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Introduction
In greenhouse production of potted plants, the percent-

age of evaporation on the total evapotranspiration varies 
widely, depending on development stage, growing media 
used and plant species. Considering the entire production 
period in pot roses, the proportions of water discharged 
from the pots due to evaporation varied between 42 and 
46% from a total of 1.45–1.57 L per plant (Budke, 2013). 
Thus, evaporated water significantly contributes to increas-
ing the humidity in greenhouses. Experiments with insula-
tion glasses in greenhouses showed a high efficiency to save 
heat energy (Bettin et al., 2012). However, due to the effect of 
decreased condensation on the cold panes, the humidity in 
these greenhouses was generally higher. The higher humid-
ity increases the risk of calcium deficiency due to reduced 
transpiration (Bradfield and Guttridge, 1979) and the risk of 
infection by Botrytis (Volpin and Elad, 1991). Also, the plant 
material is often softer and more pliable which is usually 
not desired in ornamental plants (Mortensen, 1986). Even 
though experiments in highly insulated greenhouses showed 
a higher humidity but lower evapotranspiration, still about 
90 L m-2 water were needed for evapotranspiration of bed-
ding plants from mid-February to end of May. With an en-
thalpy of 2,444 kJ L-1 water for evaporation at 25°C (Haynes 

et al., 2014) and an average evaporation of 45%, these water 
losses also imply an additional energy demand of 99 MJ m-2 
in the mentioned period. 

Covering containers with different materials is often 
done in nursery plant production. However, the reason is 
mainly weed control and not a reduction in evaporation. In 
ornamental crop production under protected conditions 
container cover layers or a stack of substrates with different 
physical properties to reduce evaporation are not common 
in practice.

Under most conditions, water flow to the surface of a 
growing media followed by evaporation will take place as 
capillary flow of liquid water.  This assumption is justified 
for the majority of applications in soils, except if the soil is 
relatively dry (Scanlon et al., 2003). A pine bark mulch cover 
layer on peat substrate may reduce the flow of water in the 
liquid phase considerably if getting dry, but vapor flow might 
considerably contribute to water flow in the rather coarse 
material. Therefore, vapor flow may be an important process 
which might have to be considered when modeling evapora-
tion in containers covered with coarse materials. 

Basis for any evaluation of the efficiency of cover layers 
with respect to evaporation are the physical properties of the 
materials used. The physical properties of growing media 
describing the quality of the substrate for different horticul-
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 Summary
Evaporation from growing media significantly 

contributes to increasing the humidity in greenhous-
es. The effects of a pine bark mulch cover on substrate 
evaporation was evaluated with different pot experi-
ments. The obtained data have been tested within the 
water balance model HYDRUS-1D, which was original-
ly developed for mineral soils. Objective of this study 
was to test the performance of HYDRUS-1D to describe 
evaporation in plant containers and to evaluate the ef-
fect of pine bark as cover layer or layers within grow-
ing media. Application of pine bark in combination 
with peat substrate reduced evaporation up to 50% 
depending on position, thickness of mulch layer and 
water content of the substrate. The highest reduction 
in evaporation was measured in a dry substrate which 
is covered with 4 cm pine bark. The HYDRUS-1D mod-
el describes evaporation from growing media in com-
bination with layers of pine bark correctly as long as 
hysteresis of the water retention curve and vapor flow 
is considered in the model. 
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Significance of this study
What is already known on this subject?
• Evaporation can be reduced by applying coarse 

materials on top of and between fine materials by 
interrupting capillary continuity. Simulation models 
are valuable tools to describe and optimize physical 
processes in soils and growing media. 

What are the new findings?
• The optimum thickness of cover layers of pine bark to 

significantly reduce evaporation from growing media 
is 2 to 4 cm. The physical processes are sufficiently 
well described with the HYDRUS-1D model  
(R² between 0.36 and 0.90).  

