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Abstract.--A b r i e f  i n t roduc t ion  t o  ecto- and endomycor- 
rh i zae  and t h e i r  importance t o  p l an t s  is presented.  Recent 
f indings  confirm the  s ign i f i cance  of ectomycorrhizae, 
p a r t i c u l a r l y  those  formed by PisoZithus t i n c t o r i u s  i n  
n u r s e r i e s ,  t o  su rv iva l  and growth of pine seedl ings  on s t r i p -  
mined lands .  Commercial inoculum of t h i s  fungus may be ava i l -  
a b l e  i n  1981. Recent research  shows t h a t  endomycorrhizal 
fungi  a f f e c t  growth of grasses  and c e r t a i n  hardwood t r e e s  on 
coal  s p o i l s .  

INTRODUCTION 

Mycorrhiza (f ungus-root) is a symbiotic 
a s soc i a t i on  between t h e  f i n e  feeder  roo t s  of 
green p l an t s  and h ighly  spec i a l i zed  root- 
i nhab i t i ng  fungi .  Each pa r tne r  i n  t he  mycor- 
r h i z a l  a s soc i a t i on  depends on the  o the r  t o  one 
degree o r  another f o r  ex is tence .  I n  n a t u r a l  
f o r e s t  s o i l s ,  which a r e  low i n  f e r t i l i t y  i n  
comparison t o  a r t i f i c i a l l y  f e r t i l i z e d  ag r i -  
c u l t u r a l  s o i l s ,  mycorrhizal a s soc i a t i ons  a r e  
e s s e n t i a l  t o  f o r e s t  p l an t s .  These a s soc i a t i ons  
i nc rease  (1) n u t r i e n t  and water  absorpt ion  and, 
t hus ,  n u t r i e n t  cyc l ing ,  (2) feeder  root  h e a l t h  
and longevi ty ,  and (3)  t o l e r ance  t o  drought, 
high s o i l  temperatures,  s o i l  t ox ins  ( inorganic  
and o rgan ic ) ,  and extremes of s o i l  pH. Most 
t r e e s  must have mycorrhizae t o  surv ive ;  o the r  
p l an t s  may only need them f o r  maximum growth 
i n  n a t u r a l  s o i l s .  

With t h e  exception of aqua t i c s ,  some 
halophytes and a few o t h e r  p l an t s ,  t h e  
major i ty  of f lowering p l an t s  i n  t h e  world 
form e i t h e r  ecto-  o r  endomycorrhizae i n  
n a t u r a l  s o i l s  (Mollock and o the r s  1980). 

Ectomycorrhizae occur n a t u r a l l y  on many 
important f o r e s t  t r e e  spec i e s  around the  world. 
A l l  members of t h e  gymnosperm family Pinaceae 
(p ine ,  spruce ,  f i r ,  l a r c h ,  hemlock, e t c . )  a s  

wel l  a s  c e r t a i n  angiosperms (willow, poplar ,  
aspen, hickory,  pecan, oak, b i r ch ,  beech, 
euca lypt ,  e t c . )  normally form ectomycorrhizae. 
Some of these  t r e e s  can be e i t h e r  ectomycor- 
r h i z a l  o r  endomycorrhizal, depending on s o i l  
condi t ions .  Ectomycorrhizal fungal  i n f e c t i o n  
is  i n i t i a t e d  from spores o r  hyphae (propagules) 
of t he  fungal  symbionts i nhab i t i ng  t h e  rhizo- 
sphere of t he  feeder  roo t s .  Propagules a r e  
s t imula ted  by root  exudates and grow over t he  
feeder root  su r f ace  and form a fungus mantle. 
Then hyphae develop around root  c o r t i c a l  c e l l s  
and form what is c a l l e d  the  Har t ig  n e t .  The 
Har t ig  n e t  is  the  main d i s t i ngu i sh ing  f e a t u r e  
of ectomycorrhizae. Ectomycorrhizal roo t s  may 
be unforked, b i f u r c a t e ,  mult iforked ( c o r r a l l o i d ) ,  
nodular ,  o r  i n  o the r  shapes. The color  of an 
ectomycorrhiza is  usual ly  determined by the  
co lo r  of t he  hyphae of t h e  fungal  symbiont and 
may be brown, b lack ,  whi te ,  red ,  yellow, o r  
blends of these  co lo r s .  Indiv idual  hypha, 
s t r a n d s  of hyphae, o r  rhizomorphs may r a d i a t e  
from the  fungus mantles i n t o  t h e  s o i l  and t o  
t he  base  of t he  f r u i t  bodies of t h e  fungi .  

