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Recent studies have shown that growth period largely affected physical properties of growing media,
and therefore irrigation management has to be revised according to these changes in order to avoid
poor irrigation. Decreases in pore tortuosity but also in wettability have been identified as the most
relevant parameters explaining these evolutions with time, as a result of combined effects of root growth
and irrigation regimes. So, this study aimed to analyse the respective effects of root development and
irrigation strategies on the physical and hydraulic properties of four different growing media (peat, pine
bark, coir and wood fiber) within a culture of Rosa x hybrida “Radrazz” grown with and without plants
during four months, for which watering was managed in three different ways: (1) water potential always
maintained at —1 kPa, (2) irrigation triggered when water potential reached —10kPa or (3) —30 kPa.
Root volume, total volume, air and water retention properties, hydraulic conductivity, relative gas dif-
fusivity, and wettability were evaluated at the beginning and at the end of the experiment. The study
showed important changes over time, mainly due to the hydric history, leading to large and higher
modifications of pore size distribution, tortuosity and wettability as a function of the intensity of the
drying/wetting cycles. Changes in wettability, and notably, more hydrophobic properties of the coarser
porosity due to its drainage during the drying processes were suggested for explaining the general phys-
ical/hydraulic behaviour of growing media, and the decrease in shoot dry mass and root content with
the intensity of irrigation regimes. Although they were with smaller amplitude to those resulting of the
hydric history, positive effects of the root system were shown, increasing pore connectivity, relative gas
diffusivity and limiting the decrease in total pore volume, and moreover, limiting the degradation in
wettability.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction

yield and/or quality, or more irremediable crop failures. Kerloch
and Michel (2015), in their last paper, reported and confirmed

Precise irrigation management of substrates is of vital impor-
tance in horticultural soilless systems to avoid root asphyxia,
nutrient leaching, and plant disease in case of excessive watering;
as well as, nutrient and water deficiency, and then plant phys-
iological stress in the driest conditions. Therefore, studying the
evolution of physical and hydraulic properties of substrates during
plant cultivation is absolutely necessary due to the changes that
root development and the multiple alternations of drying (evapo-
transpiration) and watering (irrigation) periods which can occur.
This can likely lead to changes in these physical properties, and
then in water, air and nutrient availability for plant, with a risk to
lead to a poor fertigation management, and then decreases in plant

* Corresponding author.
E-mail address: jean-charles.michel@agrocampus-ouest.fr (J.-C. Michel).

http://dx.doi.org/10.1016/j.scienta.2017.01.023
0304-4238/© 2017 Elsevier B.V. All rights reserved.

previous works showing these changes in physical properties dur-
ing time, with contradictory effects observed according to particle
size distributions of the growing media. All authors mentioned
decreases in air-filled porosity and pore tortuosity because of root
growth in the macroporosity progressively filled by them (Allaire-
Leung et al., 1999; Nkongolo and Caron, 2006; Caron et al., 2010;
Cannavo and Michel, 2013; Kerloch and Michel, 2015). However,
Caron et al. (2010) and Cannavo and Michel (2013) showed the
decrease in the resulting relative gas diffusivity for fine growing
media, whereas Allaire-Leung et al. (1999), Cannavo and Michel
(2013), and Kerloch and Michel (2015) reported its increase for
coarser materials used in their trials (peat, pine bark, coco, and
wood fiber). Also, Allaire-Leung et al. (1999) and Kerloch and Michel
(2015) reported increases in water retention at —1 kPa for fine peat
based growing media, whereas coarser materials like pine bark,
wood fiber and coir did not show any significant change (Kerloch
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and Michel, 2015). Opposite evolutions were also observed for
hydraulic conductivity, sometimes with a decrease, respectively for
peat, wood and coir growing media (Cannavo etal.,2011; Gruda and
Schnitzler 2004; Kerloch and Michel, 2015), sometimes without
change for peat-based mixes (Allaire-Leung et al., 1999; Nkongolo
and Caron, 2006), and sometimes with an increase for peat, pine
bark and wood fiber (Kerloch and Michel, 2015), but all these
changes in hydraulic conductivity are always low, not exceeding
one order of magnitude in all cases.