What is the expected impact on horticulture?
• The results of the investigation show that pine bark 

cover layers may help to decrease the negative effect 
of high evaporation in greenhouses (between 37 and 
54% in our investigation corresponding to a reduced 
energy demand of approximately 1.5 MJ m-2 day-1).  
The physical system consisting of irrigation 
technology, growing media and coarse materials can 
be optimized with the help of simulation models. 
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tural uses are usually measured at standard conditions, such 
as the container capacity and the air capacity, both measured 
at a matric potential of -10 hPa. These methods are stan-
dardized (DIN EN 13041, 2010) and are widely accepted. 
The standard parameters describe static conditions whereas 
in horticultural practice dynamic systems are present where 
the actual water and air content fluctuate considerably with 
time mainly due to irrigation practices. Therefore, the use of 
methods to describe the dynamic behavior of water and air 
in peat substrate, such as simulation models, seem to be a 
promising tool to describe the actual situation in a contain-
er more realistically (Fonteno, 1993; Heinen and De Willi-
gen, 1995; Palla et al., 2008; Anlauf et al., 2012; Anlauf and  
Rehrmann, 2013). 

The use of simulation models to calculate water uptake, 
evaporation and redistribution in plant containers depend-
ing on irrigation strategy and type of material is a cost effec-
tive method. Computer models are frequently and effectively 
used to simulate water movement in mineral soils. Model ap-
plications for growing media are much less frequent and the 
quality of the simulation is usually worse than for mineral 
soils. Possible reasons are shrinking and swelling processes 
and the hysteretic behavior of the hydraulic functions. Both 
processes are of much higher significance in growing media 
compared to mineral soils (Raviv and Lieth, 2008).

The objectives of this study were (i) to measure the effect 
of pine bark mulch layers on top and inside plant contain-
ers with growing media on evaporation in greenhouses; (ii) 
to test the application of the HYDRUS-1D simulation model 
(Simunek et al., 2008) to describe water content and evapo-
ration under different conditions in plant containers; (iii) to 
investigate if the physical processes of capillary water trans-
port (in the growing media) and vapor flow (at least partly 
important in the pine bark cover layer) are described cor-
rectly by the simulation model; and (iv) to develop strategies 
for the use of layering techniques to reduce evaporation. Be-
cause only evaporation was considered there were no plants 
in the containers in all experiments.

Materials and methods

Experimental setup
The experimental setup was divided into two parts: in 

a first step the evaporation of growing media in plant con-
tainers was measured depending on the initial water content 
of the peat substrate and two different heights of pine bark 
mulch as cover layer. Main objective of this part was the eval-
uation of HYDRUS-1D to describe evaporation (including va-
por flow) correctly.

The growing media was filled into containers (10 cm di-
ameter, 10 cm height) with a specific bulk density and three 
different initial water contents (wet, average 0.71 cm3 cm-3, 
medium, average 0.52 cm3 cm-3, and dry, average 0.39 cm3 
cm-3), each in three replicates. In addition, the “wet” and 
“dry” versions were covered with a 4 cm thick layer of pine 
bark mulch, whereas the “medium” version was covered with 
2 cm pine bark mulch, each in three replicates. The contain-
ers were randomly positioned on electronic scales in a cli-
mate constant laboratory (20°C, ca. 50% relative humidity) 
and the weight was recorded continuously by data logger for 
a period of 5 days (dry versions) and 12 days (medium and 
wet versions). The actual evaporation was calculated from 
the daily weight losses.

In a second experiment evaporation was measured in 
plant containers (10 cm diameter, 10 cm height) filled with 

the peat substrate (7.5 cm total height) plus pine bark mulch 
(2.5 cm total height) installed at different depths in the con-
tainer positioned randomly on ebb-and-flow tables. Main 
objectives of this experiment were to measure the effect of 
the position of the pine bark mulch on the evaporation un-
der conditions close to horticultural practice (ebb-and-flow 
irrigation on flooded tables), and to describe this effect with 
HYDRUS-1D.

The pine bark mulch was installed at depths of 10.0 to 
7.5 cm (“top”), 7.5 to 5.0 cm (“center”) and 5.0 to 2.5 cm 
(“bottom”). Both materials were installed with the same bulk 
density as in experiment 1. Each variant was setup with 5 
replicates.

The plant containers were irrigated according to the 
general practice in the greenhouse, i.e., flooding depth 2 cm, 
flooding duration 20 minutes, drainage phase before next 
irrigation 3 to 9 days, total experiment duration 58 days. 
Before and after each irrigation cycle the pots were weighed 
manually. Water content and evaporation was calculated 
based on the container weights.

Materials used in the study
A commercially available growing medium (peat based 

substrate) typically used in horticultural practice was select-
ed to carry out this investigation. The peat substrate contains 
white (0.50 cm3 cm-3) and frozen black sphagnum peat (0.50 
cm3 cm-3) with small amounts of clay granules added. It is 
a substrate typically used for a wide range of pot and bed-
ding plants. The pine bark mulch is a commercially available 
product (size 0–40 mm) which is typically used to cover out-
side planting areas to suppress weeds and prevent soil water 
erosion.

