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Effects of clipping and soil compaction on growth, 
morphology and mycorrhizal colonization 
of Schizachyrium scoparium, a C4 bunchgrass 
L.L. Wallace 
Department of Botany and Microbiology, University of Oklahoma, Norman, OK 73019, USA 

Summary. A factorial design of dipping and compaction 
was used to study the responses of Sehizachyrium scoparium 
and its mycorrhizal symbionts to these stresses. All treat- 
ment combinations significantly reduced the growth and 
biomass of plants relative to controls. Compaction signifi- 
cantly reduced tillering and crown expansion while clipping 
increased tillering early in the growing season and reduced 
it later. Mycorrhizal colonization of roots was highest in 
the clipped plots and lowest in compacted plots. Spore 
number was highest in compacted plots and lowest in 
dipped plots. It appears that spore number may be nega- 
tively correlated with root growth since any treatment that 
reduced plant growth yielded higher spore numbers. The 
combination of clipping and compaction reduced plant 
growth the most, but had intermediate effects on mycorrhi- 
zal colonization and spore number. 

Key words: Schizachyrium Clipping - Compaction - Sym- 
biosis - Growth 

The effects of soil compaction on plant growth have been 
extensively studied in agricultural systems (e.g. Asady et al. 
1985; Cart and Dodds 1983; Smith 1985). Typically, de- 
creased plant growth is seen and is attributed to decreased 
root growth, decreased soil water content and decreased 
levels of oxygen in soils (Scholefield and Hall 1985; Shier- 
law and Alston 1984). Grazing animals can also compact 
soils. In heavily grazed areas, soil compaction can be quite 
high, particularly in communities dominated by bunch- 
grasses (Balph and Malechek 1985; McCalla et al. 1984; 
Scholefield et al. 1985 ; Ssemakala 1983 ; Van Haveren 1983) 
or in areas where short-duration grazing systems (intense 
grazing followed by no grazing) are used (McCalla et al. 
1984). Therefore, grazing ungulates can affect plant growth, 
either via biomass removal (a direct effect) or via soil com- 
paction (an indirect effect). Given the potential interaction 
of these two grazing effects on plants, I examined the effects 
of both soil compaction and clipping on the growth and 
mycorrhizal development of a native North American grass 
species, Schizachyrium scoparium (little bluestem). 

Previous studies have shown that intense grazing can 
reduce mycorrhizal colonization levels in graminoids (Beth- 
lenfalvay and Dakessian 1984; Bethlenfalvay et al. 1985). 
However, little work has been done on the effects of soil 
compaction on this symbiosis, other than studying effects 

of reduced soil pore size on fungal sporulation (Skujins 
and Allen 1986). Therefore, the objectives of this study were 
to determine: 1) the effects of  soil compaction on the 
growth and morphology of S. scoparium, 2) the effects of 
soil compaction on vesicular-arbuscular mycorrhizal fungal 
colonization and sporulation, and 3) the interactive effects 
of clipping and soil compaction on both the host plant 
and its mycorrhizal symbionts. 

Methods 

Site description. Research was conducted from May to Oc- 
tober, 1985, at the Wichita Mountains Wildlife Refuge in 
southwestern Oklahoma, USA (latitude 34o44 ' N, longitude 
98~ This site consists of  a mosaic of  mixed grass 
prairie interspersed with Cross Timbers oak forests (Dooley 
and Collins 1984). Studies were conducted in the restricted 
access area of the refuge at Sulphur Flat, which is located 
on a Foard slickspots complex soil type (USDA 1967) (19% 
clay, 63% sand, 18% silt). Dominant grasses included An- 
dropogon gerardii, Schizaehyrium scoparium, Bouteloua gra- 
cilis and Panicum virgatum. Dominant forbs included Am- 
brosia psilostachya, Coreopsis tinetoria, Psoralea tenuifolia, 
Thelespermafilifolium and Opuntia compressa. The only un- 
gulate grazers in this area were longhorn cattle (Bos taurus). 

