. 
Furthermore, there is an inlet and outlet for filling the 
diffusion chamber with nitrogen prior to the measure-
ment, so that the oxygen concentration is about 1 % at 
the beginning of the measurement. A very slow fan in-
side the diffusion chamber provides sufficient turbulence 
of the gases. 

The measurement is based on the formation of a gas 
concentration gradient within the substrate sample, i.e. 
between low O2 concentration in the diffusion chamber 
(Ci) and the constant high O2 concentration in the labo-
ratory (Ca). Oxygen diffuses due to the concentration 
gradient. The oxygen diffusion coefficient can be calcu-
lated based on the change of oxygen concentration in the 
chamber per unit time [33]. 

The calculation of the oxygen diffusion coefficient is 
derived from the 1. Fick’s law (Equation 1). Based on 
Equation (1), the oxygen diffusion through the substrates 
can be described as [33] (Equation (4)): 

a s

a i

c D A
ln t

c c V l

  
   

              (4) 

where Ca is the O2 concentration in the laboratory [%vol], 
t is the time [s], Ci the concentration in the chamber 
[%vol], V the volume of the diffusion chamber [cm3], Ds 
the Diffusion coefficient [cm2·s−1], l the height of the 
substrate sample [cm] and A the cross sectional area 
[cm2]. 

Equation 4 represents a mathematical linearization. By 
plotting the left part of the equation versus time (t), the 
slope ms = ln (Ca/(Ca - Ci))/t can be calculated. Conse-

quentially, the oxygen diffusion coefficient can be calcu-
lated as Ds = V·l·ms/A. 

This procedure could involve two potential sources of 
error: At the very beginning of the measurement the 
slope of the evaluation function is not linear. This could 
be solved by evaluating only the data between 20 and 
120 minutes after the start of the measurement where the 
function was always linear. Another possible source of 
error could be the O2 consumed within the growing me-
dia. However, the amount of O2 consumed in the sample 
in two hours was very small in relation to the amount of 
O2 diffusing through the sample due to the high concen-
tration gradient. Therefore, no effect of the O2 consump-
tion on the O2 diffusion coefficient is expected. 

The statistical analysis was performed using the statisti- 
cal program IBM SPSS Statistics 20, with a multifactorial 
analysis of variance. The conditions of normal distribu-
tion and homogeneity of variance were first checked with 
the Kolmogorov-Smirnoff test and the Levene test [36]. 
After taking the logarithm of the oxygen diffusion coef-
ficient the conditions for the analysis of variance could 
be met. 

4. Results 

Figure 2 shows the oxygen diffusion coefficient and air 
content of the studied substrates and the respective mois- 
ture level (average of both density variations).The oxy- 
gen diffusion coefficient rises with decreasing moisture 
content. The diffusion coefficient at a very wet range (pF 
0.5) is close to zero, but substrate 1 has a significantly 
higher gas diffusion coefficient. At moisture level pF 1.0, 
the oxygen diffusion coefficients are significantly higher. 
Between pF 1.5 and 1.8 there are no significant differ-
ences, only substrate 3 in moisture level pF 1.5 is sig-
nificantly lower than the other substrates. 

The relationship between air content and moisture 
level looks similar; air content rises with decreasing 
moisture levels. At moisture level pF 0.5 the air content 
of substrate 1 is the highest. The air contents at moisture 
level pF 1.0 are significantly higher, but there are no dif-
ferences between the substrates. Between the moisture 
levels pF 1.5 and pF 1.8 there are no significant differ-
ences, except substrate 3 in moisture level pF 1.5 (lower) 
and substrate 1 in moisture level pF 1.8 (higher). 

An analysis of variance shows that the factors density 
and air content (moisture level) have a significant influ-
ence on the oxygen diffusion coefficient. The tested sub-
strates have no significant influence on the oxygen diffu-
sion coefficient.  

Figure 3 confirms that there is a strong relationship 
between oxygen diffusion coefficient and air content. 
The oxygen diffusion coefficient increases with increas-
ng air content. Between the different substrates there are i    
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Figure 2. Measured oxygen diffusion coefficients Ds (top) and air content ε (bottom) of growing media at different pF values 
(average of both densities). Error indicator: confidence interval; classes of homogeneity: Tukey test. 
 

four tested substrates, but with values from 6.0 to 6.5 
they lie close together. Fitting the tortuosity parameter to 
the data only slightly increases the quality of the regres-

no considerable differences (ANOVA, p < 0.05) but the 
measured values differ in their statistical scattering. 

The fitted tortuosity parameters m are different for the 
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sion of the oxygen diffusion coefficient to air content. 
Considering all measured values of the four tested sub- 
strates the tortuosity parameter m = 6.3 has the best fit 
(not shown in the figure).  

Figure 4 shows the effect of the different densities on 
the gas diffusion coefficients. 

The fitted curves are different for the two densities. 
Density has an effect on air content and, thus, on the 
oxygen diffusion coefficient (ANOVA, p < 0.05). The 
scattering of the lower density is higher than that of the 
higher density. The fitted tortuosity parameters are dif-
ferent for both densities, but the values of 6.4 (SSD plus 
10%) and 6.0 (SSD plus 20 %) lie close together. 

5. Discussion 

The measurement equipment used in this study based on 
Rolston and Moldrup [33] was checked with external 
replications and in other studies with different growing 
media [37,38] and proved to be suitable for measuring 
the oxygen diffusion coefficient in growing media. 