The particle size distribution of the two materials was 
determined using three 100 g oven dry samples. Each sam-
ple was placed on a series of 8 sieves (ranging from 31.5 mm 
to 0.2 mm) and shaken for 5 min at 160 shakes per min. Por-
tions 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 as 

(1)

where xi is the mass retained on the sieve divided by the total 
medium mass, fi is the average particle size, and n is the num-
ber of classes (Kemper and Rosenau, 1986).

Physical properties
Bulk density was determined according to VDLUFA 

(1991). Particle density (DP) was estimated from the grav-
imetric organic matter content and the gravimetric mineral 
matter content (DIN EN 13041, 2010). The saturated hydrau-
lic conductivity Ks was determined with a constant head de-
vice in analogy to DIN 19683 (1998).

Water retention drying curves were determined using an 
Eijkelkamp standard sand box apparatus (Gabriels and Ver-
donck, 1991; DIN EN 13041, 2010) to measure the water con-
tent at pF 1.0, 1.8 and 2.0. The total porosity (TP) was calculat-
ed as TP = (1 - DB/DP), where DB is bulk density (g cm-3) and 
DP is the particle density (g cm-3). The water retention curve 
was parameterized after Van Genuchten (1980) from total po-
rosity and the volumetric water content at the measured pF 
values with the EXCEL solver function (Anlauf, 2014).
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As growing media are known to show intensive hyster-
etic behavior, water retention wetting curves were deter-
mined with an experimental container made up of six ele-
ments each 2 cm high (Anlauf et al., 2012). The rings were 
filled with the peat substrate with the same initial water 
content as in the experiments and the same bulk density, and 
the lower end of the experimental container was just water 
saturated (constant flooding depth of 1 mm was installed). 
Under the assumption that the water content at equilibrium 
is analogous to the water retention curve (Raviv and Lieth, 
2008), the water content of the media in the rings 0–2, 2–4, 
4–6, 6–8 and 8–10 cm above the water surface will corre-
spond to pF log(1) [pF 0.0], pF log(3) [pF 0.48], pF log(5) [pF 
0.70], pF log(7) ) [pF 0.85] and pF log (9) [pF 0.95]. 

The water retention wetting curve was parameterized by 
adjusting the parameter α (Simunek et al., 2008). The other 
Van Genuchten-parameters were the same as in the drying 
curve.

Simulation model, initial and boundary conditions
HYDRUS-1D is a software package for simulating water, 

heat and solute movement in one-dimensional variably satu-
rated media (Simunek et al., 2008). The HYDRUS-1D program 
numerically solves the Richards’ equation for variably-satu-
rated water flow and convection-dispersion type equations 
for heat and solute transport. The program may be used to 
analyze water and solute movement in unsaturated, partially 
saturated, or fully saturated porous media.  

Basis for modeling water movement in growing media is 
the behavior of water in the media’s pore structure, which is 
reflected in the water retention curve and the unsaturated 
hydraulic conductivity function. Both functions are neces-
sary to simulate changes in the content and fluxes of water. 

A commonly used parametric model to relate volumetric 
water content to the matric potential was proposed by Van 
Genuchten (1980) and has been used in several studies on 
growing media (Fonteno, 1989; Jones and Or, 1998; Raviv 
et al., 2001; Caron and Nkongolo, 2004; Anlauf et al., 2012; 
Anlauf and Rehrmann, 2013). This formulation is also imple-
mented in the HYDRUS-1D model:

(2)

where qy is the water content at matric potential y, qr is a 
minimum residual water content, which is either fitted (Si-
munek et al., 2008) or used as the water content at 300 hPa 
(Raviv and Lieth, 2008), qs is the saturation water content 
(i.e., the total porosity), a, n and m are parameters without a 
physical meaning describing the shape of the function where 
m is usually fixed as m = 1-1/n (Simunek et al., 2008). 

The parametric formulation of Van Genuchten (1980) for 
the water retention curve can be used in combination with 
an equation of Mualem (1976) to describe the unsaturated 
hydraulic conductivity function (Simunek et al., 2008). This 
formulation is also implemented in the HYDRUS-1D model:

(3)

where Ky is the hydraulic conductivity at matric potential y, 
Ks is the saturated hydraulic conductivity, Se is the effective 
water content ((q-qr)/(qs-qr)), L is a parameter describing 

the pore structure of the soil, usually set to 0.5, and m is fixed 
as m=1-1/n (Simunek et al., 2008; Raviv and Lieth, 2008).