Most fungi  which form ectomycorrhizae with 
f o r e s t  t r e e s  a r e  Basidiomycetes t h a t  produce 
mushrooms o r  pu f fba l l s  ( f r u i t  bodies) .  Cer ta in  
Ascomycetes such a s  t r u f f l e s  a l s o  form ectomy- 
corrh izae .  One genus of mushroom-producing 
fung i ,  Cor t ina r iu s ,  is composed of over 2000 
spec i e s  d i s t r i b u t e d  throughout t h e  f o r e s t s  of 
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t he re fo re ,  is a p r e r e q u i s i t e  f o r  f r u i t  body 
production by these  fungi .  Not a l l  fungi  
which form nushroorns and pu f fba l l s  a r e  
ectomycorrhizal ;  many a r e  l i t t e r  decomposers 
and a few a r e  pathogenic on t r e e s .  

Endomy corrh izae  a r e  formed on most eco- 
nomically important agronomic and forage crops ,  
woody perennia ls ,  ornamentals, f r u i t  and most 
nut  t r e e s ,  a s  wel l  a s  maple, elm, green ash ,  
sweetgum, sycamore, b lack  walnut ,  and o the r  
important f o r e s t  t r e e s .  Alder can form both 
endo- and ectomycorrhizae a s  wel l  a s  symbiotic 
N-fixing nodules--three d i f f e r e n t  symbiotic 
root  a s soc i a t i ons  a t  one time. Endomycor- 
r h i z a l  fungi  form a loose  network of hyphae 
on feeder  root  sur faces  and do n o t  develop 
the  dense fungus mantle of ectomycorrhizae. 
These fungi  o f t e n  form l a r g e ,  conspicuous, 
thick-walled spores both on t h e  roo t  su r f aces  
and i n  t he  rhizosphere,  and sometimes i n  
feeder  roo t  t i s s u e s .  Hyphae of endomycorrhi- 
z a l  fungi  pene t r a t e  t h e  c e l l  wa l l s  and pro- 
gress  i n t o  t h e  c o r t i c a l  c e l l s  of  t h e  roo t .  
These i n f e c t i v e  hyphae may develop spec i a l i zed  
absorbing o r  nutrient-exchanging s t r u c t u r e s  
(haus tor ia )  c a l l e d  arbuscules i n  t h e  cytoplasm 
of t h e  c o r t i c a l  c e l l s .  Thin-walled, spher i -  
c a l  t o  ovate  v e s i c l e s  may a l s o  be produced 
i n  c o r t i c a l  c e l l s  by these  fungi .  The term 
"vesicular-arbuscular" mycorrhizae has been 
coined t o  denote t h i s  type of endomycorrhizae. 
A s  i n  ectomycorrhizae , endomycorrhizal fungus 
i n f e c t i o n  r a r e l y  occurs i n  meristematic o r  
vascular  t i s s u e s .  Endomycorrhizal i n f e c t i o n ,  
however, does no t  cause major morphological 
changes i n  roots .  Endomycorrhizae, t he re fo re ,  
cannot be de tec ted  wi th  t he  unaided eye; they 
must be assessed microscopically.  

The fungi  which form endomycorrhizae 
with t r e e s  a r e  mainly Phycomycetes. They do 
not  produce l a r g e ,  above-ground f r u i t  bodies 
o r  wind-disseminated spores a s  do most ec to-  
mycorrhizal fungi ,  but  some of them produce 
l a r g e  spores on o r  i n  roots .  Some species  
a l s o  produce l a r g e  sporocarps (5 t o  10 mm 
diameter) containing many spores  on roo t s .  
These fungi  spread through the  s o i l  by grow- 
ing  from feeder  roo t  t o  feeder  roo t ;  they a r e  
a l s o  disseminated by moving water ,  s o i l ,  
i n s e c t s ,  o r  animals. They a r e  so  widespread 
t h a t  i t  is  near ly  impossible t o  f i n d  n a t u r a l  
s o i l s  anywhere i n  t h e  world t h a t  do not  
contain them. Spores of t he se  fungi  a r e  
ab le  t o  surv ive  i n  s o i l  f o r  many years  with- 
out  a p l a n t  hos t .  Based on the  l imi t ed  re- 
search  done on endomycorrhizal fungi ,  most 
spec ies  appear t o  have very broad hos t  ranges. 
For example, GZomus mosseae is  known t o  form 
endomycorrhizae wi th  g ra s se s ,  co t ton ,  corn, 
pepper, tomatoe, peas,  soybean, and sorghum, 
as  we l l  a s  sycamore, black walnut, sweetgum, 
c i t r u s ,  peach, b lack  loc.ust ,  green ash,  b lack  
cherry,  boxelder,  sugar maple, and red maple. 
It tindoubtedly can i n f e c t  numerous o the r  p l an t  

