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ABSTRACT 
Monolayer barriers called evapotranspiration 
(ET) covers were developed as alternative final 
cover systems in waste landfills but high-quality 
soil remains a limiting factor in these cover 
systems. Coal bottom ash was evaluated to be a 
very good alternative to soil in previous tests 
and a combination of soil (65% wt·wt−1) and coal 
bottom ash (35% wt·wt−1) was evaluated to be 
the most feasible materials for ET cover systems. 
In our pot test, selected manure compost as soil 
amendment for the composite ET cover system, 
which was made of soil and bottom ash at ca. 40 
Mg·ha−1 application level was very effective to 
promote vegetation growth of three plants; 
namely, garden cosmos (Cosmos bipinnatus), 
Chinese bushclover (Lespedeza cuneata), and 
leafy lespedeza (Lespedeza cyrtobotrya). To 
evaluate the effect of compost application on 
plant growth in an ET vegetative cover system, 
two couples of lysimeters, packed with soil and 
a mixture of soil and bottom ash, were installed 
in a pilot landfill cover system in 2007. Manure 
composts were applied at the rates of 0 and 40 
Mg·ha−1 before sowing the five plant species, i.e. 
indigo-bush (Amorpha fruticosa), Japanese 
mugwort (Artemisia princeps, Arundinella hirta, 
Lespedeza cuneata, and Lespedeza cyrtobotrya). 
Unseeded native plant (green foxtail, Setaria  

viridis) was dominant in all treatments in the 1st 
year after installation while the growth of the 
sown plants significantly improved over the 
years. Total biomass productivity significantly 
increased with manure compost application, and 
more significantly increased in the composite 
ET cover made of soil and bottom ash treatment 
compared to the single soil ET cover, mainly due 
to more improved soil nutrient levels promoting 
vegetation growth and maintaining the vegeta- 
tion system. The use of bottom ash as a mixing 
material in ET cover systems has a strong po- 
tential as an alternative to fine-grained soils, and 
manure compost addition can effectively en- 
hance vegetative propagation in ET cover sys- 
tems. 
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1. INTRODUCTION 

Landfills undergoing closure must be covered with a 
final cover that minimizes the long-term migration of 
liquids through the landfill [1]. The capping system can 
vary from simple soil cover to multiple layers of earthen 
and geosynthetic materials [2]. Several studies [3,4] have 
explored various alternative cover technologies for final 
closure of waste landfills. Among them, monolayer bar- 
riers called as evapotranspiration (ET) cover are covers 
that include a thick layer of fine-grained soil generally 
covered with a layer of vegetated topsoil and alternative 
final cover systems to the conventional cover system.  

*This work was supported by the Development of the value-added 
functional fertilizers using coal combustion by-products of the Korea 
Institute of Energy Technology Evaluation and Planning (KETEP) 
grant funded by the Korea government Ministry of Knowledge Econ-
omy (No. KETEP: 2010T100100611). 
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Different to conventional cover system designs that use 
materials with low hydraulic permeability, ET cover sys- 
tems use water balance components to minimize percola- 
tion. These cover systems rely on the properties of soil to 
store water until it is either transpired through vegetation 
or evaporated from the soil surface. This type of thick 
cover encourages water storage and enhances ET year- 
round, rather than just during the growing seasons. The 
soil allows water storage, which, when combined with 
the vegetation, will increase ET. These soil barriers can 
be cost effective when large quantities of fine grained 
soil requiring little processing is available on site. How- 
ever, most of landfill sites in the world are struggling to 
find large amounts of good quality soil.  

The materials used in soil-based cover systems are ei- 
ther natural materials, modified soils, synthetic material, 
or waste materials. Well-graded fine-grained compacted 
soils are usually selected in case of natural soils. If avail- 
able, different types of clay are the most likely choice 
because of their low hydraulic conductivity and adequate 
performance in eliminating the fluids transport through 
landfills. There has been growing interest in using waste 
materials as alternative hydraulic barriers for conven- 
tional materials in lining and covering landfills. This is 
apparent where clay and other fine soils are not readily 
available and usually require high prices for transport 
from remote locations. Another reason is attributed to the 
huge amounts of generated wastes and the elevating 
costs associated with their disposal [5]. 