After drying usually a poor rewetting of growing media 
can be observed. Thus, the water content in the substrate by 
rewetting at a given matric potential will not reach its value 
measured during drying. This is due to air inclusions or wet-
ting problems of the organic material and is called hysteresis 
of the water retention curve (Raviv and Lieth, 2008). Hys-
teresis becomes especially important in irrigation systems 
where the water is applied from the bottom of the container, 
such as ebb-and-flow irrigation (Wever et al., 1997; Anlauf et 
al., 2012; Anlauf and Rehrmann, 2013).

The procedure for modeling hysteresis in the retention 
function in the HYDRUS model requires that both the main 
drying and main wetting curves are known. θr, θs and n are 
assumed constant for the drying and wetting curves (Simun-
ek et al., 2008). Thus, α is the only parameter to change when 
describing the main wetting and drying curves.

The initial water content (or the matric potential) for all 
depths must be specified at the start of the simulation. For 
the first experiment (only evaporation) the initial matric po-
tential was specified as follows: The “wet” version was com-
pletely saturated and subsequently drained until seepage 
stopped before starting the measurements. Therefore, the 
initial matric potential was 0 hPa at the bottom and -10 hPa 
at the upper end of the peat substrate in 10 cm height result-
ing in an average water content of 0.7044 cm3 cm-3. The other 
variants were filled at a given water content (0.513 cm3 cm-3 
[“medium”] and 0.413 cm3 cm-3 [“dry”] corresponding to ap-
proximately -3 hPa [“medium”] and -6 hPa [“dry”]). The pine 
bark mulch had a water content of approximately 0.20 cm3 
cm-3 in all variants.

At the upper end an atmospheric boundary condition 
with a potential evaporation of 1.2 mm day-1 was used for the 
simulation (the measured evaporation of the wet material 
without pine bark mulch cover). The actual evaporation was 
calculated with the model and compared to the measured 
evaporation. As lower boundary condition a seepage face 
was used (i.e., no water will leave the container as long the 
bottom end is unsaturated). This is the typical lower bound-
ary condition for the simulation of water movement in plant 
containers (Anlauf et al., 2012).

For the second experiment (ebb-and-flow irrigation) the 
initial and boundary conditions varied according to the spe-
cific situation (flooding or drainage phase of the irrigation). 
For the flooding cycle, a matric potential corresponding to 
the measured initial water content was specified for the 
depths above the water surface. At the water surface during 
the flooding cycle (2 cm above the container bottom), a mat-
ric potential of 0 hPa was specified and at the container bot-
tom a matric potential of +2 hPa, accordingly. Between the 
container bottom and the water surface, a linear interpola-
tion of the matric potential was carried out. For the drainage 
cycle, the simulated water content at the end of the flooding 
cycle was used as initial condition. As before, an atmospher-
ic upper boundary condition with a potential evaporation of 
1.2 mm day-1 was used. The lower boundary condition during 
the flooding cycle is a constant matric potential of zero at the 
water surface and of +2 hPa at the bottom of the container 
for a flooding depth of 2 cm.

During the drainage cycle, the lower boundary condition 
changes to a seepage face boundary condition: As long as the 
lower end of the container is saturated, the pressure head 
becomes zero and water may leave the container. If the mat-
ric potential becomes negative (unsaturated conditions), no 
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more water may leave the container and the flux becomes 
zero. Thus, the boundary condition changes from a constant 
zero potential to a constant zero flux (Simunek et al., 2008; 
Anlauf et al., 2012; Anlauf and Rehrmann, 2013).

The original FORTRAN code for HYDRUS-1D (PC-Prog-
ress, 2014) was modified by the authors to account for the 
changes in boundary condition during the simulation period 
and to transfer the matric potentials at the end of each cycle 
to the initial conditions at the beginning of the next cycle.

The usual equation for water flow in HYDRUS-1D (the 
Richards equation, Simunek et al., 2008) considers only wa-
ter flow in the liquid phase (and ignores the flow of water 
in the vapor phase). A pine bark mulch cover layer on peat 
substrate may reduce the flow of water in the liquid phase 
considerably if getting dry, but vapor flow might consider-
ably contribute to water flow in the rather coarse material. 
Therefore, the HYDRUS-1D option to take vapor flow into ac-
count was used to compare the measured evaporation with 
the simulated values with and without vapor flow.