Besides particle size distribution, most works do not provide
information about irrigation regimes. Indeed, the effects and the
amplitude of drying/wetting cycles were already emphasized,
affecting air and water retention and flow (da Silva et al., 1993;
Naasz et al., 2005; Wallach et al., 1992; Qi et al., 2011), the total
pore volume (Fonteno et al., 1981; Gruda and Schnitzler, 2004;
Heiskanen, 1995; Qi et al., 2011) and the growing medium’s wetta-
bility (Michel et al., 2001; Naasz et al., 2008; Fields et al., 2014;
Michel, 2015). In their experiment, Kerloch and Michel (2015)
reported degradations in physical properties of peat, pine bark,
coir and wood fiber, and mainly explained that by their decrease in
wettability.

The aim of this work was then to investigate the evolutions of
the physical and hydraulic properties of four growing media (peat,
pine bark, coir and wood fiber) during a 4-month growth period
of Radrazz Rosa x hybrida according to three different irrigation
strategies: (1) water potential always maintained at —1kPa, (2)
irrigation triggered when water potential reached —10kPa or (3)
—30kPa. The evolutions in terms of root development, and of air
and water storage and flow properties as a function of intensity of
drying, aimed to verify the hypothesis reported by Qi et al. (2011)
and Kerloch and Michel (2015) of degradation in wettability as one
of the most relevant parameters explaining evolutions of physi-
cal properties. Also, comparing results obtained on growing media
with or without plants for which irrigation was managed in the
same way tried to estimate the respective weights of root develop-
ment and hydric history (drying/wetting cycles) on the evolution
of physical properties over time.

2. Materials and methods
2.1. Experimental procedure

The experiment was conducted in a glasshouse at Agrocam-
pus Ouest Center of Angers from 24 February 2014 (Tg) to 30
June 2014 (Tgpa)- Four different growing media, with more or
less similar particle size distributions (5-15mm) were tested: a
milled weakly decomposed Sphagnum peat coming from Latvia,
a 50/50 vol. 6 month-composted/aged pine bark mix, coir (coco
medium, produced in Ivory Coast), and wood fiber (obtained from
fresh woodchip via a defibration process). Before potting, pH was
adjusted to 6.0 with lime and a same 1.5kgm~3 fertilisation 12-
12-17 N-P-K was incorporated in each growing medium. 96 plastic
pots (1.5 L, VCC15 TEKU, Poppelmann, Rixheim, France) were filled
with each growing medium previously wetted to a water poten-
tial equal to —10kPa before planting cuttings of Rosa x hybrida
“Radrazz” (Tp) into the growing media, whereas 54 were filled in
the same way with each growing medium without plants (control).
These 150 pots for each growing medium were spread over three
different benches per growing medium (96 planted pots, called P,
and 54 not planted, NP) corresponding to three irrigation strate-
gies, i.e. three different intensities of drying (corresponding to three
thresholds in water potentials) before rewetting:

“—1” water potential always maintained at —1 kPa, i.e. with an
optimal water content;

“~10" irrigation triggered when water potential reached
—10KkPa, defined as the minimal water content of the easily
available water;

“—30" irrigation triggered when water potential reached
—30KkPa, for which water stress conditions and then risks of peat
hydrophobicity could occur.

In total, 600 pots (384 with plant, P, and 216 without
plant, NP) were installed on 12 benches (3 for each grow-
ing medium), corresponding to 24 treatments (4 materials x 3
irrigation regimes x 2 P/NP pots). Watering was managed by sub-
irrigation with an ebb and flow system for “—~10 kPa” and “—30 kPa”
regimes, whereas the benches used for “—1kPa” regime was cov-
ered beforehand with an Aquanap® irrigation sheet (Puteaux SA,
Les Clayes sous Bois, France) bathing by its extremities in a gutter
installed around each side of the bench so that the water level was
adjusted to obtain a permanent water suction of —0.1 m (-1 kPa)
at the middle of the pot (more details in Cannavo et al., 2011).
Water potential was controlled using three tensiometers (SKT850,
SDEC, Reignac sur Indre, France) per bench (inserted in the planted
pots) linked to a central acquisition (CR1000, Campbell Scientific,
Antony, France). Watering was triggered when mean values of the
three tensiometers raised the minimum water potential threshold
and stopped at —1 kPa. Irrigation water was fertilized with 2N-3P-
6K +0.6MgO (2.2 mmol NO3 L1, 1.8 mmol PO4 L1, 6.1 mmol KL-!
and 0.9 mmol MgL-1).

2.2. Root and physical parameters studied

The parameters listed below were measured at the beginning,
To (February 24, 2014), and the end, Tq,5 (June 30, 2014), of the
experiment.