spec ies  a s  wel l .  Since endomycorrhizal fungi  
cannot be grown rou t ine ly  i n  t h e  labora tory ,  
production of inoculum is d i f f i c u l t .  Usually a 
f a s t  growing p l a n t ,  such a s  sorghum, is  used t o  
c u l t u r e  t hese  fungi .  Roots and s o i l  from these  
p l an t s  containing t h e  introduced fungus a r e  
harvested and used a s  inoculum. 

Many f a c t o r s  a f f e c t  mycorrhizal development. 
Some f a c t o r s  a f f e c t  t h e  t r e e  and o the r s  a f f e c t  
t h e  fungal  symbionts. General ly,  any s o i l  o r  
above-ground condit ion which inf luences  roo t  
growth a l s o  i n £  luences mycorrhizal development. 
A suscep t ib l e  feeder  root  must be formed by t h e  
t r e e  before  mycorrhizal i n f e c t i o n  can occur.  
The main f a c t o r s  inf luencing  s u s c e p t i b i l i t y  of 
t r e e  roo t s  t o  mycorrhizal i n f e c t i o n  appear t o  
be photosynthetic p o t e n t i a l  and s o i l  f e r t i l i t y .  
High l i g h t  i n t e n s i t y  and low t o  moderate s o i l  
f e r t i l i t y  enhance mycorrhizal development; t he  
o t h e r  extremes of these  condit ions ( l i g h t  in-  
t e n s i t y  below 20 percent  of f u l l  sun l igh t  and 
excessively high s o i l  f e r t i l i t y )  reduce, o r  
may even prevent ,  mycorrhizal development. 
Light  i n t e n s i t y  and f e r t i l i t y  appear t o  i n f lu -  
ence e i t h e r  t h e  biochemical s t a t u s  of feeder  
r o o t s ,  such a s  con t ro l l i ng  l e v e l s  of simple 
sugars ,  o r  t h e  syn thes i s  of new feeder  r o o t s ,  
both of which a r e  p re requ i s i t e s  t o  symbiotic 
i n f ec t ion .  Roots growing r ap id ly  because of 
very high s o i l  f e r t i l i t y  contain few simple 
sugars  and they a r e  not  h ighly  suscep t ib l e  t o  
ectomycorrhizal fungus i n f e c t i o n  (Marx and 
o the r s  1977). 

The f a c t o r s  t h a t  a f f e c t  t he  fungal  sym- 
b i o n t ~  d i r e c t l y  a r e  those  which r egu la t e  surv i -  
v a l  of t h e  fungus i n  t h e  s o i l  o r  i t s  growth 
on roo t s .  Extremes of s o i l  temperature,  pH, 
moisture,  e t c . ,  and t h e  presence of antagonis- 
t i c  s o i l  microorganisms can a f f e c t  t he  su rv iva l  
of symbionts and thereby inf luence  t h e  mycor- 
r h i z a l  p o t e n t i a l  of t he  s o i l .  Mycorrhizal 
fungi  cannot grow and reproduce i n  s o i l  unless  
they a r e  i n  symbiotic a s soc i a t i on  with p l a n t  
roo t s .  These fungi  a r e  capable,  however, of 
surv iv ing  i n  a dormant condi t ion  f o r  s eve ra l  
years  without  a p l an t  h o s t .  