Twelve 0.5 m 2 quadrats were prepared by digging out 
all of the vegetation and soil to a depth of 30 cm. The 
sides of each quadrat were lined with a double-thickness 
of plastic to prevent lateral growth of roots or mycorrhizal 
hyphae into the plot. Following removal of coarse roots, 
the soil was returned to each quadrat. Plots were located 
in three rows of four plots each. Ten cm of undisturbed 
soil were retained between plots in rows and rows were 
separated by 20 cm. All plots were covered by a plastic 
tarp and fumigated with 0.68 kg of methyl bromide and 
chloropicrin (2:1) per row. The tarp was left in place for 
three days. Although previous studies have shown that this 
treatment does not kill all of the mycorrhizal fungi in the 
soil (McGraw and Hendrix 1984; Wallace 1987), fumiga- 
tion was done so that a more uniform distribution of fungi 
could be attained in the plots prior to treatment. All quad- 
rats were enclosed within a large exclosure 1.5 m tall and 
2.5 m wide and 4.5 m long. Monthly measurements of light 
intensity, wind speed, relative humidity and air temperature 
at plant canopy height indicated no significant differences 
between inside and outside of the exclosure. 
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Table 1. Clipping and compaction effects on plant morphological 
parameters including crown area (cm2), plant  height (cm) and soil 
moisture (%) 

Treatment Leaf Tiller Crown Height Soil 
no no area moisture 

May 

0 0 
0 c 
cl 0 
cl c 

June 

0 0 
0 c 
cl 0 
cl c 

July 

0 0 
0 c 
el 0 
cl c 

August 

0 0 
0 c 
cl 0 
cl c 

September 

0 0 
0 c 
cl 0 
cl c 

October 

0 0 
0 c 
cl 0 
cl c 

5.3 ~ 1.1 ~ 1.32 ~ 5.28 ~ 
6.8" 1.5" 1.95 ~ 7.50" 
5.6" b 1.2 ~ 2.01" 5.92 b ~ 
6.3 , b 1.4 , 2.30" 6.96" b 

m 

m 

6.5 b 1.4 b 0.55 b 7.73 b 4.65 b 

8.4 b 2.1" b 0.83" b 9.93 ~ 2.09 c 
10.9" 2.6" 1.08" 8.87 ~ b 5.53 a 

7.7 b 2.0" b 0.80" b 9.79" 4.13 b 

19.5 b 4.5 b 0.79" 12.20 b c 1.27 b 
21.7 b 4.9 ~ 0.91" 13.83" b 2.39" b 
32.7" 7.1 ~ 0.74" 14.79" 3.20" 
12.9 b 3.2 b 0.77" 10.53 ~ 2.24" b 

31.2 ~ b 7.3" b 1.44 ~ 13.34 ~ 1.20 b 
21.8 ~ b 5.3 b o 1.00 ~ b 13.66 ~ 1.34 ~ 
36.7" 8.4" 1.14 ~ b 12.34 a 1.18 b 
19.6 ~ 4.7 ~ 0.87 b 11.21" 1.30" 

42.9" 8.3" 2.40" 13.85" b 0.69 b 
22.9 b 5.5 b 1.13 b 13.35" h 0.63 b 
35.0 a b 8.2" 1.64 ~ b 14.33 , 0.88 . 
26.7 b 5.9 ~ b 1.14 b 11.24 b 0.62 b 

39.5" 10.7 a 6.38 a 11.70 . b 8.43 b 
18.6 c 6.0 c 3.01 b 10.65 b 7.70 ~ 
30.1 "b 9.5 "b 4.42 b 13.03" 9.87" 
25.2 b c 6.9 b c 2.76 b 10.30 b 9.65" 

el=clipped,  c=eompaeted ,  0=unt rea ted .  Numbers in the same 
column for each month  that  are followed by the same letter are 
not  significantly different from one another  at the P < 0 . 0 5  level, 
Duncan's  Multiple Range Rest 

