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ABSTRACT 

Soil compaction is a limitation to establishment 
of native forest species on reclaimed surface- 
mined lands in Appalachia. Previously, non-na- 
tive forage species such as tall fescue (Sche- 
donorus arundinaceus (Schreb.) Dumort., nom. 
cons.) have been planted because they easily 
established on reclaimed mine soil. There is now 
interest in establishing robust native prairie spe- 
cies to enhance biodiversity and provide greater 
potential for root activity in the compacted soil. 
We conducted a 10-week glasshouse study com- 
paring growth of “Pete” eastern gamagrass (Trips- 
acum dactyloides L.), “Bison” big bluestem (An- 
dropogon gerardii Vitman), and “Jesup MaxQ” 
tall fescue at soil bulk densities (BD) of 1.0, 1.3, 
and 1.5 g·cm−3. We also examined effects of ar- 
buscular-mycorrhizal fungi (AMF) on plant growth 
in relation to compaction. Sources of AMF were 
a reclaimed surface coal mine soil and a native 
tallgrass prairie soil. Shoot and root biomass of 
tall fescue and big bluestem were reduced at 1.5 
BD while eastern gamagrass growth was not af- 
fected. Growth of big bluestem and eastern ga- 
magrass was greater with AMF than without, but 
similar between AMF sources. Tall fescue growth 
was not enhanced by AMF. Overall, tall fescue 
biomass was 3 times greater than eastern ga- 
magrass and 6 times greater than big bluestem 
when comparing only AMF-colonized grasses. 
Eastern gamagrass and big bluestem are both 
slower to establish than tall fescue. Eastern ga- 
magrass appears to be more tolerant of com- 
paction, while big bluestem appears somewhat 
less tolerant. 

Keywords: Soil Compaction; Arbuscular 
Mycorrhizae; Prairie Grass Establishment 

1. INTRODUCTION 

Soil compaction is a major limiting factor in restoring 
native vegetation on reclaimed surface mined land in the 
Appalachian coal mining region of the eastern USA [1-5]. 
Bulk densities of up to 1.8 g·cm−3 to depths of at least 60 
cm have been recorded following use of heavy equip- 
ment to redistribute and contour overburden and stock- 
piled topsoil during reclamation [6]. Soil compaction 
limits available water and nutrients, reduces pore volume, 
restricts root elongation and development, reduces plant 
growth, and leads to anaerobic conditions that many 
plants are unable to tolerate [7-11]. 

Ameliorating soil compaction on reclaimed mine land 
is possible with deep tillage [6,12,13]. Tillage can reduce 
bulk density and improve water infiltration and has been 
used extensively in agriculture; however, deep tillage 
requires heavy equipment and high levels of energy input 
[12,13] and disrupts developing soil structure and bene- 
ficial micro-organisms such as AMF [14,15]. An alterna- 
tive to tillage is to establish deep-rooting plant species 
that can penetrate the soil and increase organic matter 
and biological activity in compacted regions of the pro- 
file. Roots that grow into compacted soil create channels 
that increase water flow and root access of other species 
to deeper regions of the soil profile otherwise not avail- 
able because of the compaction [7,16-19]. Tap rooted 
annual plants are often used in agricultural systems; 
however, perennial species such as alfalfa may be more 
effective because of long-term growth and deeper rooting 
characteristics. Using perennial species would also eli- 
minate the need for annual tillage, fertilization, and 
planting associated with annual cropping. 
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Tall fescue is a perennial non-native forage grass that 
has been planted extensively on reclaimed surface-mined 
land in Appalachia [5]. Tall fescue is very productive 
[20,21] and establishes within the five-year window mi- 
ning companies have to establish a vegetation cover on 
reclaimed surface-mined land. However, tall fescue pro- 
ductivity declines over time on mine soil without organic 
amendments or legumes supplying nitrogen and phos- 
phorus [22]. Furthermore, planting a limited number of 
non-native forages on reclaimed mine soil results in low 
diversity across the landscape. 

Establishing large-statured, robust prairie species as an 
alternative to low-diversity forage complexes, might im- 
prove soil conditions on reclaimed mine land over time. 
Big bluestem and eastern gamagrass are warm-season C4 
grasses native to prairies in the Midwest and southeast- 
ern US [23]. Big bluestem is dominant in tallgrass prai- 
ries and historically comprised as much as 90% canopy 
cover within its range [24]. Eastern gamagrass is a robust 
perennial relative of corn (Zea mays L.) and is prevalent 
in the southern tallgrass prairies regions; however, this 
species has declined over time with overgrazing and till- 
age-based agriculture [25]. Furthermore, eastern gama- 
grass is able to root through compacted soil layers and 
tolerates periodic flooding [25-27]. 

