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Abstract. The impact of root growth on the hydraulic properties of peat substrate was
investigated under optimal water retention, i.e., at a constant water potential of —1 kPa.
‘New Guinea’ impatiens was grown in 1.1-L cylindrical containers for 196 d in a
greenhouse under controlled climate and fertilization conditions. Water retention and
hydraulic conductivity curves, root biomass and volume, and shoot weight were measured.
Results indicated a maximal root volumetric content of 0.065 m*-m = that was as high as the
peat content in containers (0.068 m*-m>). From Day 0 to Day 196, the total porosity of the
growing media decreased from 0.931 m*-m to 0.874 m*-m>. Moreover, considering the
water-holding capacity at a water potential of —1 kPa, it increased from 0.58 to 0.75 m*-m>
(i.e., by 29.3%) without changes in water availability but with a large decrease in air-filled
porosity from 0.35 to 0.14 m*-m>. The unsaturated hydraulic conductivity K(0) decreased
as a result of root growth. Root growth also modified pore size distribution and pore
structure. Hydraulic conductivity curves indicated a better pore connectivity reflected by

a decrease in tortuosity.

Plants growing in pots or containers are
generally limited by the volume of substrate in
which water, gas, and solute availability can
fluctuate over a short period of time (a few
hours) (Polak and Wallach, 2001). Mathers
etal. (2007) present an extensive list of abiotic
factors that influence root growth in containers
in their review. Among them, the physical prop-
erties of growing substrate are of great im-
portance. The air-filled porosity and the water
retention capacity and availability have a con-
siderable impact on plant growth.

The hydraulic properties of growing media
generally provide precise information about
their ability to provide good growth condi-
tions. Peat, especially slightly decomposed
sphagnum peat, is a growing medium widely
used to grow ornamental plants worldwide
(Schmilewski, 2009). This type of raw material
is often considered as an ideal organic material
for irrigation management as a result of its air-
filled porosity and its water availability, often
higher than 0.2 m*m™ and 0.25 m*m?,
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respectively (Riviere et al., 1990). Recent
studies on peat aeration have reported that
peat particle size does not affect the air-filled
porosity but instead influences gas relative
diffusivity (Caron et al., 2010). In contrast to
other organic growing media, peat decompo-
sition is very low, conferring considerable
biological stability over time. However, three
main factors can affect the physical properties
of peat: the change in particle size and particle
distribution (Qi et al., 2011), the possible water
repellency of the media (Michel et al., 2001;
Naasz et al., 2008), its possible biological deg-
radation, and root growth (Allaire-Leung et al.,
1999).

The influence of root growth on the phys-
ical properties of growing media is poorly doc-
umented with unconvincing and contradictory
results. This may be explained by highly vari-
able water irrigation regimens in the different
trials, which can modify particle distribution
and porosity. As reported by Allaire-Leung et al.
(1999), root growth leads to a decrease in
porosity as roots grow in the gaseous phase of
the porosity, i.e., the macroporosity. Further-
more, root elongation promotes pore modifica-
tions and often decreases tortuosity (Nkongolo
and Caron, 2006a, 2006b). These results in pore
space organization may have a direct impact on
the hydraulic properties of peat. Several authors
have mentioned an increase in water-holding
capacity (Favaro and Marano, 2003; Fonteno,
1996). Although Allaire-Leung et al. (1999)
did not observe significant changes in satu-
rated hydraulic conductivity, other authors
observed a decrease in the saturated hydrau-
lic conductivity (Gruda and Schnitzler, 2003)
between the beginning and the end of plant
growth in various growing media. However,

the direct impact of root growth on the hydrau-
lic properties of peat largely depends on the
biotic and abiotic factors that can influence
these properties. In particular, the control of
water irrigation is of great importance. Depend-
ing on the water regimen, drying/wetting cycles
and their different intensities are known to
exhibit more or less reversible hysteresis phe-
nomena in peat hydraulic properties (Naasz
et al., 2005) with possible shrinkage/swelling
processes and changes in wettability (Michel
et al., 2004; Qi et al., 2011). Moreover, roots
may be affected by a dry water regimen with
possible preferential root growth within the
wetting zone in containers.