T e n  i nd iv idua l s  o f  Schizachyrium scoparium were  
p l a n t e d  in  e a c h  p lo t  t w o  weeks  a f te r  f u m i g a t i o n  (mid-  
Apr i l ) .  P l a n t s  were  un i fo rmly - s i zed  seedl ings  (1 -2  t i l lers)  
g e r m i n a t e d  f r o m  c o m m e r c i a l l y  o b t a i n e d  seeds ( S h a r p  
B r o t h e r s  Seed Co. ,  Healy ,  K a n s a s ,  U S A )  the  p r e v i o u s  N o -  
vembe r .  F o l l o w i n g  a t w o  week  e s t a b l i s h m e n t  per iod ,  d u r i n g  
w h i c h  the  p lo t s  rece ived  s u p p l e m e n t a l  wa te r ,  t r e a t m e n t s  
were  imposed .  T r e a t m e n t s  were  r a n d o m l y  a s s igned  to  p lo t s  
in  a f ac to r i a l  r eg ime  o f  con t ro l ,  c l ipped,  c o m p a c t e d ,  a n d  
c l ipped  plus  c o m p a c t e d  p lo t s  w i t h  t h r ee  rep l ica tes  pe r  t r ea t -  
m e n t .  Since n o  p lo t  effects  were  f o u n d  in  s u b s e q u e n t  p l a n t  
g r o w t h  a n d  m o r p h o l o g y  d a t a  ana lyses ,  th i s  u l t i m a t e l y  
yie lded 30 p l a n t s  pe r  t r e a t m e n t .  C l i pped  p l a n t s  h a d  1 0 - 2 0 %  
o f  t he i r  l e a f  a rea  r e m o v e d  every  6 weeks.  Soil  was  c o m -  
p a c t e d  m o n t h l y  by  d r o p p i n g  a 7.3 kg  sledge h a m m e r  o n  
the  soil  su r face  b e t w e e n  p l a n t s  un t i l  a soil  p e n e t r o m e t e r  
r e a d i n g  o f  4.0 kg  c m  -2  was  achieved .  Th i s  va lue  o f  soil  
sur face  c o m p a c t i o n  o c c u r r e d  e l sewhere  in  the  R e f u g e  in 
a reas  o f  h igh  u n g u l a t e  use. N o n c o m p a c t e d  soil sur face  pen -  
e t r o m e t e r  r ead ings  a v e r a g e d  1.6 kg  c m  -z .  
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Fig. 1 A-D.  
number  (A), tiller number  (B), crown area (C) and plant height 
(D). Units  for each panel follow the general format  of new plant 
part  produced per existing plant portion per month.  Therefore 
units for A, B, C, and D are as follows: leaves x leaf-  t x m o n t h -  t, 
tiller x til ler- ~ x m o n t h -  t, em 2 crown area • cm -2 crown area • 
m o n t h -  1 and em plant height x em-  t height x m o n t h -  1 

! i i i i D 

Moy- June- July- Aug.- Sept- June July Aug, Sept Oct. 