Root and shoot biomass were measured on five pots per treat-
ment with plants (4 growing medium x 3 irrigation strategies). The
roots were extracted from the growing media using tweezers under
a water wash, and their volumes were measured according to the
Archimede’s principle by placing roots in a tea ball, which was
immersed into a water recipient placed on a balance. Roots and
aerial parts were then dried at 65°C for 24h to determine their
respective dry mass.

Wettability was estimated on four replicates per treatment
(except for “—1KkPa” regime, see below) previously equilibrated
to —10kPa and —30kPa water potentials from contact angle mea-
surements by the capillary rise method described by Michel et al.
(2001) using a Kruss Processor Tensiometer K12°. According to
these values of —10 and —30kPa water potentials considered for
the measurements, contact angles were not estimated for “—1 kPa”
regime, which corresponds to an irrigation regime without risks
of hydrophobicity due to the high water content maintained in the
growing media during plant cultivation. Contact angles were deter-
mined from the equation of Washburn (1921) defining a liquid flow
through a network of capillaries:

2

cos@:m— 1
t p2.o-c

where t is the time (s), m is the mass of adsorbed liquid (g), n
is the viscosity of the liquid (MPa), p is the density of the liquid
(gcm?3), o is the surface tension of the liquid (mN/m),  is the con-
tact angle between the sample and the liquid, and c is a constant
approximation of the porosity and tortuosity of the capillaries.
Water retention properties were determined on six pots per
treatment using standardised hydrostatic methods (EN13041,
2000). After cutting the aerial part, in order to allow the needed
contact between the growing media on the suction table, the base
of each plastic pot was delicately cut and replaced by a Nylon cloth
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fixed to the pot, with the objective of causing minimum structure
perturbation of the growing media. Pots were then saturated with
water for 48 h and then placed on the suction table to equilibrate
the growing media at —1, —3.16, —5 and —10 kPa successively. From
this data, air-filled porosity (AFP) and easily available water (EAW)
were calculated, knowing that:

AFP =0s — 9(,1 kPa)

EAW =0(_1pa) — O(_10kpa)

where 0s, 0(_1kpa), and 6(_1gkpa) are the volumetric water con-
tents at saturation, —1 kPa and —10 kPa, respectively; and the water
retention curves were modelled using the Van Genuchten (1980)
model:

0= 6r + (05— 0,) x [(1+ (a.w)")]fm

where ¥ is the water suction (kPa), 6 is the volumetric water
content (m3 m~3), s is the saturation volumetric water content
(m3 m~3) corresponding to the total porosity presented above, 0,
is the residual volumetric water content (m3 m=3)and « (kPa=1),n
(dimensionless) and m=1 — 1/n (dimensionless) are fitting param-
eters.

Saturated hydraulic conductivity, Ks, was directly estimated on
four pots per treatment placed under constant water head (Klute
and Dirksen, 1986) by the following equation:

VL
= Brcam
where V is the volume of water (cm?3) passing through the sample
during the time t (s), L is the length of the sample (cm), S is the
section of the sample (cm?2), and AH is the height of the hydraulic
gradient (cm).

Unsaturated hydraulic conductivity is then described using the
pore-size distribution model of Mualem (1976) combined with the
Van Genuchten water retention model. Hydraulic conductivity was
expressed as a function of the water suction:

n-2 —m

1- (aw) [1 + (aw)"]

2
[1+ ()] ™

where K is the hydraulic conductivity at saturation and «, n and

m the fitting parameters coming from the Van Genuchten water

retention model.

Pore tortuosity, Tw, was calculated using the equation given by
Caron and Nkongolo (2004):

Bea
_ OOOOZS,Og/ az (@7‘1/b _ ])—z/nde
(&

K(l[f) =Ks (

tw 7Ks

where 7 is the viscosity of water (in Pas), p is the density of the
water (gcm™—3), g is the gravity acceleration (ms—2), Ks is the satu-
rated hydraulic conductivity (ms—1), fe, is the water content at the
air entry point (m3 m—3), 6; is the residual water content obtained
(m3 m~—3) from the water retention model of Van Genuchten (1980),
a, n and m (=1 —1/n) are fitted parameters obtained from the Van
Genuchten model, and ® =(0 — 0;)/(6s — 6;).

The pore tortuosity calculation was performed using Mathcad®
software (PTC, Needham, MA, USA). Measurements of air entry
point were directly performed on four replicates per treatment.
After saturation, pots were placed on a suction table and the water
level was lowered gradually by 1-cm intervals as the changes in
water contents were monitored by ECHO-5 probes. The air entry
point was defined as the spot where the first important drop in
water content occurred as the water potential decreased. The deter-
mination procedure is detailed by Nemati et al. (2002).