Statistical procedures
Mean values were compared using t-test at 95% confi-

dence level. The quality of the simulation was evaluated com-
paring measured and simulated values (RMSE [root mean 
squared error] and correlation analysis). Data were analyzed 
using Microsoft EXCEL 2013.

Results
The bulk density of the pine bark and the peat substrate 

was 0.090 g cm-3 and 0.141 g cm-3, respectively, and the par-
ticle density was 1.14 g cm-3 and 1.63 g cm-3. According to 
the particle size distribution of the studied materials the peat 
substrate had a mean weight diameter of 3.93 mm whereas 
that of the pine bark was 8.26 mm. 

Water retention curves
Figure 1 shows the drying and wetting water retention 

curves for the peat substrate and the pine bark mulch. The 
Van Genuchten-parameters are given in Table 1.

Major differences were observed in the water holding 
parameters of the peat substrate and the pine bark mulch  

(Table 1). The total porosity (corresponding to θs) was high 
but very similar for both materials (0.930 cm3 cm-3 for the 
peat substrate and 0.899 cm3 cm-3 for the pine bark). Con-
tainer capacity (CC; 0.553 and 0.159 cm3 cm-3) at 10 hPa 
was significantly higher in the peat substrate compared to 
the pine bark mulch while the air capacity (AC; 0.377 and  
0.740 cm3 cm-3) was significantly lower for the peat substrate 
compared to the pine bark mulch. Easily available water (as 
the difference between the water content at -10 and -100 hPa 
could not be determined for the pine bark mulch because the 
contact of the material with the sand bed was interrupted 
below -10 hPa (pF 1) while determining the drying curve due 
to the coarseness of the material. Instead, the easily available 
water was estimated directly from the water retention curve 
(Figure 1).

The described differences in the container capacity, eas-
ily available water and air capacity agree well with the par-
ticle size distribution which showed a higher percentage of 
small particles in the peat substrate compared to pine bark 
mulch.

Figure 1.  Drying and wetting water retention curves of the peat substrate (left) and the pine bark mulch (right).

Table 1.  Hydraulic parameters of the two materials.

Parameter Peat substrate Pine bark
Container capacity (cm3 cm-3) 0.553 0.159
Air capacity (cm3 cm-3) 0.377 0.740
Easily available water (cm3 cm-3) 0.208 0.090
θs (cm3 cm-3) 0.930 0.899
θr (cm3 cm-3) 0.300 0.067
αd 0.2661 0.3181
αw 1.2068 1.4259
αw /αd 4.54 4.48
n 1.821 2.818
Ks (cm s-1) 0.25 3.62

θs: saturation water content,  θr: residual water content,  αw: α par-
ameter of the wetting curve, αd: α parameter of the drying curve, 
n: Van Genuchten-parameter, Ks: saturated hydraulic conductivity.
All differences between the materials are statistically significant, except 
the ratio αw /αd.
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The residual water content θr of the Van Genuchten-par- 
ameterization (0.300 and 0.067 cm3 cm-3 for the peat sub-
strate and the pine bark mulch, respectively) also character-
izes the much higher water content at low matric potentials 
and, thus, lower air content.

The wetting curves show a distinct hysteresis for both 
materials (Figure 1). To describe hysteresis, the α values 
were fitted to the measured data by least square regression 
(Table 1). The parameter αw describing the shape of the wet-
ting curve was about 4.5 times larger than the parameter αd 
describing the drying curve. The measured water content at 
high matric potentials (0 to -10 hPa), where hysteresis shows 
its main effect, was much higher for both materials for the 
drying curve compared to the wetting curve. The magnitude 
of the differences corresponds well with investigations of 
hysteresis in peat substrates of other authors (Wever et al., 
1997; Aendekerk, 1997; Anlauf et al., 2012).

The measured saturated hydraulic conductivity Ks was 
lower in the peat substrate compared to the pine bark mulch 
which agrees well with the smaller average particle size. 
Both values are very high, but the magnitude of the hydraulic 
conductivity of the peat substrate agrees well with measure-
ments of other growing media (Anlauf et al., 2012). The value 
for the pine bark is so high that the measurement procedure 
came to its limits. However, the measurement was reproduc-
ible and its extremely high magnitude is not astonishing for 
this very coarse material. 