Thus, the objective of the present study
was to analyze peat hydraulic properties
under the influence of time and of root growth
of ‘New Guinea’ impatiens under optimal water
retention conditions, i.e., at a constant water
potential of —1 kPa, as defined by Fonteno
(1989), the EN 13041 standard (EN 13041,
2000), and Riviere et al. (1990), and Verdonck
et al. (1978).

Materials and Methods

Site description and experimental design

The experiment was carried out in a 93.1-m?
(9.7 m x 9.6 m) greenhouse at Agrocampus
Ouest—Center d’ Angers, France (lat. 47°30" N;
long. 00°35" W). The climate was automat-
ically controlled with air temperature main-
tained at a minimum of 20 °C and ventilation
if the air temperature exceeded 22 °C (£ 1 °C).
The growing medium used was a weakly de-
composed sphagnum peat from Ireland with a
particle size range of 5 to 20 mm. The chemical
characteristics were as follows: pHypo 6 [5:1
water:peat ratio; EN 13037 (2000)]; electric
conductivity: 450 dS-m™" [5:1 water:peat ratio,
EN 13038 (2000)]; organic matter content:
930 g-kg'; and carbon:nitrogen ratio of or-
ganic matter: 54.2 (EN 13039, 2000). The
‘New Guinea’ impatiens (cv. Sonic Scarlet
variety) was used to study the impact of its
root growth on peat hydraulic properties.
This plant has the advantage of having a short
development cycle (=6 months). Moreover,
it is characterized by high transpiration and
high sensitivity to water stress, thereby jus-
tifying the use of peat.

Cylindrical polyvinyl chloride containers
were used for the experiment (Fig. 1A). They
consisted of two sections. The first section
(height: 0.10 m; internal diameter: 0.12 m) was
filled with fresh peat to obtain a dry bulk den-
sity of 0.107 g-cm™ (=336 g of fresh peat per
cylinder). The second section (height: 0.02 m;
internal diameter: 0.12 m) was attached to the
first one to prevent peat losses during filling
and, subsequently, in the case of peat swelling
when wetted. The cylinder was then placed on
a 3.0 x 2.4-m table in the greenhouse. This table
was covered beforechand with an Aquanap®
irrigation sheet (Puteaux SA, Les Clayes sous
Bois, France). Aquanap® was made of finely
shredded recycled cloth pressed into a 5 mm-
thick layer and is able to retain 10 times its
weight in water. It is the means by which the
nutrient solution is supplied to the plants.
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Fig. 1. Experimental design. (A) Sample layer organization; (B) irrigation layout.

Detailed hydraulic properties are presented in
Morel and Berthier (2005). A gutter was fixed
to each end of the table and contained irriga-
tion water that was maintained at a constant
level. The extremities of the irrigation sheet
were bathed in this water (Fig. 1B). The water
level was adjusted to obtain a permanent water
suction of 0.1 m (—1 kPa) at the middle of the
peat cylinder, corresponding to the water-
holding capacity of the peat. Two tensiometers
were installed in containers to follow and
validate the constant water regimen. Irriga-
tion water was fertilized with 2N-3P-6K +
0.6MgO (9.6 mmol N-NO3/L, 1.8 mmol PO,/L,
6.1 mmol K/L. and 0.9 mmol Mg/L).

The experiment began in Mar. 2010 and
ended in Sept. 2010. The sampling protocol
consisted of six replicates without plants
(called “no plant” or NP) and 12 replicates
with plants (called P). In NP replicates, three
were used for volumetric water content mea-
surement (Fig. 1A). The other three were used
for water retention curve measurements. In
P replicates, three were used for gravimetric
water content measurement, six for shoot
weight and root biomass quantification, and
the last three replicates for water retention
curve measurements. Additionally, at Time
0 and at the end of the experiment, two rep-
licates of NP (for Time 0) and two replicates
of P (end of the experiment) were used for peat
hydraulic conductivity measurements. Thus,
15 cylinders were sampled every ~30 d, rep-
resenting a total of 100 cylinders randomly
placed on the table.

Three d before the beginning of the exper-
iment, the 100 cylinders were filled with peat
and placed on the irrigation sheet saturated
with water. At Day 0, cuttings of impatiens
were carefully potted to avoid modifying the
initial peat bulk density. Moreover, six cut-
tings were analyzed for initial root biomass
and shoot weight. The experiment lasted for
196 d. During the experiment, flowers were
systematically removed to favor shoot weight
development.
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Fig. 2. Mean peat volumetric water content evolution during the 196-d experiment. Data obtained from peat
with ‘New Guinea’ impatiens (P) and without ‘New Guinea’ impatiens (NP). Bars represent ses (n = 3).