Gas diffusivity (Ds/Dg) was calculated according to the equation
given by King and Smith (1987) as:

Ds _ AFP
Do B Tw
where AFP is the air filled porosity, Ds is the gas diffusion coefficient

within the media cm2s—1, Dy is the gas diffusion coefficient in air
cm?s~1, and 1y is the pore tortuosity of the growing media.

2.3. Statistical treatment of data

Considering each growing medium independently, statistical
data processing was performed on all studied parameters (except
for Tw, and Ds/Dg, resulting from calculations combining mean val-
ues of some other measured parameters), using the R software
through ANOVA tests checking the following conditions before-
hand: the independence of the values of the variables, the normality
of the data distribution, using the Shapiro Wilk test (Moses et al.,
1993), and the homogeneity of variance test of Bartlett (Tobias and
Carlson, 1969). Mean differences were tested at the 95% interval for
p-values of 5% or for the first species error (R software).

3. Results
3.1. Shoot and root growth (Table 1)

At Tgpa, shoot dry mass generally decreased in relation to the
severity of the drying/wetting cycles for peat, coir, and wood fiber,
except the “—~10” and “—30” regimes for pine park which did not
show any significant change. Statistical differences observed for the
aerial part were even less important regarding the root volumes,
which were however, relatively low compared to those obtained for
similar Knock Out Rose by Cannavo and Michel (2013) on other peat
growing media grown with a water regime maintained at —1 kPa,
but more or less equivalent to those obtained by Kerloch and Michel
(2015) on similar growing media for which irrigation was triggered
at —10 kPa. Peat was the only growing medium showing decrease in
root content for each value in the intensity of drying/wetting cycles.
Root content was higher for “—1” for coir, and lower for “~30” for
wood fiber, in comparison to the other regimes. In the case of pine
bark, any significant change in root content was observed, whatever
the water regimes.

3.2. General physical and hydraulic behaviours of planted pots
(P) vs time

Whatever the intensity of the drying/wetting cycles, a small
decrease in total volume close to 0.02-0.03 v/v was shown for all
tested growing media from Ty to Tgp, . This general decrease in
total volume is, however, lower than those reported by Kerloch and
Michel (2015), and mainly due to a high compaction when potting
the growing media. The changes in water retention curves, and con-
sequent AFP and EAW between Ty to Tgp,, are also almost similar
for fibrous materials (peat, coir and wood fiber), with an increase
in water retention for Tg,,, especially in the lowest water suc-
tions and for the lowest intensity of drying/wetting cycles (“—1"),
whereas this evolution tends to decline and then becomes not sta-
tistically different for higher water suctions and higher intensity
of drying/wetting cycles (“—30”) in comparison with Ty (Fig. 1). A
large decrease in AFP is also observed, varying according to the
irrigation regimes between 0.08-0.14v/v for peat, 0.10-0.15v/v
for wood fiber and 0.11-0.15v/v for coir; and to a lower increase
in EAW, varying between 0.02-0.04 v/v for peat, 0.04-0.06 v/v for
wood fiber, and 0.08-0.10v/v for coir (Table 1). The same tendency
with a decrease in AFP (between 0.04-0.08v/v) and an increase
in EAW (between 0.03-0.05v/v) was also observed for pine bark.
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Table 1

Main physical/hydraulic parameters and wettability for coir, pine bark, peat and wood fiber at the start (To) and the end (Tgpq ) of the experiment according to different
irrigation strategies (“—1kPa”, “~10kPa”, “~30 kPa”) for each growing medium, with and without plants. Values with the same letter are not significantly different according
to LSD test (P <0.05).