GROWTH PERIOD 

Seasonal patterns of relative growth rates of  leaf 

Sampling protocol. P l a n t  m o r p h o l o g i c a l  p a r a m e t e r s  were  
m e a s u r e d  m o n t h l y  s t a r t i ng  o n e  m o n t h  a f t e r  e s t a b l i s h m e n t .  
L e a f  n u m b e r ,  t i l ler  n u m b e r ,  h e i g h t  o f  the  ta l les t  l ea f  a n d  
c r o w n  c i r c u m f e r e n c e  were  m e a s u r e d .  C r o w n  a r ea  was  ca lcu-  
l a ted  a s s u m i n g  t h a t  c r o w n s  were  c i rcular .  I n  a d d i t i o n ,  five 
soil  cores  (2 x 25 cm)  were  t a k e n  a t  r a n d o m l y  l oca t ed  p o i n t s  
in  e a c h  p lo t .  R o o t s  were  s ieved f r o m  the  s a m p l e  a n d  s t a ined  
us ing  a m o d i f i e d  Phi l l ips  a n d  H a y m a n  (1970) p r o c e d u r e  
a n d  a n a l y z e d  fo r  p e r c e n t  r o o t  l e n g t h  c o l o n i z e d  by  m y c o r r h i -  
zal  fungi  ( B i e r m a n n  a n d  L i n d e r m a n  1981). T h e  s ieved soil  
was  t h e n  a n a l y z e d  fo r  n u m b e r  o f  m y c o r r h i z a l  spores  us ing  
a suc rose  f l o t a t i o n  p r o c e d u r e  s imi la r  to  t h a t  o f  G o u l d  a n d  
L i b e r t a  (1981). A sepa ra t e  soil  s a m p l e  was  t a k e n  fo r  a gravi -  
m e t r i c  soil  m o i s t u r e  analysis .  In  a d d i t i o n ,  soil  s amples  were  
t a k e n  in  M a y ,  A u g u s t  a n d  O c t o b e r  for  ana lys i s  o f  soil  p H ,  
t o t a l  k j e ldah l  n i t r o g e n  a n d  ava i l ab le  p h o s p h o r u s  (Olsen  a n d  
D e a n  1965;  O ja l a  et  al. 1983). Soil  t ex tu re  a n d  b u l k  dens i ty  
were  d e t e r m i n e d  in Oc tobe r .  

Al l  p l a n t s  were  h a r v e s t e d  in O c t o b e r .  Since it  was  im-  
poss ib le  to  ex t r ac t  the  t o t a l  r o o t  sys t em f r o m  the  c o m p a c t e d  
soil, t hose  r o o t s  t h a t  were  o b t a i n e d  were  used  for  ana lys i s  
o f  m y c o r r h i z a l  infec t ion .  A b o v e g r o u n d  p l a n t  p o r t i o n s  were  
s e p a r a t e d  i n to  leaf, s tem,  c r o w n  a n d  in f lo rescence  a n d  were  
dr ied  a n d  weighed .  K j e d a h l  p l a n t  n i t r o g e n  a n d  p l a n t  p h o s -  
p h o r u s  levels were  t h e n  d e t e r m i n e d  us ing  s t a n d a r d  p roce -  
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Table 2. End-of-growing-season aboveground biomass (g DW), mycorrhizal colonization frequency (%), plant nutr ient  levels and soil 
parameters 

Clip Compact  Plant  biomass 

Leaves 

Live Dead Stems Crown Flower Total Mycorrhizae 

0 0 0.91 a 0.65 ~ 0.09 ~ 0.629 0.01 ~ 2.27 a 23.2 b 
0 e 0.16 b 0.30 b ~ 0.04 ~ b 0.24 b 0.02 ~ 0.75 b 32.3 . 
cl 0 0.31 b 0.44" b 0.00 b 0.33 b 0.00 a 1.08 b 28.0 a b 
cl C 0.30 b 0.20 ~ 0.03 a b 0.22 b 0.01 a 0.76 b 29.1 " b 

Clip Compact  Plant nutrients nitrogen Phosphorus 

Leaves Leaves 

Live Dead Stem Crown Live Dead Crown 

0 0 1.11" 0.54" b 0.13 a 0 . 9 4  b ~ 4.17 a 1.66 a 2.10 ~ 
0 c 1.20 a 0.61 ~ 0.18 a 1.02 a b 1.48" 0.28 b 0.31 " 
cl 0 1.31 a 0.64" -- 1.22" 1.56" 0.95 . b 0.39 ~ 
cl C 0.75 b 0.47 b 0.04" 0.81 ~ 3.06" 0.00 b 1.54" 