Warm-season prairie grasses tend to have coarser root 
systems than cool-season grasses but thrive in soils with 
low available nutrients, especially P, because of the sym- 
biotic association with AMF [28-30]. The importance of 
AMF to plant survival in low P soil is well documented 
[31,32], but AMF is also important for plants growing in 
compacted soil [10,33]. Establishment of warm-season 
prairie grasses on reclaimed mine soil may help amelio- 
rate mine soil compaction and increase community di- 
versity, but only if AMF associated with the mine soil are 
effective and will benefit the prairie grasses. The objec- 
tives of this research are 1) to compare the early growth 
of tall fescue with that of big bluestem and eastern ga-
magrass in compacted soil; 2) to compare effects of AMF 
from reclaimed mine soil with AMF from native tallgrass 
prairie soil; and 3) to examine the interaction between 
soil compaction and AMF in relation to grass seedling 
growth. 

2. MATERIALS AND METHODS 

2.1. AMF Sources and Pot Culture 

Sources of AMF were the Claridon (CL) tallgrass 
prairie remnant near Marion, Ohio, and the Wilds (WL), 
a reclaimed surface mined area near Cumberland, Ohio. 
The CL site is a 2.2 ha linear remnant owned by the CSX 
Railroad and is overseen by the Marion County Histori- 
cal Society [34]. The WL site is located on land that had 
been surface mined in the early 1980s, and was once part 

of the Muskingum Mine, then owned and mined by Cen- 
tral Ohio Coal Company, but was donated in 1986 to The 
International Center for the Preservation of Wild Animals, 
Inc. (the Wilds). The area is part of the Allegheny Plateau 
of southeast Ohio, which extends westward from the Al- 
legheny Mountains and is a subdivision of the Appala- 
chian Mountain Range. 

Approximately 35 L of surface topsoil were collected 
at each site during September, 2005 from 15 to 20 ran- 
domly selected locations at each site using a metal shovel 
to a depth of 20 cm. At the CL location, samples were 
collected along side of established prairie grasses, in- 
cluding big bluestem and Indiangrass, so that grass roots 
containing AMF would be included. At the WL location, 
soil was collected from an area supporting non-native 
forage grasses and legumes including Kentucky blue- 
grass (Poa pratensis L.), tall fescue, and birds-foot trefoil 
(Lotus corniculatus L.). These species were prevalent 
throughout the reclaimed mined area. 

Pot cultures of each AMF source were prepared by 
mixing soil from each location 1:1 by volume with silica 
sand in a portable cement mixer. The soil/sand mix was 
poured into 3.8-L plastic nursery containers and sown 
with white clover (Trifolium repens L.) as a host plant for 
the AMF [35]. The clover was inoculated with rhizobia 
to insure nitrogen fixation. The containers were placed 
on benches in a 20˚C to 27˚C glasshouse with artificial 
lighting 12 hr·day−1. The pot cultures were watered daily 
without fertilizer for 10 months. Soil and fine roots were 
collected from each pot, mixed 1:1 with sterile soil/sand 
mix, and repotted and seeded with white clover and 
sideoats grama (Bouteloua curtipendula (Michx.) Torr.) 
for a second pot-culture cycle. After 4 months, watering 
ceased and the pots were moved to an artificially-lighted 
16˚C to 18˚C room until the white clover and sideoats 
grama had wilted and dried. Fine roots and soil were 
collected from each pot and then mixed together for each 
AMF source and stored in plastic bags at 4˚C for several 
days before being used in the experiment. 

Sterile growing medium was prepared by sieving top- 
soil collected from the surface 20-cm at the Wilds 
through a 6-mm sieve. The sieved soil was then steamed 
for 5 hr at 100˚C and rested in plastic bins at 20˚C prior 
to use in the experiment. The sterilized mine soil and the 
WL and CL pot-culture soils were analyzed by the Ser- 
vice Testing and Research Laboratory (STAR lab), The 
Ohio State University/Ohio Agricultural Research and 
Development Center, Wooster, OH (Table 1). A non- 
inoculated (NI) control was included using the sterilized 
growing medium soil described above. Identification of 
AMF to species was not attempted for this study. 