Coir To Tinal

with plant without plant

-1 -10 -30 -1 -10 -30
Shoot dry mass (g) 57.2a 37.6b 17.5¢
Root content 100x v/v 2.0a 1.0b 1.1b
Total porosity (v/v) 0.952a 0.935b 0.929b 0.928b 0.893c 0.886¢ 0.884c
AFP (v/v) 0.535a 0.386d 0.409cd 0.443b 0.407cd 0.427bc 0.443b
EAW (v/v) 0.103a 0.205d 0.184c 0.190c 0.178c 0.151b 0.145b
s air entry (—kPa) 0.240a 0.340b 0.520c 0.520c 0.280ab 0.440c¢ 0.480c
0 air entry (v/v) 0.920a 0.920a 0.910a 0.920a 0.875b 0.865b 0.865b
Ks(cms™!) 0.363a 0.492b 0.541b 0.630c 0.526b 0.583bc 0.630c
Pore tortuosity, t 16.3 6 3.9 35 7.1 43 3.8
Ds/Do 0.033 0.064 0.104 0.125 0.057 0.1 0.117
C. angle (°) at —10kPa 52.1a 56.4b 61.5¢
C. angle (°) at —30kPa 60.1a 68.2b 73.0c
Peat To Tfinal

with plant without plant

-1 -10 -30 -1 -10 -30
Shoot dry mass (g) 42.9a 32.6b 25.5¢
Root content 100x v/v 2.7a 2.1b 1.4c
Total porosity (v/v) 0.944a 0911b 0.910b 0.907b 0.902b 0.878c¢ 0.878c¢
AFP (v/v) 0.463a 0.324d 0.340cd 0.381b 0.339c 0.354bc 0.369b
EAW (v/v) 0.144a 0.189c 0.187c 0.167b 0.190c 0.167b 0.163b
s air entry (—kPa) 0.10a 0.680c 0.620c 0.640c¢ 0.550bc 0.460b 0.520bc
0 air entry (v/v) 0.920a 0.890b 0.880b 0.890b 0.890b 0.870b 0.840c
Ks(cms™) 0.117b 0.068a 0.089ab 0.259¢ 0.060a 0.085ab 0.215¢c
Pore tortuosity, t 142.9 21.2 18 6.6 28.7 23.7 8.3
Ds/Do 0.003 0.016 0.019 0.057 0.012 0.015 0.044
C.angle () at —10kPa 57.7a 62.5b 67.7¢
C. angle (°) at —30kPa 67.4a 75,3b 79,4c
Pine bark To Thnal

with plant without plant

-1 -10 -30 -1 -10 -30
Shoot dry mass (g) 20.2a 11.3b 13.2b
Root content 100x v/v 1.4a 1.2a 1.2a
Total porosity (v/v) 0.855a 0.820b 0.822b 0.820b 0.818b 0.817b 0.819b
AFP (v/v) 0.385a 0.305c¢ 0.319bc 0.344b 0.315bc 0.335b 0.347b
EAW (v/v) 0.080a 0.121b 0.118b 0.132b 0.121b 0.114b 0.132b
s air entry (—kPa) 0.120a 0.400c 0.560d 0.700e 0.300b 0.450c 0.700e
0 air entry (v/v) 0.840a 0.790b 0.770bc 0.770bc 0.790b 0.760c 0.760c
Ks (cms™!) 0.221a 0.188a 0.387b 0.383b 0.194a 0.327b 0.322b
Pore tortuosity,t 40.2 10.1 39 3.6 14 5.8 43
Ds/Do 0.01 0.029 0.082 0.095 0.023 0.058 0.081
C. angle (°) at —10kPa 61.5a 65.2b 70.8¢
C. angle (°) at —30kPa 69.4a 77.2b 82.2¢
Wood fiber To Tfinal

with plant without plant

-1 -10 -30 -1 -10 -30
Shoot dry mass (g) 13.3a 3.3b 0.9¢
Root content 100x v/v 1.4a 1.3a 0.6b
Total porosity (v/v) 0.963a 0.943b 0.939b 0.937b 0.924c¢ 0.923¢ 0.921c
AFP (v/v) 0.657a 0.526¢ 0.539bc 0.556b 0.524c 0.548bc 0.557b
EAW (v/v) 0.111a 0.149b 0.147b 0.167c 0.190d 0.175cd 0.188d
s air entry (—kPa) 0.240a 0.400b 0.450bc 0.500c 0.450bc 0.500c 0.520c
0 air entry (v/v) 0.940a 0.940a 0.925ab 0.900b 0.915ab 0.885bc 0.875¢
Ks (cms™1) 0.989a 1.659b 1.744b 1.778b 1.188a 1.188a 1.098a
Pore tortuosity, t 6.8 1.7 1.7 1.7 24 25 2.6
Ds/Do 0.096 0.304 0.316 0.335 0.218 0.224 0.212
C.angle (°) at —10kPa 67.0a 70.2b 74.1c

C.angle () at —30kPa 71.9a 77.4b 80.2c
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Fig. 1. Water retention curves at the start (Tp) and the end of the experiment according to different irrigation strategies (“—1", “~10", “~30") for coir, pine bark, peat, wood
fiber, with (P) and without plants (NP). Standard deviation for each measured value did not exceed 2%.