Clip Compact  Soil parameters 

May August October 

pH N P pH N P pH N P 

0 0 6.47 c 0.0399 1.53 c 6.20 b 0.044 b 6.19 b 6.56 ~ 0.103 b 
0 c 6.53 b 0.040" 4.40 b 6.468 0.057 a 7.85" 6.72 b 0.097 b c 
cl 0 6.70" 0.043 a 7.27" 6.69" 0.040 b 6.69 b 6.78 a 0.092 c 
cl c 6.54 b 0.042 a 2.11 ~ 6.38 c 0.042 b 7.66 ~ 6.70 b 0.118" 

14.02" 
12.51 c 
13.26 b 
12.45 c 

Clip Compact  Bulk density ( g c m -  a) 

0 0 1.17 ~ 
0 c 1.32 a 
el 0 1.17 ~ 
cl c 1.26 b 

Nitrogen levels are percent kjeldahl nitrogen and phosphorus levels are in mg g-1.  Numbers  followed by the same letter in a column 
are not  significantly different from one another  at P < 0.05, Duncan 's  Multiple Range Test, t reatment codes are as in Table I 

dures .  T h e r e  was  n o t  e n o u g h  t i ssue  b i o m a s s  to  ana lyze  in-  
f lo rescence  n i t r o g e n  c o n t e n t  a n d  p h o s p h o r u s  c o n t e n t  o r  
s t em p h o s p h o r u s  c o n t e n t .  

D a t a  were  a n a l y z e d  u s i n g  SAS p r o c e d u r e s  (SAS Ins t i -  
t u t e  1982). Al l  d a t a  were  a p p r o p r i a t e l y  t r a n s f o r m e d  p r i o r  
to  analys is .  

Results 

Monthly morphological parameters 

As the  g r o w i n g  s e a s o n  p rog re s sed ,  the  d i f fe rences  b e t w e e n  
p l a n t s  in  c o m p a c t e d  p lo t s  a n d  the  o t h e r  t r e a t m e n t s  in-  
c r eased  a n d  b e c a m e  s ign i f i can t ly  d i f f e ren t  b y  S e p t e m b e r  
( T a b l e  1). I n  genera l ,  p l a n t s  in  c o m p a c t e d  p lo t s  r e m a i n e d  
re la t ive ly  smal l  whi le  o t h e r  p l a n t s  h a d  r a p i d  g r o w t h  ra tes .  
Ti l ler  a n d  l ea f  n u m b e r s  were  m o r e  r e d u c e d  t h a n  o t h e r  pa -  
r a m e t e r s  a l t h o u g h  l ea f  h e i g h t  a n d  c r o w n  size were  smal l e r  
t h a n  in  c o n t r o l  p l an t s .  

C l i p p i n g  a p p e a r e d  to s t i m u l a t e  t i l ler ing as i n d i c a t e d  by  
g r ea t e r  t i l ler  n u m b e r s ,  l e a f  n u m b e r s  a n d  c r o w n  size in  J u n e  
a n d  July.  Th i s  a p p e a r s  to  be  a s h o r t - t e r m  p h e n o m e n o n  
since p l a n t s  were  c l ipped  two  weeks  p r i o r  to  b o t h  the  J u n e  
a n d  A u g u s t  m e a s u r e m e n t s .  By A u g u s t ,  c l ipped  p l a n t s  were  
n o  l o n g e r  s ign i f i can t ly  d i f f e ren t  f r o m  con t ro l s .  P l a n t s  t h a t  
were  b o t h  c l ipped  a n d  g r o w i n g  in  c o m p a c t e d  p lo t s  genera l ly  
s h o w e d  n o  s ign i f i can t  d i f fe rences  f r o m  p l a n t s  in  c o m p a c t e d  
p lo t s  b u t  w h i c h  were  unc l ipped .  H o w e v e r ,  these  p l a n t s  were  
a lso  usua l ly  the  smal l e s t  o f  all  t h e  t r e a t m e n t s .  