Among the waste materials that have already been 
used as substitute for soil-based covers are fly ash, slags 
from iron and steel-making, non-ferrous slags, domestic 
refuse incinerator ash, overburden materials, dredged 
silts, construction rubble, wastewater treatment sludges, 
and paper mill sludges. Mollamahmutoglu and Yilmaz [6] 
found that 20% bentonite-class F fly ash was suitable as 
a liner or cover material at waste disposal areas, and Kim 
et al. [7] found in the lab test that coal bottom ash among 
four industrial byproducts (blast furnace and steel refin- 
ing slags, coal bottom ash, and phospho-gypsum) was 
the most feasible alternative of soil in the ET cover sys- 
tem and a mixture of ca. 35% of bottom with soil was the 
most suitable [8]. Bottom ash has a particle size gener- 
ally within the range of 0.1 - 10 mm [9]. The chemical 
constituents of bottom ash can vary greatly depending on 
the coal type, source, and plant operating parameters. 
Major constituents include calcium (Ca), aluminum (Al), 
iron (Fe), magnesium (Mg), potassium (K), silicone (Si), 
sodium (Na) and titanium (Ti). These constituents typi- 
cally constitute up to 95% of the mass of the ash. Of 
these materials, Ca, Fe, Mg, K and Si are essential plant 
nutrients [9]. 

However, fast re-vegetation could be of particular im- 
portance to efficiently establish ET cover systems, espe- 

cially in the case of the industrial byproduct utilization, 
since leachate volume can decrease as a result of the 
soil-plant systems ET [10]. Plants within a soil-plant 
system can evapotranspirate a large amount of incoming 
water, including landfill leachate. Plant ET potential 
closely depends on plant growth, and therefore, soil fer- 
tility management can be very important. Manure com- 
post application could be a simple and good amendment 
to improve soil fertility and plant growth. The benefits of 
using manure compost as an organic soil amendment 
may be seen in agricultural land. Recently animal wastes 
represent a disposal problem while offering potential soil 
amendment benefits in most countries. Since cattle feed- 
ing industry is continuously expanding in Korea, manure 
compost utilization in landfill cover as an amendment 
could be a good disposal area of manure.  

In this view, the objective of this study was to deter- 
mine the optimum application levels of manure based 
compost as a soil amendment in the ET cover system, 
which was developed by mixing bottom ash (35%, 
wt·wt−1) and soil (65%, wt·wt−1) [7,8], and then evaluate 
the effect of compost application on vegetation devel- 
opment and soil properties. 

2. MATERIALS AND METHODS 

2.1. Selection of Bottom Ash and Soil 

In previous studies [7,8], the bottom ash among four 
industrial byproducts (blast furnace slag and steel refin- 
ing slag from iron making factories, coal bottom ash for 
electric power station, and phospho-gypsum from chemi- 
cal fertilizer factory) was selected as the best mixing 
material with soil for installing an ET cover system. In 
this test, the same bottom ash and soil were selected in 
the pot test and pilot landfill cover system, with the pur- 
pose of determining the optimum compost application 
rate and its field applicability, respectively. 

The coal bottom ash was collected from a thermal 
power plant in Hadong Power Plant of Kwangyang, 
South Korea and air-dried and sieved to <4 mm for the 
pot and pilot tests. Characteristics of coal bottom ash 
were alkaline (pH 8.9) and had high concentration of 
available phosphorus. The soil that was collected from an 
alpine area in Gyeongsang National University campus, 
Jinju City, South Korea campus had a pH of 6.1 with low 
nutrient contents (Table 1). 

2.2. Preparation of Pot Test 

To determine the effect of compost application on the 
vegetative growth of three selected plants, namely, gar- 
den cosmos (Cosmos bipinnatus), Chinese bushclover 
(Lespedeza cuneata), and leafy lespedeza (Lespedeza 
cyrtobotrya), which are generally grown in landfill cover 
plantations in Korea, a horticultural seedling bed tray (L  
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Table 1. Chemical properties of soil and coal bottom ash used 
in the pot and vegetative cover pilot tests. 