2.2. Experimental Design and Establishment 

Experimental design was a randomized complete  
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Table 1. Soil properties of reclaimed mine soil and arbuscular 
mycorrhizal fungi (AMF) pot-culture soil used in a 10-week 
glasshouse study examining the affects of soil compaction and 
AMF on the growth of three grass species. 

 AMF pot culture soil§ 

Soil Parameter† 

Mine‡  
topsoil WL CL 

pH 7.3 7.9 7.7 

P (mg·kg−1) 12 7 <1 

K (mg·kg−1) 161 41 77 

Ca (mg·kg−1) 3768 1262 1345 

Mg (mg·kg−1) 321 198 235 

†Soil P analyzed with Bray P1 method; K, Ca, and Mg analyzed with am- 
monium acetate extract method by STAR lab, Wooster, OH. ‡Soil collected 
from the 0 to 20-cm surface layer at the Wilds 30-yr reclaimed surface mine 
land near Cumberland, OH. §WL collected from the Wilds mine soil sup- 
porting non-native forage grasses. CL collected from Claridon tallgrass 
prairie remnant near Marion, OH. 

 
block with a factorial arrangement of three grass species, 
three soil compaction levels, and three AMF treatments; 
each complete block was replicated six times. Experi- 
mental units consisted of individual plants growing in 
polyvinyl chloride (PVC) tubes measuring 8-cm inside 
diameter by 30-cm deep. The inside of each tube was 
coated with copper hydroxide (SpinOut® root growth 
regulator, American Hydrotech, Inc., Chicago, IL.) to 
prevent roots from growing down the inside walls of the 
tubes to avoid the compacted soil medium. Soil was 
mixed individually for each tube by measuring an appro- 
priate amount of sterile soil, on a dry weight basis, plus 
120 cm3 AMF-inoculum soil, to yield bulk densities (BD) 
of 1.0, 1.3 and 1.5 g·cm−3. The NI control tubes were 
filled only with sterile soil. Compaction levels were es- 
tablished by filling tubes in 5-cm increments with a 
measured amount of soil to give the desired BD. A 
solid-wood plunger with 5-cm reference lines, slightly 
smaller in diameter than the PVC tubes, was pressed 
down on the soil while the bottom of tube was simulta- 
neously tapped on a concrete floor. Tapping continued 
until the appropriate reference line for each depth lined 
up with the top of the tube. 

Seeds of “Jesup MaxQ” tall fescue, “Bison” big blue- 
stem and “Pete” eastern gamagrass were germinated in 
Petri dishes and transplanted into each tube. After trans- 
planting, the soil surface was covered with a layer of 
vermiculite to prevent drying and cracking. Each tube 
was then standardized for bacteria by adding 100 ml of 
sievate corresponding to each particular AMF inoculum. 
The sievate for each inoculum was prepared by mixing 
1000 cm3 pot culture soil and 16 L water, allowing the 
slurry to settle for a few seconds, and pouring the liquid 
and suspended matter through a 53-µm sieve. Sievate 
from the WL inoculum was applied to the NI tubes. The 

tall fescue cultivar used in this study contained a non- 
toxic endophyte so as to avoid inhibition of AMF growth 
and colonization within AMF-inoculated tall fescue 
plants [36-38]. 

The 27 tubes in each block were randomly arranged in 
three rows containing nine tubes each, in a 43 × 122-cm 
wooden rack fitted into a 10 × 60 × 122-cm plastic tub. 
Each tube was placed on a 10 × 8 × 10-cm block of floral 
foam (Aquafoam®, Syndicate Sales, Inc., Kokomo, IN). 
Holes were cut in the sides of the tubs 1 cm from the 
bottom for drainage and the tubes were watered daily as 
needed without fertilizer. The tubes were placed on 
benches in a glasshouse under artificial lighting set to 
maintain a minimum of 300 W·m−2 16 h·day−1, and tem- 
perature set to range 19˚C to 27˚C. Block establishment 
was staggered in two sets of three blocks so that harvest 
of the plants would not occur at the same time, and yet 
maintain an overall 10-week growing period. The ex- 
periment was conducted in 2008 from April through July 
to take advantage of increasing natural day length, and 
moderate outside temperatures. 