There a r e  s eve ra l  exce l l en t  reviews avai l -  
ab le  on ectomycorrhizae (Malloch and o the r s  
1980, Marx and Krupa 1978, Marks and Kozlowski 
1973) and endomycorrhizae (Malloch and o the r s  
1980, Sanders and o the r s  1978, Hayman 1978) . 

Mycorrhizae and forestation of  undisturbed soi  2s 

Fa i lu re s  i n  a r t i f i c i a l  regenera t ion  pro- 
grams have shown t h a t  many f o r e s t  t r e e s  w i l l  
no t  surv ive  long a f t e r  t r ansp lan t ing  i f  t he  
seedl ings  do not  have an adequate complement 
of mycorrhizae from the  nursery .  Most r epo r t s  
dea l  wi th  t r e e s  such a s  p ines ,  spruces ,  oaks,  
and eucalypts  and t h e i r  establishment i n  a r eas  
of t he  world void of n a t u r a l l y  occurring ecto- 



mycorrhizal fungi .  Mikola (1969) and, more 
r ecen t ly ,  Marx (1980) discussed the  need f o r  
a p a r a l l e l  i n t roduc t ion  of ectomycorrhizal  
fungi  i n t o  these  areas .  This i n t roduc t ion  
is  e spec i a l l y  c r i t i c a l  i n  t he  successfu l  
establishment of e x o t i c  p ine  p l an t a t i ons  i n  
t h e  t rop i c s .  These var ious  r e p o r t s  have con- 
c lu s ive ly  shown t h a t  (1) ectornycorrhizae formed 
by any fungus on roo t s  of seedl ings  is b e t t e r  
f o r  t h e  s eed l ing  than no ectornycorrhizae a t  
a l l ,  and (2 )  ectornycorrhizae formed by c e r t a i n  
spec i e s  of fungi  a r e  more b e n e f i c i a l  t o  
seedl ings  on c e r t a i n  s i t e s  than ectornycorrhizae 
formed by o the r  fungi .  The va lue  of s p e c i f i c  
ectornycorrhizae, such a s  t h a t  formed by Piso- 
Zithus t inctorius,  t o  t h e  improved su rv iva l  
and r ap id  e a r l y  growth of p ine  seedl ings  has 
been demonstrated on var ious  r e f o r e s t a t i o n  
s i t e s  i n  t h e  Southern United S t a t e s  (Marx 1980). 
L i t t l e  work has been repor ted  on t h e  s i g n i f i -  
cance of endomycorrhizae t o  t h e  a r t i f i c i a l  
regenera t ion  of hardwoods. It i s  known, how- 
eve.r, t h a t  endomycorrhizae improve the  q u a l i t y  
of hardwood seedl ings  i n  t h e  nursery  (Kormanik 
and o the r s  1977) which should a l s o  improve 
t h e i r  f i e l d  performance. 

Ectomycorrhizae and forestation of surface mines 

Marx (1975, 1976, 1977a) has  reviewed t h e  
s ign i f i cance  of s p e c i f i c  ectornycorrhizae t o  
su rv iva l  and growth of pines on var ious  s p o i l s  
l e f t  a f t e r  su r f ace  mining f o r  coa l  and kaol in .  
Only a few key r e p o r t s  a r e  mentioned here .  

Schramm (1966) published a comprehensive 
r epo r t  on p l an t  co loniza t ion  of a n t h r a c i t e  
wastes i n  Pennsylvania. He found t h a t  e a r l y  
ectomycorrhizal development was e s s e n t i a l  f o r  
t h e  establishment of BetuZa, Pinus, PopuZus, 
and &ereus spp. seedl ings  which developed 
from seed on the  wastes.  F r u i t  bodies of t h e  
major fungi  t h a t  developed near  t he  surv iv ing  
seedl ings  were t h e  mushroom-forming fungi  
Inocybe Zacera, Amanita muscaria, and TheZe- 
phora terres tr i s ,  and the  puffball-producing 
fungi  ScZerodema aurantiwn and P. t inctorius . 
The l a t t e r  fungus appeared t o  be dominant 
and Schramm was ab l e  t o  t r a c e  its unique gold- 
yellow hyphal s t r ands  from s i m i l a r l y  colored 
ectornycorrhizae t o  t h e  base of  t h e  pu f fba l l .  
He associa ted  t h i s  s p e c i f i c  fungus with t he  
most vigorously growing seedl ings .  Since 
Schramm's o r i g i n a l  work, numerous o the r  re- 
po r t s  on the  occurrence of P. t inctorius on 
coal  s p o i l s  and o the r  adverse s i t e s  have been 
published. 