Relative growth rates 

Rela t ive  g r o w t h  ra t e s  o f  all m o r p h o l o g i c a l  c o m p o n e n t s  ex- 
cep t  c r o w n s  p e a k e d  in  the  J u n e - J u l y  t ime  p e r i o d  (Fig.  1). 
R a t e s  d e c r e a s e d  a f t e r  t h a t  p o i n t  w i t h  s o m e  b e c o m i n g  nega -  
t ive  b y  the  S e p t e m b e r - O c t o b e r  per iod .  Th i s  is to  be  expec ted  
s ince the  p l a n t s  w o u l d  n o r m a l l y  e n t e r  d o r m a n c y  by  N o -  
vembe r .  Al l  p l a n t s  s h o w e d  inc r ea sed  c r o w n  e x p a n s i o n  du r -  
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F i g .  2 A-C. Seasonal pattern of mycorrhizal colonization frequency 
(A) and spore number (B). Growing season temperature and pre- 
cipitation values are shown in C 

ing this period as well. This may represent a movement 
of carbon to this storage organ as a percursor to entering 
dormancy. 

Generally, control plants had the greatest growth rates. 
Few differences were found in the growth of crowns. Treat- 
ments did not produce consistently significant differences 
in growth rates early in the growing season. However, by 
the August-September period, all treatments were signifi- 
cantly lower than controls ( P <  0.05). 

End-of-growing-season biomass and nutrient content 

The total aboveground biomass values of all treatments 
were significantly less than those of control plants (Table 2). 
Plants growing in compacted soil were smaller than the 
plants which were clipped only, however, differences were 
not significant. 

Nitrogen contents of the different plant components 
were lowest in the clip plus compaction treatment. There 
were no treatment effects of phosphorus content. 

Soil parameters 

Compacted plots had significantly higher bulk densities 
than either clipped or control plots (Table 2). Soil nitrogen 
and phosphorus levels were low early in the season and 
increased dramatically in October. Compacted soils had sig- 
nificantly higher nutrient levels than the other treatments 
in August, but results in other months are complex and 
not easily interpreted. Although soil pH levels (analyzed 
as antilogs) were significantly increased by the treatments, 
the values are all within a sufficiently narrow range that 
they should have had little effect on either nutrient avail- 
ability and uptake or plant and mycorrhizal fungal growth. 

Mycorrhizal colonization frequency and spore number 

In general, the percent root length colonized was highest 
in clipped plants and lowest in plants that were in com- 
pacted plots (Fig. 2). Percent colonization was highly vari- 
able in the control plots and appeared to follow available 
moisture. Spore number also was quite variable and fol- 
lowed an opposite trend with clipped plots having the least 
spores. Again, the combination treatment was intermediate 
and the control plots were quite variable. Spore sizes were 
usually small (30-100 gm) but a few large spores were noted 
as well. This may be an effect of  the extraction technique 
used rather than being representative of the fungal species 
present (Ianson and Allen 1986). 

Correlations of plant parameters with soil and mycorrhizal 
parameters 

Multiple regressions were run using plant morphological 
parameters as the dependent variable for the June-Sep- 
tember data. In general, when soil bulk density was signifi- 
cantly correlated with a morphological parameter, the cor- 
relation was negative. Spore number also was usually nega- 
tively correlated with various plant morphological parame- 
ters. Mycorrhizal colonization frequency was positively cor- 
related at the beginning of the growing season but was 
negatively correlated at the end. Soil nutrient content gener- 
ally was positively correlated with morphological parame- 
ters. Clipping intensity was apparently so low as to cause 
little direct effect, since only one significant correlation was 
found with any parameter over four months. Similar trends 
were seen for regressions on end-of-growing-season bio- 
mass and plant nutrient content. Plant biomass and nutrient 
content at the end of the growing season were usually nega- 
tively correlated with spore number. Nitrogen content of 
live leaves and crowns was also positively correlated with 
October levels of soil moisture. 

Stepwise multiple regression was also run using either 
mycorrhizal colonization frequency or spore number as the 
dependent variable for the June-September data. Coloniza- 
tion levels were usually negative correlated with soil bulk 
density while spore numbers were positively correlated. 
Spore numbers were also positively correlated with soil 
phosphorus and nitrogen levels while colonization levels 
were negatively correlated with these same parameters. 