2.3. Plant Growth and AMF Measurements 

At the end of the 10-week growth period, plant height 
(highest culm), number of leaves and tillers, above- 
ground (shoot) biomass, root biomass, and AMF coloni- 
zation were measured. Shoots were clipped at the soil 
surface and soil was washed from the roots. Shoots and 
roots were placed in separate paper bags and dried at 
55˚C for a minimum of 96 hr, then weighed. Root to 
shoot ratio (RSR) was calculated by dividing root dry 
weight by shoot dry weight. Three small root sub-sam- 
ples of 10 × 25 mm were cut from each root length for 
assessment of AMF colonization. 

2.4. AMF Colonization Assessment 

Root samples were cleared and stained according to a 
modified Phillips and Hayman procedure [39]. During 
processing, root samples from each plant were contained 
in 5 × 28 mm tissue processing cassettes (Canemco Inc., 
Quebec, Canada). Roots were cleared in 10% KOH solu- 
tion and autoclaved at 130˚C for 10 min, and then acidi- 
fied in a 1% HCL solution for 20 min at room tempera- 
ture to improve staining. Roots were stained in 0.05% 
Trypan blue staining solution containing 1:2:1 distilled 
water, lactic acid, and glycerin, and autoclaved for 7 min 
at 130˚C. Following staining, roots were rinsed in tap 
water and stored in plastic Petri dishes covered with a 
1:1 solution of distilled water and glycerin and kept in a 
4˚C cooler. Colonization was assessed using a gridline 
intersect method [40,41]. For each sample, the first 50 
roots bisecting gridlines scored 13 mm apart on the bot- 
tom of a Petri dish were designated colonized if the root 
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segment contained hyphae, arbuscules, or vesicles. Per- 
cent colonization was calculated by dividing the number 
colonized by 50, then multiplying by 100. 

3. STATISTICAL ANALYSIS 

Data were analyzed using PROC GLM in SAS/ 
STAT® software [42] and significance was accepted at α 
= 0.05. Independent variables were grass species, AMF 
inoculum, compaction level, and block. Dependent vari- 
ables were leaf and tiller count, shoot and root biomass, 
RSR, and percent AMF root colonization. All data except 
AMF colonization were rank transformed [43] to address 
normality and equal variance issues; AMF percent colo- 
nization data were arcsine transformed. Post-hoc com- 
parisons were made on transformed data using protected 
Fisher’s LSD test and differences were accepted only if 
the P-value calculated by PROC GLM was equal or less 
than 0.05 [44]. For presentation, actual means were used 
in place of ranks, and the sine of the arcsine means were 
used to back-transform the colonization data. 

4. RESULTS 

4.1. Soil Analysis 

The calcareous mine soil used in this study had pH of 
7.3, calcium (Ca) content of 3768 mg·kg−1 and available 
P content of 12 mg·kg−1 (Table 1). The basic pH and 
high Ca content is due to CaCO3 from limestone layers 
unearthed during the mining process [45,46]. In calcare- 
ous soil, P becomes unavailable for plant uptake as it 

binds with Ca to form calcium phosphate compounds [47, 
48]. 

Availability of soil P depends on factors including 
parent material, soil pH, temperature, total soil P, and 
associated plant species [49-54]. Schubert and Hayman 
[55] found that AMF was not a benefit to plant growth 
when available soil P was greater than 50 mg·kg−1, sug- 
gesting that the low P soil used in this experiment was 
limiting for growth of plants without AMF. 

4.2. AMF 

Percent AMF colonization was greatest for eastern ga- 
magrass, but was similar between the WL or CL inocu- 
lums, averaging greater than 70% for both AMF sources 
(Table 2). In contrast, big bluestem and tall fescue both 
had greater colonization with WL AMF. Big bluestem 
was colonized 1.75× greater with WL, while tall fescue 
was colonized 3× greater with WL than CL AMF (Table 
2). However, compaction had no effect on colonization 
as percentages were similar within each AMF source for 
each grass species. 

Effectiveness of the AMF inoculums was also evalu- 
ated based on growth measurements at the completion of 
the 10-week study. The three-way interaction between 
grass species, AMF inoculum, and compaction level was 
not significant at α = 0.05 for any of the growth variables 
(data not shown); however, the interaction between grass 
species and AMF was significant for all variables. Plant 
growth averaged over compaction levels was similar for 
both WL and CL inoculums, but differed between grass 

 
Table 2. Arbuscular mycorrhizal fungi (AMF) root colonization in three grasses growing in mine soil at three levels of soil compac- 
tion expressed as bulk density (BD) and averaged overall BD levels, during a 10-week glasshouse study. 