Average evaporation
The average evaporation was calculated from the daily 

weight losses. There were no statistically significant differ-
ences between the average daily evaporation from the un-
covered peat substrate irrespective of the initial wetness 
(“wet”, “medium” or “dry”) nor of the experiment duration 
(12 days for “wet” and “medium”, 5 days for “dry”) indicat-
ing that there was always enough water to meet the potential 
evaporation demand. Therefore, the results of the uncovered 
material were pooled together. The results (Table 2) show a 
statistically significant higher evaporation of the uncovered 
peat substrate (average 1.18 mm day-1) compared to the pine 

bark mulch covered pots under the given experimental con-
ditions, i.e., no additional irrigation (0.77 mm day-1 and 0.67 
mm day-1 for the 2 and 4 cm pine bark cover [12 days, no 
significant difference at p = 0.05]) and 0.51 mm day-1 (4 cm, 
5 days).

Simulation results
Objective of this part of the experiment was the test of 

the HYDRUS-1D model to account for the correct evaporation 
with respect to time course and amount as prerequisite for 
the simulation of practical conditions such as ebb-and-flow 
irrigation. The initial conditions (initial matric potentials) 
and boundary conditions described above were applied to 
the HYDRUS model and the results were compared with the 
measured data. 

Figure 2 shows the measured amounts of water in cm3 
cm-2. The highest two lines denote the “wet” variant, the me-
dium two lines the “medium” and the lowest two lines the 
“dry” variant. The red lines describe the covered variants 
whereas the blue lines describe the amounts of water in the 
uncovered peat substrate. The RMSE is between 0.05 and 
0.15 cm3 cm-2 corresponding to 0.5 to 1.5 %vol water content 
(for 10 cm substrate layer) and R2 of 0.96 to 1.00. Obvious-
ly, HYDRUS-1D describes the course of the changes in water 
content sufficiently well. 

A comparison of the measured and simulated cumulative 
evaporation (not presented) showed that all simulated val-
ues were within the 95% confidence limits of the measured 
values with an R2 of 0.96 to 0.99 and a RMSE of 0.3 to 1.5 mm 
indicating that HYDRUS-1D describes the course of cumula-
tive evaporation very well.  

All simulations have been done including the process of 
vapor flow because it was already obvious at an early stage 
of work that the evaporation simulation results without va-
por flow were much too small (indicating a much too small 
amount of evaporation). To describe the importance of va-
por flow for the simulation of evaporation in peat substrate 
covered with pine bark mulch, simulated results with and 
without consideration of vapor flow were compared (Table 
2). The results show that for the uncovered peat substrate 

Table 2.  Cumulative evaporation (mm) measured and simulated with and without vapor flow.

Variant Days Meas. 
(mm)

Meas.
(mm day-1)

Sim. 
without 

vapor flow 
(mm)

Sim. 
with 

vapor flow 
(mm)

Ep
(mm)

Ea/Ep 
without 

vapor flow 
(%)

Ea/Ep 
with 

vapor flow 
(%)

Share of 
vapor flow 

on total 
evaporation 

(%)
Covered 
4 cm wet 12 8.14 0.67 b 1.35 8.38 14.40 9.4 58.2 83.9

Covered 
2 cm med 12 9.28 0.77 b 0.79 6.38 14.40 5.5 44.3 87.6

Covered 
4 cm dry   5 2.53 0.51 c 0.81 2.31 6.00 13.4 38.6 65.1

Uncovered 
GM wet 12 14.30 1.19 a 14.40 14.40 14.40 100.0 100.0 0.0

Uncovered 
GM med 12 14.76 1.23 a 13.55 14.11 14.40 94.1 98.0 4.0

Uncovered 
GM dry  5 5.53 1.11 a 1.80 3.76 6.00 30.0 62.6 52.0

Sim.: Simulated; Meas.: Measured; Ep: potential evaporation (model upper boundary condition); Ea: simulated actual evaporation; 
GM: Growing Media.



54 E u r o p e a n  J o u r n a l  o f  H o r t i c u l t u r a l  S c i e n c e

Anlauf et al.  |  Reduction of evaporation from plant containers with cover layers of pine bark mulch

Figure 3. Measured amount of water in the containers (cm3 cm-2); the figures indicate average values; the letters denote 
significant differences at p = 0.05.