Parameters Soil Coal bottom ash

pH (1:5 with H2O) 6.1 8.9 

Electrical conductivity (dS·m−1) 0.22 1.4 

Organic matter (g·kg−1) 14.5 33.1 

Available P2O5 (mg·kg−1) 6.1 551 

Exchangeable cations (cmol+·kg−1)   

K 0.12 0.03 

Ca 4.3 4.9 

Mg 2.6 1.60 

Na 0.3 0.31 

Soil texture Silt Loam (SiL) - 

during the plant cultivation period following the conven- 
tional method for upland plants recommended by NAIST 
of Korea [11]. The treatments were replicated with three 
times. 

2.3. Installation of the Vegetative Cover Pilot 
System 

A vegetation test was conducted on a pilot scale using 
the lysimeter method. Four sets of lysimeter, each set 
with a dimension of H 1.2 m × W 2 m × L 6 m size, were 
constructed on the campus of Gyeongsang National 
University, Jinju, South Korea (Figure 1). This study 
was carried out in a typical monsoonal climate within a 
temperate zone and the annual mean temperature and 
precipitation were recorded to be 13.1˚C and 1513 mm, 
respectively, over a 30-year period (1980-2010) [12].   

A piezometer constructed of PCV tubes, each 5cm in 
diameter, was put into the lysimeter for ground water 
sampling, accumulation and level control. The piezome- 
ter was closed from the top and filtered from the bottom 
in a gravel layer. The gravel layer with a particle diame- 
ter of 10 to 20 mm allowed drainage of percolating wa- 
ter. 

80 cm × W 60 cm × D 20 cm size) was filled with the 
bottom ash (35%) and soil (65%) mixture. Four levels of 
compost (0, 20, 40, and 80 Mg·ha−1) were applied on the 
surface and totally hand-mixed. The compost material 
was purchased from a local market with typical charac- 
teristics of a swine manure compost (pH 6.8, organic 
matter 406 g·kg−1, total N 11 g·kg−1, C/N ratio 24, total 
P2O5 19 g·kg−1, and total K2O 13 g·kg−1). Thirty seeds of 
each plant were seeded in a line of two rows in a seed- 
ling bed with constant intervals (10 cm × 5 cm) on April 
9, 2006, grown under ambient conditions in a greenhouse, 
and harvested on November 20, 2006 for evaluating the 
total plant biomass. Moisture contents were controlled 

The four sets of lysimeter were packed with a mixture 
of soil (65%) and bottom ash (35%, two sets) and the 
pure soil (two sets). In the pot test, ca. 40 Mg·ha−1 of 
manure compost was evaluated as the optimum level in 
this ET cover condition. To determine the effect of com- 
post application on re-vegetation, compost was applied  

 

 

Figure 1. Layout of the ET landfill lysimeter chamber used in the vegetative cover pilot test. 
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with rates of 0 and 40 Mg·ha−1, and then mixed manually 
at 20 cm depth. Selected plant seeds (Amorpha fruticosa, 
Artemisia princeps, Arundinella hirta, Lespedeza cun- 
eata, Lespedeza cyrtobotrya) were broadcasted evenly 
and covered with a thin layer of soil in all lysimeters in 
the mid May, 2007. Thereafter, the vegetation was main- 
tained without any further fertilizer or tillage activities 
and the above-ground parts of the plants were harvested 
around the end of October in 2007 and 2009, air-dried, 
and weighed for total biomass productivity. 

2.4. Investigation of Plant Biomass 
Productivity and Soil Chemical 
Properties 

The vegetative biomass was harvested in 0.5 m × 1.0 
m size around the late October in the 1st and 3rd years 
after the installation (2007). The harvested plant biomass 
was oven-dried at 70˚C for 72 hr, and then weighed on 
dry weight basis, which was replicated three times. 

The compost used in the pot and pilot tests were oven- 
dried at 70˚C for 72 hr, ground and then digested using a 
ternary solution (HNO3:H2SO4:HClO4, 10:1:4  
volume·volume−1) to determine the total P and K con- 
tents. Total C and N concentrations were quantified by 
CHNS Analyzer (CHNS-932 Analyzer, Leco, USA). 