Based on these  observat ions  and the  con- 
c lus ion  t h a t  t he  n a t u r a l  occurrences of P. 
t inctorius ectornycorrhizae on seedl ings  grow- 
ing  on adverse sites were ins t rumenta l  i n  
t h e i r  establishment and growth, we developed 
techniques t o  " t a i l o r "  bareroot  and container-  
ized  seedl ings  i n  n u r s e r i e s  wi th  P. titzctorius 

ectornycorrhizae. B r i e f l y ,  t h e  techniques in- 
volve growing mycelium of P. t inctorius i n  pure 
c u l t u r e  i n  t h e  labora tory  i n  vermiculi te-peat  
moss-nutrient subs t r a t e .  Af ter  2 t o  3 months 
growth, t he  s u b s t r a t e  is leached wi th  water ,  
broadcast  onto fumigated nursery s o i l ,  and 
mixed thoroughly i n t o  t h e  s o i l .  The bed is 
then seeded. By t h e  end of t h e  growing season,  
abundant P. t inctorius e c  tomycorrhizae a r e  
developed on seed l ing  roo t s .  The seedl ings  
wi th  P. t inctorius ectornycorrhizae a l s o  have 
var ious  q u a n t i t i e s  of wild-type ectornycorrhizae 
formed by n a t u r a l l y  occurr ing  fungi  whose 
spores  a r e  wind disseminated i n t o  t he  fumigated 
nursery s o i l .  The most prevalent  wild-type 
fungus encountered is TheZephora terrestr is .  
T .  terrestr is  ectornycorrhizae a r e  t he  most 
commonly found ectornycorrhizae on seedl ings  
used f o r  r e f o r e s t a t i o n  throughout t he  United 
S t a t e s  and i n  many o the r  p a r t s  of t h e  world. 
This fungus is eco log ica l ly  adapted t o  good 
s o i l  condi t ions  such a s  those found i n  nurser-  
i e s .  It is highly  b e n e f i c i a l  t o  seedl ings  
planted on rou t ine  s i t e s ,  but  is  no t  wel l  
adapted t o  t he  harsh  s o i l  condit ions normally 
encountered on strip-mined lands .  

I n  e a r l i e r  reviews (Marx 1975, 1976, 
1977a), prel iminary d a t a  showed the  advantage 
of P. t inctorius ectornycorrhizae t o  su rv iva l  
and growth of pine seedl ings  on adverse s i t e s  
a s  compared t o  seedl ings  with T. terrestr is  
ectornycorrhizae. Very l i t t l e  work has been 
done on t h e  s ign i f i cance  of endomycorrhizae 
t o  hardwoods s i n c e  t h e  e a r l i e r  repor ts .  The 
fol lowing i s  t h e  s t a t e  of t h e  a r t  s i nce  t he  
l a s t  review on t h e  s ign i f i cance  of mycorrhizae 
t o  f o r e s t a t i o n  of surface-mined lands.  

EcSomycorrhizae and forestation of 
strip-mined Zands 

Har r i s  and Jurgensen (1977) observed t h a t  
cu t t i ngs  of willow and hybrid poplar  grew poor- 
l y  on copper t a i l i n g s  i n  Michigan. Ectomycor- 
rh i zae  were not  present  even on cu t t i ngs  
inocula ted  with a f o r e s t  s o i l  e x t r a c t  supposed- 
l y  containing ectomycorrhizal  fungi .  Copper 
t a i l i n g s  may have been t o x i c  t o  indigenous 
o r  introduced inoculum of ectomycorrhizal  fun- 
g i ,  o r  t h e  phys io logica l  condi t ions  of t he  
rooted c u t t i n g s  may have been inadequate f o r  
root  i n f e c t i o n  t o  occur. A s i m i l a r  s tudy was 
i n s t a l l e d  on i r o n  t a i l i n g s .  Seedlings of both 
hardwood spec i e s  grew we l l  and formed abundant 
ectornycorrhizae from indigenous fungi  and 
from those contained i n  t h e  f o r e s t  s o i l  inocu- 
l u m .  Be t t e r  seedl ing  growth and development 
of ectomycorrhizae on t h e  i r o n  t a i l i n g s  could 
have been due t o  b e t t e r  s o i l  f e r t i l i t y  o r  
fewer t o x i c  chemicals. 