Even though spore number and colonization frequency 
responded in opposite manners to soil density and nutrient 
levels, there were no consistent trends in correlations be- 
tween mycorrhizal colonization frequency and spore 
number. Mycorrhizal colonization frequency was negatively 
correlated with spore number in the compacted only plots 
(R2=0.497, P=0.0001). Positive correlations were found 
in the control plots and the clipping plus compaction plots 
(R2=0.303 and P=0.0029; R2=0.546 and P=0.0001, re- 
spectively). There was no significant correlation found in 
the clipped only plots. 

D i s c u s s i o n  

Soil compaction significantly reduced plant growth and bio- 
mass. The clipping levels used in this experiment had less 
effect than compaction, however; all treatments significant- 
ly reduced growth and biomass. Compaction also reduced 
mycorrhizal colonization frequency and increased spore 
number. 
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Crown expansion and tillering rates were generally low- 
est in the compacted plots (Fig. 1). This was similar to re- 
sponses of  Poa pratensis to soil compaction (Shearman and 
Watkins 1985). P. pratensis responded to compaction with 
reduced tillering rates and lateral growth. In addition, lower 
rates of vertical growth were noted. In my study, plant 
height growth was not significantly reduced by compaction 
until near the end of the growing season. There were no 
significant treatment effects on the numbers of leaves per 
tiller, so any decrease in tiller number also reflected a de- 
crease in leaf number. This partially accounted for the low 
biomass of plants in compacted plots at the end of the 
growing season. 

Clipping only did cause a small increase in tillering rates 
early in the growing season. Other clipping experiments 
have also shown increased tillering rates and have con- 
cluded that this is an attribute of  grazing-tolerant plants 
(Younger 1972; Wallace et al. 1984, 1985). Other gramin- 
oids exhibit an increase in productivity due to grazing 
(McNaughton 1985; Wallace et al. 1984). However, this did 
not occur in this study. Although the end-of-growing-sea- 
son biomass of the clipped plants was slightly higher than 
that of the other treatments, it was significantly lower than 
that of  the control plants. 

To my knowledge, no studies have explicitly examined 
the effects of soil compaction on vesicular-arbuscular my- 
corrhizal colonization levels or on spore production. How- 
ever, Allen and Allen (1980) and Skujins and Allen (1986) 
have noted decreased sporulation in soils with small pore 
sizes. Doerr et al. (1984) have examined the effects of var- 
ious soil disturbances on levels of mycorrhizal colonization. 
A side-effect of their increasing levels of soil disturbance 
was increased soil bulk density. They noted decreased my- 
corrhizal inoculum potential in these highly disturbed and 
compacted soils. 

A great deal is known, however, about the effects of  
soil compaction on plant root growth (Shierlaw and Alston 
1984), soil water potential (Agnew and Carrow 1985 b), and 
soil aeration (Agnew and Carrow 1985 a). Mycorrhizal col- 
onization, sporulation and spore germination are probably 
responding to these factors either singly or in combination 
rather than to soil compaction directly. 

Soil compaction has frequently been shown to decrease 
plant growth (Agnew and Carrow 1985a; Shearman and 
Watkins 1985), and particularly to decrease root growth 
(Asady et al. 1985; Cart  and Dodds 1983). Hayman (1982) 
has noted that decreased root growth may stimulate spore 
production of vesicular-arbuscular mycorrhizal fungi. This, 
then, may account for both the negative correlation seen 
between spore number and various morphological parame- 
ters and the positive correlation of spore number with bulk 
density. As root growth slows, sporulation may increase. 
As root growth slows plant growth will generally decrease 
as well. 