  AMF colonization§ (%) 

Grass species† AMF Source‡ Bulk Density (g·cm−3) Mean¶ 

  (1.0) (1.3) (1.5)  

Tall fescue WL 26 16 35 30 c 

 CL 10 7 12 10 d 

 NI 0 0 0 0 d 

Big bluestem WL 51 62 45 56 b 

 CL 17 42 35 32 c 

 NI 0 0 0 0 d 

Eastern gamagrass WL 82 67 61 76 a 

 CL 72 70 73 73 a 

 NI 0 1 0 0 d 

†Tall fescue (Schedonorus arundinaceus (Schreb.) Dumort., nom. cons.); big bluestem (Andropogon gerardii Vitman); eastern gamagrass (Tripsacum dactyl- 
loides L.). ‡Sources of AMF are the Wilds (WL), a 30-year-old reclaimed surface mine area near Cumberland, OH, the Claridon (CL) tallgrass prairie remnant 
near Marion, OH, and a control (NI). §Differences between AMF colonization, listed for each species across levels of soil bulk densities (BD) for each AMF 
source, were not significant at α = 0.05. ¶Differences between means detected using Fisher’s protected LSD (α = 0.05) are designated with different letters.    



M. Thorne et al. / Open Journal of Ecology 3 (2013) 455-463 

Copyright © 2013 SciRes.                                                                    OPEN ACCESS 

459

 
species (Table 3). At 10 weeks, tall fescue had produced 
more leaves, tillers, shoot biomass, and root biomass 
than either big bluestem or eastern gamagrass with no 
differences in growth between WL, CL, or NI. Tall fes- 
cue, with or without AMF, averaged 6 times more shoot 
biomass than AMF-colonized big bluestem and 3 times 
more than AMF-colonized eastern gamagrass (Table 3). 
An increase in biomass from AMF was only evident with 
big bluestem and eastern gamagrass. Biomass of AMF- 
inoculated eastern gamagrass plants was twice that of 
AMF-inoculated big bluestem, and 13 - 14 times greater 
in biomass than NI eastern gamagrass. Shoot and root 
biomass of AMF-inoculated big bluestem was 50 - 110 
times greater than NI big bluestem, which averaged only 
0.01 g·plant−1 (Table 3). 

In addition, presence of AMF also affected plant height as 
eastern gamagrass with AMF had twice the height of NI 
plants; big bluestem without AMF averaged only 13% 
the height of AMF plants. Plant height of tall fescue was 
not affected by AMF (Table 3). When comparing the re- 
lationship between root and shoot biomass, NI big blue- 
stem plants had 1.7 times greater RSR than AMF plants. 
Tall fescue and eastern gamagrass RSR was not affected 
by AMF (Table 3). 

4.3. Compaction 

The interaction between grass species and soil com- 
paction was not significant at α = 0.05; however, the re- 
sponse of the each species to increasing soil compaction 
 
Table 3. Interaction between grass species and arbuscular my- 
corrhizal fungi (AMF) on growth parameters in sterilized mine 
soil. Sources of AMF are the Wilds (WL), a 30-year-old reclaim- 
ed surface mine area near Cumberland, OH, and the Claridon 
(CL) tallgrass prairie remnant near Marion, OH, in a 10-week 
glasshouse experiment. 

  Growth parameters† 

Grass  
SPP‡ 

AMF LVS TIL HGT SHT RT RSR 

    (cm) (g) (g) (g·g−1)

TF WL 77 a 19 a 37 c 6 a 4 a 0.7 b

 CL 66 a 17 a 44 bc 6 a 4 a 0.6 b

 NI 60 a 28 a 43 bc 6 a 4 a 0.6 b

BB WL 17 cd 2 c 49 bc 1 c 0.6 c 0.8 b

 CL 14 d 1 cd 49 bc 1 c 0.5 c 0.6 b

 NI 6 e 1 d 6 e 0.01 e 0.01 e 1.2 a 

EG WL 22 b 4 b 61 a 2 b 1 b 0.6 b

 CL 20 bc 4 b 55 ab 2 b 1 b 0.6 b

 NI 6 e 1 d 27 d 0.1 d 0.09 d 0.7 b

†LVS = leaf count; TIL = tiller count; HGT = culm height; SHT = shoot 
biomass; RT = root biomass. Numbers in each column followed by the same 
letter are not different using Fisher’s protected LSD (α = 0.05). Values in 
each column are on a per plant basis. ‡Tall fescue (TF) (Schedonorus arun- 
dinaceus (Schreb.) Dumort., nom. cons.); big bluestem (BB) (Andropogon 
gerardii Vitman); eastern gamagrass (EG) (Tripsacum dactyloides L.). 