The results in this study are similar to those of other 
authors [35,39,40] with respect to the dependence of the 
oxygen diffusion coefficient on water content and density. 
Increasing density and moisture content leads to a de-
creasing oxygen diffusion coefficient. This can be ex-
plained by the fact that also the air content decreases 
with increasing density and increasing moisture content. 
The good correlation between air content and oxygen 
diffusion coefficient might be restricted to the fine mate-
rials tested in this study. Caron et al. [41] showed less 
correlation between both parameters with coarse materi-
als (pine bark, 10 - 20 mm). Peat fragments are porous 
particles, while bark is rather impermeable and acts as a 
barrier for the gas exchange [41]. However, the typical 
growing media for horticultural production which may 
have problems with oxygen supply are fine textured ma-
terials. 

In a previous study with two types of growing media 
the oxygen diffusion coefficient did not differ for different 
types of growing media at the same air content [37]. This 
is in accordance with the results in this study with four 

 

 
 

 

Figure 3. Measured oxygen diffusion coefficients Ds in relation to air content ε and the function of Moldrup et al. (1997) for 
substrate 1 (n = 51), substrate 2 (n = 56), substrate 3 (n = 44) and substrate 4 (n = 44) for both density variations. 
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Figure 4. Measured oxygen diffusion coefficients Ds depending on air content ε and function of Moldrup et al. (1997) with 
SSD plus 10% (n = 111) and SSD plus 20% (n = 84) (SSD: standard substrate density). 
 

types of substrates. The oxygen diffusion coefficient at 
different pF values differs between substrate 3 and the 
others (Figure 2). Substrate 3 has the lowest mean weight- 
ed diameter (Table 3) and, therefore, the lowest air con- 
tent at the given pF values. 

Thus, the choice of the type of growing media has no 
primary effect on the oxygen supply in the root zone, at 
least at the same air content. The oxygen diffusion coef- 
ficient and, therefore, the oxygen supply are more influ- 
enced by cultivation measures such as irrigation system 
and compression of growing media because these culti- 
vation activities affect the air content of growing media. 

The very good description of the dependence of the 
oxygen diffusion coefficient to air content with the mo- 
del of Moldrup et al. [1] can be explained by the fact 
that the tortuosity parameter m = 6 is adapted to dis- 
turbed soils. Disturbed soils have a similar pore structure 
than growing media and, therefore, this model function 
suits growing media very well. Even fitting the tortuous- 
ity parameter m to optimize the adjustment to the meas- 
ured data did not show a considerable improvement. The 
fitted parameters in this study were between m = 6.0 and 
m = 6.5 and, thus, very close to the original value of m = 
6.0. With higher compression the tortuosity parameter is 
exactly 6.0. The tortuosity parameter describes the intri-
cacy of the pore system, an increasing tortuosity results 
in a lower tortuosity parameter. In more compacted 
growing media the tortuosity of the pores is similar to 
artificially compacted mineral soils. This is the reason 
why the tortuosity parameter is lower in compacted than 
in less dense substrates. With an additional change of the 
factor 0.66 (Equation (2)) an even better fit would be 
possible. 

The measured oxygen diffusion coefficients in this stu- 
dy are in accordance with literature results. [35] meas- 
ured relative gas diffusion coefficients Ds/Da between 7 × 

10−3 and 23.9 × 10−3 in growing media at a matric poten-
tial of −8 hPa. [40] measured relative gas diffusion coef-
ficient Ds/Da between 0.2 × 10−3 and 34.1 × 10−3 in grow-
ing media at matric potentials from 0 to −10 hPa. [39] 
found relative gas diffusion coefficients of 10·10-3 in peat 
at matric potentials between 5 and 15 hPa. The relative 
oxygen diffusion coefficients measured in this study are 
in a similar range (0 to 53.1 × 10−3). [40] measured a re- 
lative gas diffusion coefficient Ds/Da of 34.1 × 10−3 at an 
air content of 0.26 cm3cm−3. In this study the relative gas 
diffusion coefficient Ds/Da is about 37.2 × 10−3 (n = 2) at 
an air content of 0.25 to 0.276 cm3cm−3, which is very 
close to the results of [40]. These results indicate that the 
dependency of the oxygen diffusion coefficient on air 
content is similar for a wide range of growing media and 
may, therefore, be used to describe aeration for potted 
plants if the air content is known. 

The dependency of the oxygen diffusion coefficient on 
density and air content supports the assumption that air 
capacity is not an adequate parameter to describe the 
oxygen supply in growing media [9,11-13]. Air capacity 
is not an indicator for the actual air content in growing 
media. It only describes the standardized air storage ca- 
pacity of growing media at moisture level pF 1.0, but 
there is no information about oxygen supply. Using a 
parameter such as the oxygen diffusion coefficient would 
be more adequate to describe the oxygen supply in grow- 
ing media. The water and air content of growing media 
can be described by simulation models where, however, 
detailed information on the hysteretic pF curves of the 
growing media is required [6]. If this information is 
available, the combination of a simulation model de-
scribing water and air content with the oxygen diffusion 
coefficient as a parameter could be a relatively simple 
way to analyze oxygen deficiencies under practical green- 
house growers conditions. 
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6. Conclusion 

The results of this study show that the oxygen diffusion 
coefficient depends on water content and substrate den- 
sity, which both influence air content of growing media. 
There is a stable dependency of the oxygen diffusion 
coefficient on air content irrespective of the type of 
growing media. This relation can be described by the 
model function of Moldrup [41]. Future studies should 
clarify a possible modification of the tortuosity parameter 
at different compaction levels. Together with techniques 
to describe the air content of growing media, such as si- 
mulation models, this dependency could be used to de- 
velop estimation procedures for oxygen supply for dif- 
ferent practical situations in horticultural production. 
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