Plant growth and peat physical
properties

Immediately after removal from the table,
the plant shoots were cut at the peat—atmosphere
interface, weighed, oven-dried at 65 °C for 72 h,
and weighed again. The roots were first washed
with water to separate them from the peat and
then weighed. The fresh root volume was then
measured. To do this, roots were put in a tea
ball and then plunged into a basin filled with
water and placed on a precision balance. The
same was done without fresh roots. After this,
roots were oven-dried at 65 °C for 72 h to
estimate their dry biomass.

Peat gravimetric water content was cal-
culated after oven-drying at 105 °C for 48 h.
Volumetric water content was obtained from
the gravimetric water content and the peat
bulk density. Every 30 d, the peat bulk
density was calculated as follows:

Dw
By = —— 1
T [1]
where B, is the bulk density (g-m3), DW is the
peat dry weight (g), V. is the cylinder volume
(1.093 103 m?), and V/, is the root volume (m?).

Total porosity. The total porosity Pt of peat
was calculated using the following formula:

Ve—= (V. + V)
V.

where Pt is expressed in m*m~ and V,, is the
volume of peat (m?), calculated by dividing
the peat dry mass by its particle density, 1.55
g-cm, estimated by the method of Lemaire
et al. (2003).

Water retention curves. Water retention
properties were determined using standard-
ized hydrostat methods (EN 13041, 2000).
After cutting the aerial part, the cylinder was
saturated in water for 24 h and then placed on
the tension table to drain the substrate at —1,
—-3.16, -5, and —10 kPa. Cylinders were cov-
ered with plastic to prevent evaporation.

Unsaturated hydraulic conductivity. The
instantaneous profile method was used to es-
tablish the unsaturated hydraulic conductivity
curve. The experimental design is detailed in
Naasz et al. (2005). Two time domain reflec-
tometry mini-probes and two mini-tensiometers
were introduced into the substrate cylinder
at depths of 0.03 and 0.08 m. Direct and

Pt= (2]
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Fig. 3. Root growth during the 196-d experiment. (A) Fresh root volume (in cm?, obtained after washing in
water); (B) linear relationship between fresh root biomass (g) and fresh root volume (cm?) (RB = 0.995 x
RV, R? =0.997, P < 0.001). Bars represent ses (n = 3).

continuous measurement of water content
and water pressure every 10 min during
evaporation of the substrate made it possible
to calculate the water flux q through the
column (Green et al., 1986):

A8y — AB,,
2 3
A7 (3]

where g is expressed inm-s ', A@,,; and AB,, are
the temporal changes in water storage at depths
h; and A, (m), and At is the time variation (s).

The unsaturated hydraulic conductivity
K(0) (expressed in m-s™) is then obtained
by dividing the fluxes calculated previously
with the hydraulic gradient (dy) at the same
positions (dz = h;—h,) and times:

K(0) = —1 [4]

(&-1)

Table 1. Volumetric proportion of ‘New Guinea’
impatiens roots and changes in total porosity of
a sphagnum peatmoss substrate over 196 d of
growth with subirrigation held constant at —1 kPa.

Time Proportion of Total porosity
(days) roots (100 X v/v) (V/v)
0 0.21 (0.04) 0.931 (0.000)
27 1.66 (0.15) 0.914 (0.001)
62 5.39(0.31) 0.877 (0.003)
91 5.54(0.71) 0.875 (0.007)
125 6.49 (0.58) 0.866 (0.006)
161 6.65 (0.56) 0.864 (0.006)
196 5.70 (0.76) 0.874 (0.008)

Numbers in parentheses are SEs.
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Data treatment

Water retention modeling. Water retention
data were modeled using the van Genuchten
(1980) model:

6=16,+ (6, —6,) X [(1+ (oy))] "

[5]
where Y is the soil water suction (kPa), 0 is
the soil volumetric water content (m*-m~3), 6,
is the soil saturation volumetric water content
(m*m™?) corresponding to the total porosity
presented above, 0, is the soil residual volu-
metric water content (m*-m~) and o (kPa™'),
n (dimensionless) and m = 1 — 1/n (dimen-
sionless) are fitting parameters.