Infiltration is slowed in compacted soils as well (Fullen 
1985). This accounts for more negative soil water potentials 
observed in compacted soils (Agnew and Carrow 1985b). 
Mycorrhizal hyphal extension and spore germination are 
usually slowed in dry soils (Daniels and Trappe 1980; Tom- 
merup 1984). Clipped plots in this study generally had high- 
er levels of soil moisture while compacted plots had lower 
levels of soil moisture. Since both hyphal growth and spore 
germination are decreased in dry soil, the high levels of  
infection in the clipped plots may be due, in part, to higher 

levels of soil moisture. The low spore numbers in the clipped 
plots may be due to one or both of the following factors. 
Spores produced in the clipped plots may have rapidly ger- 
minated and colonized new roots and were, therefore, not 
counted; or fewer spores were produced by the hyphae in 
these plots. The higher spore counts of the compacted plots 
could be due to the high sporulation rates discussed above 
acting in concert with low spore germination. Since these 
soils were sandy, pore size may not have been decreased 
sufficiently to have reduced sporulation (Allen and Allen 
1980). Reduced hyphal growth in dry soil could account 
for the low root infection levels in the compacted plots. 

Plant nutrient content was negatively correlated with 
spore number. This again was probably due to a negative 
correlation between root growth and sporulation (Hayman 
1982). Low root growth in compacted soils has been shown 
to yield decreased uptake of nutrients, particularly phos- 
phorus (Shierlaw and Alston 1984). Unfortunately since 
total root growth could not be determined, no correlations 
between it, nutrient content and bulk density were made. 
Mycorrhizal colonization was not significantly correlated 
with plant nutrient content. Even at the low oxygen levels 
that can occur in compacted soils (Agnew and Carrow 
1985 a), mycorrhizal fungi have been shown to improve the 
nutrient contents of their hosts (Saif 1983). However, im- 
provement was greater at higher oxygen levels. Differences 
in soil oxygen levels between the compacted and noncom- 
pacted plots in my study may not have been great enough 
to cause differences in nutrient uptake by either mycorrhi- 
zae or roots. Even though this was a relatively wet year 
(Fig. 2), the sandy soil texture within the plots may have 
kept anoxic conditions from developing. 

There were no consistently similar correlations found 
between spore number and mycorrhizal colonization. In 
compacted plots these two parameters were negatively cor- 
related whereas positive or nonsignificant correlations were 
seen in the other treatments. This conflicting mileau of re- 
sults is not unusual, however. Harley and Smith (1983) also 
noted little or no correlation between colonization and 
spore number as calculated by the most probable numbers 
technique. They attributed this, in part, to the errors asso- 
ciated with measuring either parameter. Also, colonization 
levels within a root give no indication of the activity level 
of external hyphae in the soil. 

Soil compaction did cause decreased plant growth. A 
combination of clipping and compaction had intermediate 
effects on mycorrhizal colonization levels and spore 
numbers. Therefore, clipping appeared to be able to offset 
some of the negative effects of compaction on mycorrhizal 
fungi, but did not reduce the negative effects of compaction 
on plant growth in the clip plus compaction plots. This 
may be due to reductions in root growth due to clipping 
(Crider 1955; Younger 1972) as well as reductions in root 
growth due to soil compaction. Apparently the increases 
in soil water in the clipped only plots may have counter- 
acted some of the effects of reduced root growth on above- 
ground plant growth. 

Within a grassland ecosystem, plants are likely to experi- 
ence both grazing and soil compaction. Further work is 
needed to understand the combined influence of both of 
these actions on plant and mycorrhizal growth and develop- 
ment as well as on their recovery from these stresses. The 
intermediate effects of those multiple stresses on mycorrhi- 
zal colonization and sporulation may be important in plant 
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growth and recovery. Since, under  severe disturbances, my- 
corrhizal inoculum potential is reduced (Allen and Allen 
1984), the maintenance of  mycorrhizal communities is cru- 
cial to the maintenance of a host plant  community  adapted 
to grazing and soil compaction. Further  work is needed 
to understand the mechanisms of response of both mycor- 
rhizal fungi and their host plants to these naturally-occur- 
ring disturbances. 
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