Surface soil samples (0 - 15 cm) were collected from 
the pilot system at the plant biomass harvesting stage in 
the 1st and 3rd years after the installation, air-dried and 
sieved (<2 mm) for chemical analysis. The chemical 
properties were analyzed as follows: pH (1:5 water ex- 
traction), organic matter content (Walkley and Black 
method [13], and levels of exchangeable Ca2+, Mg2+, K+, 
and Na+ (1 M NH4-acetate pH 7.0, AA, Shimazu 660). 
The available P content was determined using the Lan- 
caster method [14]. Heavy metals were extracted using 
the 0.1 M HCl solution and quantified using the ICP- 
OES (inductively coupled plasma optical emission spec- 
trophotometer, GBC model X-100, Australia). 

Statistical analysis was performed with the SAS pack- 
age, version 8.2. One-way ANOVA was carried out to 
compare the means of the different treatments where 
significant F values were detected. 

3. RESULTS AND DISCUSSION 

3.1. Evaluation of Reasonable Compost 
Application Level 

The biomasses of the selected plants was significantly 
increased with increasing compost application rates up to 
40 Mg·ha−1, but thereafter sharply decreased. Similar 
growth trends were observed in all treatments as com- 
pared to the control, irrespective of the plant species and 
ET cover soil composition (Figure 2). Using a quadratic 

response model, the dry biomass yield of Cosmos bipin- 
natus in the composite ET cover that was made of bot- 
tom ash and soil was affected by the compost application 
rates as “Yield (kg·ha−1) = 2234 + 94.7 Compost – 0.98 
Compost2 (model R2 = 0.756**)”, where compost appli- 
cation rate is expressed as Mg·ha−1. Using this equation, 
the maximum biomass yield was ca. 4522 kg·ha−1 at ca. 
40 Mg·ha−1 compost application level, which is appro- 
ximately two times higher than the biomass yield (ca. 
2234 kg·ha−1) in the control (no compost application). 
The other two plant species showed the maximum bio- 
mass yields at similar levels of compost application (ca. 
40 Mg·ha−1), and the dry biomass yield was increased by 
ca. 25% and ca. 45% in Lesoedeza cuneata and Lespe- 
deza cyrtobotrya plants, respectively compared with the 
control. Almost similar plant growth responses were ob- 
served between the single soil ET cover and manure 
compost application. 

In Korea, compost application at approximately 10 - 
20 Mg·ha−1 is generally recommended for agricultural 
soils [15]. However, the fertility of alpine soil in this 
study was very low at an organic matter of 14.5 g·kg−1 
and available phosphorus of 6 mg P·kg−1 contents (Table 
1) relative to the 24 and 235 mg·kg−1 of the average or- 
ganic matter and available phosphorus contents of a 
typical upland soil in Korea in the 1990s, respectively 
[15]. As a result, the highest dry biomass yield was ob- 
served in this ET cover system at higher compost appli- 
cation rate compared with the typical upland soil, irre- 
spective of the ET cover soil composition. In general, the 
manure compost can act as effective surface mulch, in- 
crease the concentration of soil organic matter, improve 
tilth and water-holding capacity, suppress weeds, and 
provide a long-term supply of nutrients as the organic 
material decomposes [16,17]. For these reasons, compost 
application has been advocated as one component of 
sustainable agriculture [18,19]. 

However, the significantly improved biomass produc- 
tivities of Lesoedeza cuneata and Lespedeza cyrtobotrya 
were observed in the composite ET cover of soil (65%) 
and bottom ash (35%) compared with those in the single 
soil ET covers. Since coal combustion ash has high con- 
tent of plant available inorganic nutrients and alkaline pH, 
the beneficial effects of coal ash as a soil amendment is 
well known [21-27]. The addition of alkaline coal ash, 
which has a pH over 9.0 [20], can reduce soil acidity to a 
level suitable for agriculture [21] and can increase the 
availability of Si, Na, K, Ca, Mg, B, S and other trace 
nutrients [22-27]. The commercial use of coal ash as a 
fertilizer in crop production is uncommon in most coun- 
tries, because coal ashes may also contain non-essential 
elements that adversely affect crop, soil and groundwater 
quality (e.g., As, B, Cd, Se) [28-30]. Despite potential 
negative effects on environmental quality, since coal 
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Figure 2. Changes of plant biomasses in the composite (soil and bottom ash mix- 
ture) and the single soil ET covers amended with different rates of manure com- 
post in the pot test. 