Figure 2.  Amount of water in the containers (cm3 cm-2) measured (markers) and simulated with HYDRUS-1D (lines). The red 
lines and symbols denote the covered versions whereas the blue ones denote the uncovered versions. The bars represent the 
confidence limits at 0.05 significance. 
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the values with and without vapor flow are very similar (ex-
cept for the dry variant). For the pine bark mulch covered 
variants, however, the cumulative evaporation without vapor 
flow was always considerably smaller than with consider-
ation of vapor flow. This indicates that in most cases vapor 
flow is an important process which has to be taken into ac-
count (except for rather wet material without cover, where 
vapor flow is negligible). The share of the simulated vapor 
flow transport on total evaporation for the covered variants 
is between 50 and nearly 90% for an evaporation of 0.52 to 
0.77 mm d-1.

Objective of the second part of the experiment was to 
measure and simulate evaporation under ebb-and-flow irri-
gation in containers partly filled with pine bark mulch. 

Amount of water in the containers
Figure 3 shows the amount of water in the containers 

during ebb-and-flow irrigation and drainage cycles. Gener-
ally, the container with the uncovered peat substrate con-
tained the largest average amount of water (4.90 cm3 cm-2) 
because the whole container was filled with the relative fine 
structured substrate. The other three variants contained 
25% pine bark mulch at different positions in the pot and 
showed lower average amounts of water (top, 4.25 cm3 cm-2; 
center 3.63 cm3 cm-2; bottom 3.22 cm3 cm-2). The containers 
with the bark at the top of the pot contained most water, in-
dicating that evaporation was lowest, while those with the 
bark at the bottom position contained least water indicating 
higher water losses due to evaporation.

Average evaporation
Average evaporation was calculated from the daily weight 

losses. Figure 4 shows the average evaporation during the 
course of the experiment. The average evaporation was 1.6 
mm day-1 for the peat substrate, 0.52 mm day-1 for the pine 
bark mulch at the top of the container, 0.66 mm day-1 and 
0.80 mm day-1 for the pine bark mulch at the center and the 
bottom position, respectively. The different behavior of the 
evaporation with time will be discussed later.

Simulation results
Figure 5 shows the measured amounts of water in cm3 

cm-2 together with the results of the simulation with HY-
DRUS-1D. The RMSE is between 0.34 and 0.89 cm3 cm-2 cor-
responding to 3.4 to 8.9%vol water content (for 10 cm sub-
strate layer) and R2 of 0.05 to 0.60. Obviously, the simulat-
ed values show the level and fluctuations in water content 
relatively well for the variants containing pine bark mulch, 
whereas the quality of the simulation of the pure peat sub-
strate was less good. 

Model application example
The model was finally used to determine the optimum 

thickness of a pine bark cover layer. Evaporation was simu-
lated for a thickness of 0 to 8 cm, and for an underlying wet 
and dry peat substrate (Figure 6). Simulated evaporation is 
higher in the container with the wet substrate compared to 
that with the dry substrate. The main reduction in evapora-
tion takes place for thicknesses up to 4 cm. 

Figure 4.  Measured evaporation (mm day-1). The figures indicate the average evaporation for the whole experiment duration; 
all average values are significant at p = 0.05.
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Figure 5.   Amount of water in the containers (cm3 cm-2) measured (dots) and simulated with HYDRUS-1D. (Peat substrate: 
top left; Bark-Top: top right; Bark-Center: bottom left; Bark-Bottom: bottom right).

Discussion

Theoretical aspects
The results of the first part of the experiment (evapora-

tion without intermediate irrigation) show that cover layers 
of pine bark mulch may reduce evaporation to a significant 
amount. The simulation model HYDRUS-1D can describe ac-
tual evaporation from containers with peat substrate covered 
with pine bark mulch sufficiently well. Although the physical 
processes describing water movement are the same in min-
eral soils and in growing media, the problems related to the 
simulation are highly different: Describing water transport in 
mineral soils on a field scale always faces the problem of field 
heterogeneity. The heterogeneity of the physical properties 
of a growing medium in different containers is expected to 
be relatively small, at least as long as the bulk density and 
water content at the time of potting will be the same. How-

ever, results of the present investigation made clear that the 
process of hysteresis, which can be measured but is usually 
of minor importance in mineral soils, cannot be neglected 
when simulating water movement in coarse materials such 
as growing media or pine bark, particularly when simulat-
ing capillary rise effects in ebb-and-flow irrigation systems. 
Also vapor flow is an important process which is absolutely 
necessary to be considered when simulating evaporation in 
growing media with HYDRUS-1D.