-

Volumetric water conten

Unsaturated hydraulic conductivity. The
van Genuchten (1980) model was used to
describe the hydraulic conductivity charac-
teristics:

0—0, K
K(9) = K
(0) s(ex_er)

o—0,\*\"]
(-G8
[6]

where Ks is the saturation hydraulic conduc-
tivity (m-s™') and 7 is tortuosity (m-m™).

1— (ooy)" 21 + (mu)"]"")
[1+ (ooy)" ™"

K(y) = Ks (
(7]

Statistical analysis

Modeling of the van Genuchten curves
was analyzed using the calculation of the root
mean squared error (RMSE) and analysis of
variance. Mean difference testing at the 90%
and 95% thresholds was used either for respec-
tive values of 5% and 10% or for the first species
error (R software; GNU General Public License,
USA). For other results, ses were calculated
(between brackets in the tables).

Results

Peat water content stability. The mean
volumetric water content continuously in-
creased during the first 160 d of the experiment
and appeared to stabilize thereafter in the P
treatment (Fig. 2). In the NP treatment, the
volumetric water content did not significantly
change from Day 60 to Day 196 (P < 0.1).
The mean volumetric water content in P and
NP treatments was not different during the first
125 d of the experiment, after which it was
slightly higher in P treatments. At the end of
the experiment, the volumetric water content
was 1.27 and 1.19 times higher than their initial
values in P and NP treatments, respectively.

Plant growth. Fresh root volume could be
broken down into three stages during plant
growth (Fig. 3A). From Day 27 to Day 60, root
growth was the highest, reaching 59 cm?® fresh

Water potential (-kPa)

Fig. 4. Soil water retention curves of peat substrate. The peat volumetric water content was measured at
water potentials of 0, —1, -3, 5, and —10 kPa and at 0, 27, 91, 161 and 196 d after planting. Bars

represent sgs (n = 3).
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volume. Root growth then slowed down until
Day 161. Finally, fresh root volume seemed to
decrease over the last 30 d, although it was not
statistically different. The very good correla-
tion between fresh root biomass and fresh root
volume (R* = 0.997, P < 0.001; Fig. 3B) led to
aroot density of almost 1 g-cm™. Moreover, the
linearity of this correlation confirmed the ho-
mogeneity of the root density in all parts of the
substrate. During the experiment, we did not
observe any change in peat volume in NP and
P treatments. The volumetric percentage of root
in the cylinder is presented in Table 1. After the
first stage of root growth, it reached 5.4%. The
maximum was attempted at Day 161 with 6.7%.

Growing media water retention. Growing
media water retention curves showed a sig-
nificant and regular increase in water retention
over the 196 d of the experiment in the range
of water potentials studied (Fig. 4), except for
a slight decrease at saturation, corresponding
to the total porosity. Fitted Van Genuchten
parameters are presented in Table 2. The model
accurately represented the experimental data
with regard to the RMSE. Using the Van
Genuchten model, it was possible to analyze
the equivalent pore distribution. This distri-
bution reaches a maximum value at a water
potential .. = o x m~"" (Dexter and Bird,
2001). On the basis of this value, Jurin’s law
makes it possible to obtain an equivalent pore
radius. The equivalent pore radius was di-
vided by 2.4 at the end of the experiment
(Fig. 5). It varied from 1867 um to 766 um at
Day 0 and Day 196, respectively.

Growing media hydraulic conductivity.
Changes in the unsaturated hydraulic con-
ductivity were observed during the experi-
ment. The saturation hydraulic conductivity Ks
estimated by the Van Genuchten model was
divided by 3.7 and varied from 4.8 10~ and
1.310° m-s™" at Days 0 and 196, respectively
(Table 3). The Van Genuchten model provided
a satisfactory representation of the experimen-
tal data with regard to R*. Although Ks were
comparable at the beginning and the end of the
experiment, the unsaturated hydraulic conduc-
tivity curves K(0) had different shapes (P <
0.1; Fig. 6A-B) and are always lower at Day
196 than at Day 0 (P <0.1).