But the evolution in water retention between Ty to Tgp, is a lit-
tle bit different for pine bark depending on irrigation regimes. For
the lowest intensity of drying/wetting cycles (“~1” and “-10"), a
low increase in water retention was only shown at —1 kPa water
suction, but no significant change was observed at higher suctions,
whereas no difference at —1 kPa water suction and a small degra-
dation in water retention were observed for other suctions in the
case of “—~30” irrigation regime (Fig. 1). Although there was a high
compaction of the growing media tested, hence reducing the irre-
versible loss in volume observed by Qi et al. (2011) during the
first drying/wetting cycles and also limiting the degradation in AFP,
theseresults are in agreement with those obtained by Allaire-Leung
et al. (1999), Nkongolo and Caron (2006), Cannavo et al. (2011),
Cannavo and Michel (2013) on peat based growing media, and also
those reported by Kerloch and Michel (2015) on the same types of
materials.

At the beginning, as well as at the end of the experiment, grow-
ing media were partially hydrophilic and can be classified in the
ascending order of their wettability: wood fiber < pine bark < peat
< coir, with the range of values quite close to those collected by
Michel (2015). But contact angles increased from Ty to Tg,, the
more the intensity of drying before watering was high, with +3.2°,
+3.7°, +4.3°, +4.8° for the “~10kPa” regime and +5.5°, +7.8°, +8.1°,
+7.9° for the “—~30kPa” regime, considering wood fiber, pine bark,
coir and peat, respectively (Table 1).

Evolutions in saturated hydraulic conductivity, K, between Ty
to Thpa Were relatively small, and sometimes opposite according to
the irrigation regimes. In comparison with Ty, values obtained for
the higher intensity of drying/wetting cycles (“—30”) were approx-
imately 2 times higher, whereas smaller increases and sometimes
opposite results (small decreases in Ks for peat and pine bark at
“—1” and for peat at “—~10” regimes) were shown for the other irri-
gation regimes (Table 1). In opposition to Kg, K(\W) curves obtained
using the Van Genuchten model showed large differences, with
increases varying between 1.5-3 orders of magnitude from Ty to
Tfinar (Fig. 2).

A large decrease in pore tortuosity for all growing media tested
was shown at the end of the experiment, as already mentioned
in previous references. Values obtained for Ty and Tgj, are also in
the same order with wood fiber < coir < pine bark < peat, with lower
differences at the end of the experiment in comparison to Ty. This
decrease in pore tortuosity is even more important with the inten-
sity of drying/wetting cycles for peat, pine bark and coir, whereas
no change was obtained at the end of the experiment for wood fiber,
showing very low values in pore tortuosity whatever the irrigation
regime (Table 1).

Regarding Ds/Dg at Ty, pine bark (0.010), and moreover peat
(0.03), exhibited lower values than the 0.015 minimum threshold
reported by Caron et al. (2010), in comparison with coir (0.033) and
wood fiber (0.096). However, the same evolution was shown over
time with large increases in Dg/Dg and as a function of the intensity
of drying/wetting cycles (Table 1).

3.3. Effects of root development

Comparing pots with (P) or without (NP) plants for the same irri-
gation regime showed that the important changes in physical and
hydraulic properties over time led to close values with or without
plants at the end of the experiment. However, some differences
have to be mentioned.

Total porosity is higher for peat, wood fiber, coir, or equivalent
for pine bark for pots with plants (P) compared to those without
plants (NP), although the root volume occupying its porosity, indi-
cating the ability to the root system to limit the consolidation of
growing mediareported by Qietal.(2011) onother organic growing
media without plants submitted to several drying/wetting cycles
(Table 1). Also, a general increase in water retention was under-
lined for planted pots, confirming conclusions already mentioned
by Allaire-Leung et al. (1999), Nkongolo and Caron (2006), Cannavo
and Michel (2013) and Kerloch and Michel (2015), with a general
reduction in pore size due to the root development mainly in the
coarser porosity (macroporosity) (Fig. 1). However, the combina-
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Fig. 2. Relationship between unsaturated hydraulic conductivity and water potential K(W) obtained from the Van Genuchten model, at the start (Tp) and the end of the
experiment according to different irrigation strategies (“—1”, “~10”, “~30") for coir, pine bark, peat, wood fiber, with (P) and without plants (NP).

tion of both higher total volume and water retention for pots with
plants (P) compared to those without plants (NP) did not lead to
significant changes in AFP and EAW (Table 1).