was of particular interest in this study. The NI plants 
were not included in this analysis because big bluestem 
and eastern gamagrass are greatly dependent on AMF 
and likely don’t exist in nature without the symbiotic 
relationship; therefore, including NI plants would bias 
the results in favor of the more facultative tall fescue. 
Since no difference was found between WL and CL AMF, 
data were combined over inoculum sources and the effect 
of soil compaction on each grass species was compared 
only with AMF-inoculated plants. 

Tall fescue produced more shoot and root biomass 
than big bluestem or eastern gamagrass; however, pro- 
duction was reduced by increased compaction (Figure 1). 
As BD increased from 1.3 to 1.5, tall fescue shoot bio- 
mass declined from 6.5 to 4.2 g·plant−1, and root biomass 
declined from 4.0 to 2.3 g·plant−1, respectively. Further- 
more, tall fescue averaged 22 and 17 tillers·plant−1 at 1.0 
and 1.3 BD, respectively, and only 14 tillers·plant−1 at 1.5 
BD; however, no difference was seen in culm height or 
RSR. 

Big bluestem growth was also reduced by compaction 
as plants at 1.0 BD averaged 18 leaves and 2 tillers, but 
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Figure 1. Relationships between grass species and soil com- 
paction in sterile mine soil inoculated with arbuscular my- 
corrhizal fungi in a 10-week glasshouse study with tall fescue 
(Schedonorus arundinaceus (Schreb.) Dumort., nom. cons.) 
(—●—), big bluestem (Andropogon gerardii Vitman) (– –■– –), 
and eastern gamagrass (Tripsacum dactyloides L.) (····▲····). 
Differences among compaction levels, for each species, are 
compared with Fisher’s protected LSD (α = 0.05) and are 
shown by the following letters for each species: tall fescue (a, b, 
c), big bluestem (j, k, l), eastern gamagrass (x,y,z), and ns = 
non-significant. 
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declined to 11 leaves and 1.2 tillers plant−1 at 1.5 BD; 
however, differences were not found between 1.0 and 1.3 
BD (Figure 1). Increased compaction from 1.3 and 1.5 
BD reduced culm height and shoot biomass 50% and 
root biomass by 40%. Compaction had no affect on RSR 
for this species. 

Eastern gamagrass was less affected by compaction as 
differences between compaction levels were not found in 
any of the growth measurements (Figure 1). Leaf counts 
averaged between 18 and 24, while tiller counts averaged 
4 to 5 plant−1. Culm height averaged 56 to 62 cm·plant−1, 
shoot biomass averaged 1.7 to 2.5 g, and root biomass 
averaged 1.0 to 1.4 g·plant−1 between the compaction 
levels (Figure 1). The RSR averaged 0.6 at each level of 
compaction. 

5. DISCUSSION 

Soil compaction, with BD from 1.0 to 1.5 g·cm−3, did 
not have an impact on AMF colonization levels. Tall 
fescue appeared to be a better host for WL AMF than CL 
AMF. This may be due to WL AMF being associated 
with tall fescue and other cool-season grass on the re- 
claimed mine soil; however, big bluestem also had 
greater colonization with WL than CL AMF, which 
would suggest that WL AMF may be more infective than 
CL AMF or that there is some degree of host specificity. 
Host specificity has been shown for other AMF cultures 
[56-59]. In contrast, eastern gamagrass showed no pref- 
erence between the two AMF sources, but had greater 
AMF colonization than the other two grasses, especially 
tall fescue. Colonization levels are not always correlated 
with efficacy; however, higher colonization may reflect 
greater dependence, especially in coarse-rooted species 
such as eastern gamagrass [28,29]. 