 
continues to be the prime source of energy in Korea and 
contains high concentration of plant essential inorganic 

elements, the utilization of coal ash is likely to remain a 
serious issue. 
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3.2. Effect of Bottom Ash and Compost on 
Re-Vegetation in the Vegetative Cover 
Pilot System 

The vegetation compositions were changed in the 
landfill ET covers over the study years. Five different 
kinds of herbal grass and bush trees (Amorpha fruticosa, 
Artemisia princeps, Arundinella hirta, Lespedeza cun- 
eata, Lespedeza cyrtobotrya) were sown in late June, 
2007, and thereafter managed under the same condition 
for 3 years. However, green foxtail (Setaria viridis) 
which is a native plant in Korea was found as the domi-
nant plant species in all treatments in the 1st year after the 
installation. Biomass productivity of the other sown plant 
species was very low probably due to late seeding. The 
system construction and stabilization was somewhat de- 
layed and the plants were only sown in early summer 
season, not in spring. However, the proportion of the 
green foxtail to the total vegetation gradually declined 
over the 3 study years, but the growth of the sown plants 
significantly improved. 

Total plant biomass productivity significantly in- 
creased with 40 Mg·ha−1 manure compost application, 
irrespective of the ET cover soil composition (Figure 3). 
In the 1st year, total plant biomass yield was ca. 1.27 and 
1.43 Mg·ha−1 (on dry weight basis) in the single soil ET 
cover and the composite ET cover, respectively, but in- 
creased to ca. 1.73 and 1.94 times with the 40 Mg·ha−1 
compost application. The effect of compost application 
on improving plant growth became clearer in the sterile 
soil ET cover compared with the high organic matter 
containing composite ET cover as time elapsed. In the 3rd 

year after the installation, the total plant biomass was ca. 
3.67 Mg·ha−1 on dry weight basis in the single soil ET 
cover, which increased to ca. 8.49 Mg·ha−1 with 40 
Mg·ha−1 compost application. In comparison, the plant 
biomass productivity was not significantly different be- 
tween 0 and 40 Mg·ha−1 compost application. This dif- 
ferent response of plant growth characteristics with com- 
post application in the 3rd year might have been caused 
by the difference of soil fertility between the two differ- 
ent ET cover soils. Among the soil chemical properties 
investigated at the plant harvesting stage in the 3rd year 
(2009) after the installation, soil fertility status such as 
pH, organic matter, and available inorganic nutrient con- 
tents were more favorable to plant growth in the com- 
posite ET layer than in the single soil layer (Table 1). In 
particular, the organic matter content of the composite 
ET covers was ca. 32 - 36 g·kg−1, which is much more 
than the organic matter content of 1.6 - 2.1 g·kg−1 in the 
single soil ET cover. The studied coal ash had ca. 33 
g·kg−1 of organic matter. Therefore, coal bottom ash ad- 
dition (35%) in the composite ET cover preparation sig- 
nificantly increased the organic matter content, and 
might have improved plant growth. 

Soil organic matter is one of the most important con- 
stituents of soils due to its capacity in affecting plant 
growth indirectly and directly [31]. Indirectly, it im- 
proves the chemical and physical conditions of soils by 
increasing cation exchange capacity, buffering capacity, 
and enhancing aggregation, aeration and water retention. 
Improvement of soil biological properties affects soil 
microbial diversity and population, thereby creating a 
suitable environment for root growth of plants and soil  

 

 

Figure 3. Plant biomass productivities in the composite (soil and bottom ash mixture) and the single soil ET covers 
amended with different rates of manure compost in the vegetative cover pilot test at the 1st and 3rd years after installation. 
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microbes [32]. The most observable functions of soil 
organic matter include positive changes of soil physical 
properties such as bulk density, aggregate stability, po- 
rosity and water holding capacity when applied for long 
periods [33-34]. Generally, increased organic matter 
content of soils results in an increase in stability, irre- 
spective of the origin of the stress [35]. 