Any general tendency in Ks (Table 1) and K(W) (Fig. 2) changes
was reported between the growing media tested, for which the
differences between planted (P) and not planted (NP) pots were
relatively small. In opposition to that, a lower pore tortuosity and
higher relative gas diffusivity with the presence of roots were
highlighted for all growing media (Table 1). This result supported
interpretations given by Allaire-Leung et al. (1999) and Nkongolo
and Caron (2006), and Kerloch and Michel (2015) on the positive
impact of roots on pore connectivity and hence oxygen flows.

Furthermore, animportant change was shown for contact angles
which were lower for planted pots, hence suggesting a significant
effect of the root system for improving the wettability of growing
media (Table 1).

3.4. Effect of intensity of drying/wetting cycles

Results referring shoot dry mass and root content were already
described above, showing more or less decreases with the intensity
of drying/wetting cycles.

Whatever the presence (P) or not (NP) of roots, important
changes in air and water contents and flows were shown as a func-
tion of irrigation regimes for peat, coir and pine bark. In detail, the
greater the intensity of drying, the greater the AFP (from +0.04 and
+0.06 between “—1” and “—30”) and pore connectivity (i.e. pore tor-
tuosity 2-3 times lower from “—1" to “—30”), and hence, the relative
gas diffusivity increased (2.5-4 times higher from “—1” to “—~30")
(Table 1). In contrast, water retention decreased in the range of —1
to —10 kPa water potentials studied from “~1” to “—30” irrigation
regimes (Fig. 1), without any effect on EAW (Table 1) and on K(\W)
(Fig. 2). Adecrease in wettability was also observed, increasing with
the intensity of the drying/wetting cycles, as already shown in our
previous results (Michel et al., 2001; Kerloch and Michel, 2015)
(Table 1). In the case of the wood fiber, a same evolution as the
other materials was observed in relation to the severity of the irri-
gation regimes (from “—1” to “~30”) with (1) an increase in AFP,

(2) a decrease in water retention, (3) without changes in EAW and
K(W), as well as (4) the decrease in wettability which was how-
ever, lower than those observed for the other growing media. But,
unlike the other growing media, no change in pore tortuosity and
relative gas diffusivity with the effect of intensity of drying/wetting
cycles was reported for wood fiber which is the coarser material,
exhibiting substantially higher values in AFP and moreover in pore
connectivity, Ks and Ds/Dg than the other growing media (Table 1).

4. Discussion

Analysing these results seemed to confirm the decrease in wet-
tability as one of the most relevant parameters explaining the
evolutions of physical and hydraulic properties of growing media
according to irrigation regimes and to root development.

4.1. Wettability vs irrigation regimes

Maintaining irrigation regime in high water contents as for the
“—~1” regime did not lead to a degradation in growing media’s wet-
tability, so that the changes in air and water contents and flows at
Trinal compared to Ty were in agreement with observations already
given by most of references previously mentioned (Allaire-Leung
et al., 1999; Cannavo and Michel, 2013; Kerloch and Michel, 2015),
and completed with (1) a decrease in total volume associated
with an increase in water retention properties, leading to (2) large
decreases in AFP but also (3) decreases in pore tortuosity, leading
to (4) increases in Dg/Dg and K(W). In contrast, when the intensity
of drying/wetting cycles was higher, decreases in wettability were
observed, with increases in contact angles varying between +3.2 to
+4.8 for “~10" regime and between +5.5 to +8.1 for “—30” regime. As
a consequence, the increase in water retention, shown in our trials
and mentioned in previous references for growing media managed
in high water contents, gradually disappeared for “~10” and more
for “~30". These observations rejoined relationships between wet-
tability and water contents emphasized by Michel et al. (2001),
Fields et al. (2014), Michel (2015) on some growing media, and
moreover the degradation in physical properties of growing media
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as the result of their degradation in wettability for growing media
without plants, reported by Naasz et al. (2008) and Qi (2011) during
drying/wetting cycles. By using the Van Genuchten’s water reten-
tion model with different pore domains in which they integrated
the contact angles, they explained the degradation in water reten-
tion properties by the drainage of the coarser porosity (<—20kPa)
during the drying processes which became more hydrophobic,
whereas the finest porosity (>—20kPa) remained filled by water
and then hydrophilic. This interpretation could be considered in
our experiments for explaining the degradation in water reten-
tion according to the intensity of drying/wetting cycles, and as a
consequence, the increases in AFP from “—1” to “~30” irrigation
regimes. Generating preferential paths is often reported as a com-
mon consequence of the degradation in wettability (Ritsema et al.,
1993; Dekker and Ritsema, 1994, 2000; Ritsema and Dekker, 1994,
2000; Bauters et al., 2000; Dekker et al., 2000; etc.). On the basis
of the interpretations given by Naasz et al. (2008) and Qi (2011),
increases in AFP and even more so the preferential paths, generated
by the decrease in wettability of the coarser porosity, probably facil-
itated connection of this coarser porosity filled with air, and hence
led to increases in relative gas diffusivity and also in Kg, observed
with the intensity of drying/wetting cycles for coir, pine bark and
peat. In contrast, the finest porosity remained filled with water and
hydrophilic, explaining that no significant changes in K(\W) were
observed between irrigation regimes. For wood fiber, the smaller
degradation in wettability and substantially higher AFP, pore con-
nectivity, Ks and Ds/Dg, in comparison with the other growing
media and already observed for “—1” regime, probably prevented
the same evolutions for these parameters, which remained con-
stant whatever the intensity of drying/wetting cycles.