Without AMF, it was apparent that neither big blue- 
stem nor eastern gamagrass would have survived, espe- 
cially in competition with tall fescue. Warm-season 
grasses, especially big bluestem, tend to be dependent on 
AMF when soil P is limited; whereas, cool-season grass- 
es can establish with little or no AMF inoculum [28, 
30,60,61]. For example, root growth of tall fescue in this 
study was at least 6 times greater than big bluestem with 
AMF and over 350 times greater than big bluestem with 
no AMF (Table 3). Newman and Moser [62] found sig- 
nificantly greater adventitious root growth for tall fescue 
compared with big bluestem and other warm-season 
grasses at emergence of the third leaf during a glasshouse 
study; however, for big bluestem third leaf emergence 
occurred in 15 to 16 days compared with 28 to 32 days 
for tall fescue, suggesting tall fescue seedlings put early 
resources into root growth. In this study, eastern gama- 
grass with either AMF inoculum had 25% less root 
growth than tall fescue with or without AMF. 

Inoculation with either WL or CL was equally benefi- 

cial to big bluestem and eastern gamagrass, suggesting 
that the WL AMF would not be a limiting factor for es- 
tablishing these grasses on the reclaimed mine soil. This 
finding is consistent with a related experiment that found 
no difference between the two AMF sources in affecting 
biomass accumulation [63]. In contrast, tall fescue is 
clearly able to establish quickly in low P soil, with or 
without AMF, which demonstrates why it has been wide- 
ly used in reclamation of surface mined lands in the 
eastern USA [22]. The similarity between AMF and NI 
treatments supports other findings that tall fescue’s asso- 
ciation with AMF is highly facultative, and in the ab- 
sence of AMF, can perform as well as AMF-colonized 
plants when soil is low in available P [64]. 

Warm-season prairie grasses are generally slower to 
establish than cool-season forage grasses [62,65] and big 
bluestem and eastern gamagrass were consistent in this 
growth pattern. Both these species produced considera- 
bly less biomass than tall fescue during the 10-week ex- 
periment, but tall fescue had the greatest reduction of 
growth at the highest compaction level. Other research 
has also found a decrease in tall fescue biomass by com- 
paction, especially in clay soil [20,66]. Our data showed 
that eastern gamagrass biomass was not different at any 
of the compaction levels, suggesting this species may be 
better suited for the compacted mine soil. Mine soil 
compaction on reclaimed surface-mined land in the Ap- 
palachian coal mining region can exceed compaction 
levels imposed in this research, particularly at lower 
depths [6,67]. Thus, species less able to penetrate com- 
pact soil would potentially limit their root growth to less 
compacted soil near the surface, which could reduce soil 
development at lower compacted depths where anaerobic 
conditions may be present. Eastern gamagrass can de- 
velop cellular compartments (aerenchyma) that allow air 
flow into deep roots [25-27] which may assist root 
growth deep into compacted soil where oxygen levels 
may be low. Eastern gamagrass has been successfully 
planted in hedgerows for erosion and runoff control, fur- 
ther suggesting tolerance of flooding [68,69], and is as 
productive as switchgrass (Panicum virgatum L.) in 
paired plantings, producing as much as 1395 g·m−2 [70]. 

6. CONCLUSIONS 

Establishing native prairie grasses on compacted re-
claimed mine soil is limited by adverse soil conditions. 
Tall fescue has been successful on reclaimed surface- 
mined land in the eastern USA coal mining region, but is 
not native to North America and is a major component of 
the low-diversity forage complex planted on mine soil. 
Tall fescue establishes quickly but is slightly inhibited by 
compact soil of at least 1.5 g·cm−3 BD. Big bluestem is a 
dominant tallgrass prairie species that is slow to establish, 
but its growth appears to be reduced by compacted soil. 
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Eastern gamagrass is native to the region and tolerates 
compacted and wet soil, and may be useful in ameliorat- 
ing mine soil compaction, which would facilitate estab- 
lishment of other native species. Eastern gamagrass is 
slower to establish than tall fescue, but is affected rela- 
tively less by compaction. The AMF associated with 
cool-season forage grasses on reclaimed mine soil in this 
study is suitable for establishment of warm-season AMF- 
dependent prairie grasses like big bluestem and eastern 
gamagrass. Successful establishment of warm-season 
prairie grasses on compacted reclaimed mine soil will 
require effective AMF and considerably more time than 
cool season grasses such as tall fescue, but could useful 
in increasing biological diversity. 
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