Discussion

Relationships among water retention, hy-
draulic conductivity, and root growth. During
the experiment, we did not observe any
change in peat volume in NP and P treatments.
The peat bulk density increased very slightly,
from 0.107 to 0.112 g-cm>, at the beginning
and at the end of the experiment, respectively.
This increase in bulk density was therefore not
the explanation for the volumetric water con-
tent increase. The large initial water content
increase was mainly the result of solid particle
arrangement. Root activity was not yet pro-
nounced at Day 27 but thereafter it played an
important role during the rest of the experiment.

Root dry biomass at the end of the experi-
ment was higher than that of Caron et al.
(2010) who measured a dry biomass of almost
2.9 g in pure peat after 84 d with ‘New Guinea’
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Table 2. Hydraulic model parameters of Eq. [5] for peat water retention curves y(0).”

Reference 0s (m*m) or (m*m3) o (kPa™) n RMSE (m*m™)
NP 0 0.931 0.263 17.965 2.060 0.006
NP 196 0.931 0.250 27.497 1.585 0.009
P27 0.914 0.277 14.798 1.969 0.001
PoI1 0.875 0.250 15.284 1.712 0.020
P 161 0.864 0.250 12.795 1.575 0.007
P 196 0.874 0.250 9.183 1.575 0.017

“The peat saturation volumetric water content (8s) corresponded to the calculated total porosity (Eq. [2]),
the peat residual water content (6r), and parameters o and » are fitted values obtained from the Van
Genuchten model. Model performance was appreciated calculating the root mean squared error (RMSE).
These curves were established at Days 0 and 196 for peat substrate without impatiens (NP) and at Days 27,
91, 161, and 196 for peat substrate with impatiens (P).
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they were fitted with the Van Genuchten model (VG) at Day 0; (B) K(6) experimental data were
obtained from the instantaneous profile method, and they were fitted with the Van Genuchten model

(VG) at Day 196.

impatiens grown in the same container volume
but not under a constant water regimen. The
volumetric percentage of root in the cylinder
was relatively low compared with Raviv and

Lieth (2008) who reported a root volume of
~10% for low-volume containers. This maxi-
mal root volume was as high as the peat volume
that represented 6.8% of the container volume.
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Because the total porosity did not vary in the NP
treatment, the decrease in total porosity for the
P treatment (7.1% from Day 0 to Day 161) can
be linked to the root development described
previously. It was higher than Allaire-Leung
et al. (1999) who observed a decrease of
3.8% in total porosity but for a 5-L container
volume with Prunus X Cistena sp.

Peat water retention curves gave interesting
results about the water and air availabilities.
Considering the water-holding capacity at a wa-
ter potential of —1 kPa, it increased from 0.58 to
0.75 m*m™ (i.e., by 29.3%) in 196 d. On the
basis of these curves, it was calculated that the
water availability (calculated by the difference
of volumetric water contents at —1 and —10 kPa)
remained constant with a mean of 0.31 m*-m™.
In contrast, the air availability (calculated by
the difference of volumetric water contents at
0 and —1 kPa) progressively decreased over
time from 0.35 to 0.14 m*m™.

Table 3A. Hydraulic model parameters of Eq. [6]
for the hydraulic conductivity K(8).

Sample Ks m T R?
NP 0 48310 1.6 0.5 0.64
P 196 1.2810° 1.09 0.1 0.58

“The saturation hydraulic conductivity (Ks), the
tortuosity (t) and m are fitted parameters. The
correlation coefficient R? is also presented. These
curves were established at Day 0 for peat substrate
without impatiens (NP) and at Day 196 for peat
substrate with impatiens (P).

A Water potential (-kPa)
4 6

Thus, in this study, it clearly appeared that
roots contributed to the increase in water
retention capacity of the growing media by
decreasing the macroporosity and increasing
the microporosity. In the case of impatiens, this
phenomenon was progressive up to 196 d, even
if the root growth slowed down after 60 d. From
Day 160 to Day 196, we observed a change in
root color. Some might have deteriorated as
a possible consequence of lower air availability
and/or the consequence of the senescent phase
of impatiens growth. The increase of water-
holding capacity has also been observed by
several authors in a mixed peat and coniferous
bark wood substrate (Allaire-Leung et al., 1999;
Nkongolo and Caron, 2006b). The variation of
the saturation hydraulic conductivity Ks from
Day 0 to Day 196 (from 4.8 10° and 1.3 10°°
m-s') was in line with the equivalent pore
radius decrease during the experiment. Using
the Darcy and Poiseuille laws, the following
equation was obtained:

2
p.g % Pt.R

Ks=—12
s 8.vy T2

(8]

where R is the pore radius, p is water density,
and v4 is the dynamic viscosity of water.
Using Eq. [8], if our equivalent pore radius
is divided by approximately two, then K
would be divided by four. Saturated hydrau-
lic conductivity values obtained in our ex-
periment were lower than those obtained by
Nkongolo and Caron (2006a, 2006b) where
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Fig. 7. Relationship between the peat unsaturated hydraulic conductivity and the peat water potential K(y).
(A) K(y) experimental data were obtained from the instantaneous profile method, and they were fitted
with the Van Genuchten model (VG) at Day 0; (B) K(y) experimental data were obtained from the
instantaneous profile method, and they were fitted with the Van Genuchten model (VG) at Day 196.
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Ks was ~107 m-s”! in a peat—coniferous bark
mix. Our values were quite similar to those
of Naasz et al. (2005) who measured Ks of
8 10° m-s™! in pure peat with a fine particle
size range of 0 to 5 mm.

Consequences of root growth on peat
structuration and water irrigation regimen.
The decrease in hydraulic conductivity dur-
ing root growth raised questions about the
modification of the total porosity, pore size
distribution, and connectivity. Tortuosity is
an indicator of pore connectivity. The higher
itis, the lower the connectivity. Tortuosity was
estimated by fitting K(0) curves (Table 3A).
It decreased from 0.5 to 0.1 during the exper-
iment. Changes in tortuosity could also be ad-
dressed by interpreting the general behavior of
K(y) curves at Day 0 and Day 196 (Fig. 7A-B;
Table 3B). From 0 to 10 kPa, no significant
differences in K(y) were observed between
Days 0 and 196 (P < 0.01). This result must
be interpreted on the basis of both water re-
tention curves and changes in the mean pore
radius. We in fact observed a decrease in air
availability and mean pore radius with root
growth, whereas K(y) did not change. This
would imply that pore connectivity was better
and that tortuosity decreased. Root growth has
a considerable impact on pore organization
changes. Several authors have indicated that
growing media tortuosity decreased with root
growth (Caron et al., 2010; Nkongolo and
Caron, 2006a, 2006b).

Finally, in this study, we showed that the
main consequence of root growth was the
modification of the total porosity of growing
media, pore size distribution, and pore con-
nectivity, which resulted in higher water re-
tention and both lower hydraulic conductivity
and tortuosity over time. However, these re-
sults have to be carefully qualified with regard
to other possible processes induced by root
growth. We did not take into account exu-
dates from which new organic components
were diffused into the growing media. Young
(1995) measured higher water contents in the
rhizosphere than in the bulk soil. He sug-
gested that mucilage increased the water-
holding capacity of the rhizosphere.

This study did not take the spatial distri-
bution heterogeneity of roots into account,
which obviously masks the spatial heteroge-
neity of the hydraulic properties of growing
media. Root growth in containers is generally
characterized by extensive root colonization
at the edge of the container. Future research
should focus on the characterization of these
heterogeneities to predict spatial water and
air availabilities as accurately as possible.

Table 3B. Hydraulic model parameters of Eq. [7]
for the hydraulic conductivity K(y).

Sample o n R
NP O 17.965 1.55 0.69
P 196 9.183 1.4 0.55

“o. and n are fitted parameters. The correlation
coefficient R? is also presented. These curves were
established at Day 0 for peat substrate without
impatiens (NP) and at Day 196 for peat substrate
with impatiens (P).

HortScience VoL. 46(10) OctoBer 2011

$S800R 98] BIA 9Z-1 1-GZ0Z 1B /w0 Aiojoeignd-poid-swinid-yiewssiem-jpd-swiid//:sdiy wouy pepeojumoq



As plant canopies grow, they transpire
greater volumes of water and thus require
greater volumes of irrigation. With increased
water need, growing media air porosity is
decreasing. Thus, recommendations for water
irrigation regimens in the commercial sector
would be useful. However, the impact of the
decrease in air-filled porosity is not known
because it could lead to decreased aeration but
may also have no impact if pore connectivity
improvement leads to better air exchange.
This point deserves further investigation.
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