Objective of the second part of the experiment was 
the description of evaporation together with the effect of 
ebb-and-flow irrigation on flooded tables. The measured  
evaporation varied during the experiment; however, the 
evaporation of the pure peat substrate and that of the pine 
bark mulch at the top position was practically constant with 
time. The high water content and the good capillarity of the 
peat substrate ensure always enough water for evaporation 
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at the surface resulting in a relatively stable and high amount 
of evaporation. The low water content of the pine bark at the 
top position covering the container, and its poor capillary 
properties (which are also reflected in the respective water 
retention curve) result in an always low evaporation of the 
whole pot. The variants with pine bark at the center and bot-
tom position show a distinct upward trend of the evaporation 
with time. At the beginning of the experiment the pine bark 
layers act as a capillary barrier for water movement simi-
lar to the situation with pine bark at the top position. With 
time however, water may slowly rise through the pine bark 
despite its poor capillarity and may moisten the overlaying 
peat substrate. This, however, will result in a slightly increas-
ing water content of the overlaying peat substrate and, thus, 
a higher evaporation with time. After longer time periods the 
evaporation of the containers with pine bark mulch at the 
bottom and center position variants may reach that of the 
pure peat substrate. 

Thus, the evaporation losses strongly depend on the 
depth of the pine bark layer. Only the pine bark on top of 
the growing media will result in a substantially reduced  
evaporation whereas the other variants (pine bark in center 
or bottom position, and uncovered peat substrate) show high 
or increasing water losses due to evaporation. Pine bark in 
the center and bottom position will reduce the capillary wa-
ter uptake during ebb-and-flow irrigation, but will much less 
reduce evaporation. Therefore, only a cover layer of coarse 
material seems to be appropriate to reduce evaporation sub-
stantially.

The results also show that the measured amounts of wa-
ter in the container were increasing with time whereas the 
simulated values were on a constant level. The reason will 
most probably be the intensive settling of the material result-
ing in an overall finer pore system with a higher water hold-
ing capacity. Settling was highest due to highest water losses 
in the uncovered peat substrate resulting in most changes in 
pore system and, thus, strongest changes in the water reten-
tion parameters. 

Example simulation results showed that significant re-
duction in evaporation can be achieved up to a thickness of 
about 4 cm, while the main reduction takes place for thick-
nesses up to 2 cm. The small simulated difference in evapo-
ration between the 2 and 4 cm thick cover layer agrees well 
with the measured values in the first part of the experiments. 
Layers of about 2 cm seem quite possible under on-farm 
practical aspects, while thicker layers will be hardly practi-
cable.

The results of the investigation showed that the HY-
DRUS-1D model describes evaporation from growing media 
covered with layers of pine bark correctly as long as hyster-
esis of the water retention curve and vapor flow is consid-
ered in the model. The practical simple method to measure 
hysteresis in growing media is appropriate to be used to de-
scribe water movement and evaporation in an ebb-and-flow 
irrigation system. 

Practical significance of mulching in pot plant 
production

The application of a pine bark layer can contribute to re-
duce air humidity in well insulated greenhouses. The high-
est reduction in evaporation was measured if pine bark is  
applied at the surface, making it possibly applicable for prac-
tical on-farm situations in grower’s greenhouses. Open re-
search questions remain when considering plants growing 
in the containers, as this will make simulations much more 
complex. This is particularly true for the simulation of plant 
transpiration in rapidly developing ornamental plants in 
containers.

Advantages of mulching in ornamental plant production 
can be seen not only in the reduction of evaporation but also 
in a dryer substrate surface, which might have positive ef-
fects on plant health. Holz et al. (2003) showed, that Botrytis 
infections occur especially in inner parts of grapes which are 
not well aerated. Similar conditions can be found at the plant 
basis, where older leaves get in permanent contact with the 
wet substrate surface. 

Figure 6.  Simulated evaporation for a period of 20 days for different thickness of a pine bark layer covering dry or wet peat 
substrate.
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On the other hand, mulch material with a low water 
capacity means a reduction of potential available water in 
the pot, which can lead to drought stress during marketing 
phase. Thus, mulching seems to be most promising for plant 
production in autumn and winter, where drought stress 
during marketing phase is of lower importance. To bring 
these results into practice, an automatic filling technique 
with different substrates for potting machines is needed. A 
first machine to deliver a cover layer to the top of the pot is 
commercially available (Javo, 2015). 
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