Plant growth was more significantly improved in the 
composite ET cover of soil and bottom ash compared to 
that in the single soil ET cover (Figure 3). The beneficial 
effect of the composite ET cover on improving plant 
biomass growth increased over the study years. Several 
studies have been conducted on use and disposal of coal 
by-products as soil amendments [29]. Bottom ash is a 
relatively coarse, gritty material in contrast to fly ash, 
which consists of very fine particles. As shown in Table 
2, most components of soil fertility were significantly 
more favorable to plant growth in the composite ET 
cover soil than the single soil ET cover. As a result, the 
improvement of soil fertility might have become more 
effective in enhancing plant biomass growth in the com- 
posite ET cover.  

There was a slight increase in the amounts of 0.1 M 
HCl-extractable heavy metals such as Cu, Pb and Zn, 
following the additions of bottom ash (Table 2). How- 
ever, these values for heavy metals that were detected in 
this pilot experiment were lower than the criteria for soil 

pollution as regulated by the Korean government at 200 
mg·kg−1, 400 mg·kg−1 and 800 mg·kg−1 of Cu, Pb and Zn, 
respectively. Williams et al. [36] tested the land applica- 
tion of bark broiler bottom ash on moderately well 
drained Atlantic Coastal Plain soils and their findings 
revealed that the bottom ash application did not show 
any adverse effect of heavy metal pollution such as As, 
Cd, Cu, Cr, Ni on soil or ground water quality at the 
maximum application rates (44 Mg·ha−1). As a result, our 
pilot system study indicates that bottom ash as a mixing 
material in the ET cover system has potential as a good 
soil additive that will not be detrimental to soil, plants, or 
the environment. 

To conclude, manure compost was very effective to 
enhance the growth of three selected plants (Cosmos 
bipinnatus, Lespedeza cuneata, Lespedeza cyrtobotrya) 
in the composite ET cover system made of soil and bot- 
tom ash, and ca. 40 Mg·ha−1 of compost could be a rea- 
sonable application level in a sterile ET cover soil. Ma- 
nure compost application significantly increased total 
plant biomass productivity, and might have stabilized the 
early vegetation development in the ET cover system. 
The effect of compost application on vegetative stabili- 
zation was more significantly improved in the composite 
ET cover of soil and bottom ash than that in the single 
soil ET cover, mainly due to a more favorable soil fertil- 
ity conditions such as high content of organic matter,  

 
Table 2. Chemical properties of ET vegetation media made of the composite of soil (65%) and coal bottom ash (35%), and the single 
soil collected in the vegetative cover pilot test at plant harvesting stage in the 3rd year after installation. 

ET cover material Single soil Composite of BA and soil 

Compost application (Mg·ha−1) 0 40 0 40 
LSD0.05 

pH (H2O, 1:5) 5.57 5.53 7.79 7.56 0.33 

Electrical conductivity (dS·m−1) 0.14 0.23 0.37 0.36 0.09 

Organic matter (g·kg−1) 1.6 2.1 32.3 36.4 6.44 

Available P (mg·kg−1) 3.7 5.7 116.9 141.9 3.83 

Exchangeable cation (cmol+·kg−1)      

K 0.28 0.41 0.28 0.37 0.01 

Ca 3.16 3.93 3.49 6.89 0.30 

Mg 1.02 1.10 3.01 2.60 0.05 

Na 0.11 0.11 0.46 0.21 0.01 

0.1N HCl extractable (mg·kg−1)      

As nd nd nd nd - 

Cd nd nd nd nd - 

Cu nd 1.06 4.39 4.16 0.19 

Cr nd nd nd nd - 

Ni nd nd nd nd - 

Pb nd nd nd 1.71 0.46 

Zn 0.57 1.72 3.13 8.47 0.38 

Note: BA and nd mean bottom ash and not detected, respectively. 
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available inorganic elements, and neutral pH promoting 
plant growth. The bottom ash as a mixing material of soil 
in the ET cover system has a strong potential as an alter- 
native to fine soil, and manure compost addition can ef- 
fectively stimulate vegetative stabilization in the ET 
cover system. 
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