4.2. Wettability vs root development

Although small differences were shown between pots with (P)
or without (NP) plants, probably due to the low root contents,
higher water retentions were reported for planted pots in com-
parison with those without plants, mostly for the “—1” regime.
This observation was in agreement with interpretations mentioned
by some authors (Allaire-Leung et al., 1999; Nkongolo and Caron,
2006; Caron et al., 2010; Cannavo and Michel, 2013; Kerloch and
Michel, 2015), explaining that roots generated the slightly finest
and more connected porosity, and then higher air flows. This also
supported relationships described below between both increases
in water contents and in wettability for “~10” and “—30” irrigation
regimes (i.e. a decrease in contact angles) for pots with plants, P,
compared to those without plants, NP, despite very low root con-
tents. The increases in the ratio microporosity vs macroporosity due
to the roots could also be proposed for explaining those in wettabil-
ity, considering that, as suggested by Naasz et al. (2008), Qi (2011)
and Michel et al. (2013), microporosity was filled with water and
remained hydrophilic, while macroporosity was filled with air and
became hydrophobic.

5. Conclusion

The respective amplitudes in changes according to both irri-
gation regimes and root development seemed to suggest that the
hydric history (and the intensity of drying/wetting cycles) played
a main role in the evolution of physical/hydraulic properties of the
growing media.

The hydric history generated a decrease in total volume due
to physical consolidation of growing media and the reduction of
pore size distribution, improving water retention properties, pore
connectivity and water and air flows for Tg,, in comparison to
To. However, increasing the severity of drying/wetting cycles pro-

gressively reduce then cancel the improvement in water retention
properties previously mentioned due to a decrease in wettabil-
ity of the growing media. Moreover, the hypothesis of a variation
in wettability as a function of pore size domains, with a coarser
porosity becoming more hydrophobic and associated with prefer-
ential paths, and a finer porosity remaining filled with water and
hydrophilic, could explain higher AFP, relative gas diffusive and K,
in one hand, and the absence in significant K(W) variations in the
other hand, observed for coir, pine bark and peat, whereas sub-
stantial higher values in AFP, pore connectivity, Ds/Dg, Ks, and a
smaller degradation in wettability for wood fiber, seemed to pre-
vent similar evolutions. Considering the evolutions of the whole
of these parameters suggested that the degradation in wettability,
and the resulting degradation in water retention properties, was
one of the main constraints explaining lower shoot dry mass and
root contents as a function of intensity of irrigation regimes.

This study confirmed conclusions previously reported in the lit-
erature, with a reduction in pore size and tortuosity due to root
growth, and hence increases in water retention properties and rela-
tive gas diffusivity. Results also indicated that roots limited physical
consolidation (loss in total porosity) of the growing media, and even
more, limited the degradation in wettability. However, this work
also underlined that the effects of root development s.s. were in
lower amplitude than those due to the hydric history.

In the context of this study, based on the use of various organic
growing media all presenting initial high aeration properties com-
pared to limiting water retention properties (as defined by de
Boodt and Verdonck, 1972), the whole of these results confirmed
one more time the crucial importance of wettability in terms of
evolution of physical/hydraulic properties of growing media and
consequences on root and plant growth.
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