Marx and Artman (1979) repor ted  t h a t  bare- 
root  l o b l o l l y  p ine  seedl ings  with abundant P. 
t inctorius ectornycorrhizae had a 400 percent  



g r e a t e r  p lo t  volume a f t e r  3 years  on an ac id  
coal  s p o i l  (pH 4.1) i n  Kentucky than seed- 
l i n g s  wi th  T. terrestr is  ectornycorrhizae. 
On p l o t s  where f e r t i l i z e r  s t a r t e r  t a b l e t s  
were used volumes f o r  P. t inctorius seedl ings  
were nea r ly  250 percent  g rea t e r .  I n  t he  same 
t e s t ,  sho r t l ea f  pine seedl ings  wi th  P. 
t inctorius ectomycorrhizae were a l s o  over 
400 percent  l a r g e r  without  f e r t i l i z e r  t a b l e t s  
and over 100 percent  l a r g e r  with f e r t i l i z e r  
t a b l e t s  than seedl ings  with T. terrestr is  
ectornycorrhizae. Seedlings wi th  P. tinctorius 
ectornycorrhizae a l s o  contained more f o l i a r  
N and l e s s  f o l i a r  S ,  Fe, Mn, and A 1  than 
seedl ings  with T. terrestr is  ectornycorrhizae. 
The f e r t i l i z e r  s t a r t e r  t a b l e t s  s t imula ted  
seedl ing  growth f o r  t h e  f i r s t  and second 
growing seasons,  bu t  once t h e  n u t r i e n t s  i n  
t he  t a b l e t s  were deple ted  growth increment 
slowed and N def ic iency symptoms appeared on 
fo l i age .  This def ic iency was l e s s  s t r i k i n g  
on P. t inctorius seedl ings  than on seedl ings  
with T. t erres tr i s .  I n  t h i s  sane r e p o r t ,  p l o t  
volumes f o r  l o b l o l l y  pine wi th  P. t inctorius 
ectornycorrhizae were over 180 percent  g r e a t e r  
than those f o r  seedl ings  wi th  T. terrestr is  
ectornycorrhizae a f t e r  4 years  on an ac id  coal  
s p o i l  (pH 3.4) i n  Virg in ia .  

I n  two o t h e r  experiments (C. R. Berry, 
unpublished da ta)  , conta iner  grown ( root  medi- 
um wi th  20 percent  sewage sludge) l o b l o l l y ,  
p i t c h ,  and l o b l o l l y  x p i t c h  p ine  hybrids wi th  
P. t inctorius o r  T .  terrestr is  ectornycorrhizae 
were outp lanted  on ac id  coa l  s p o i l s  i n  Tenne- 
s s e e  and Alabama. A l l  l o b l o l l y  p ines  were 
from a s i n g l e  parent  and p i t c h  p ine  were from 
two parent  t r e e s .  Af ter  two and one-half 
growing seasons t h e  r e s u l t s  were s t r i k i n g  
(Table 1) .  On t h e  Tennessee s p o i l ,  P. 
t inctorius ectomycorrhizae increased l o b l o l l y  
p ine  p l o t  volumes by 585 percent  and p i t c h  
pine p l o t  volumes by 12 percent  f o r  one 
parent  and 125 percent  f o r  t h e  o ther .  P. 
t inctorius ectomycorrhizae increased hybrid 
p l o t  volumes by 120 t o  575 percent .  Overa l l ,  
volumes on p l o t s  wi th  P. t inctorius ectomycor- 
rh i zae  were over 200 percent  g r e a t e r  than 
p l o t  volumes wi th  T. terrestr is  ectomycor- 
rh izae .  On the  Alabama s p o i l ,  l o b l o l l y  p ine  
p l o t s  wi th  P. t inctorius ectomycorrhizae had 
nea r ly  300 percent  g r e a t e r  volumes than those  
with T. terrestr is  ectomycorrhizae . The 
advantage i n  p l o t  volumes of P. t inctorius 
over T .  terrestr is  ectomycorrhizae was 150 
and 240 percent  f o r  t h e  p i t c h  parents .  The 
p i t ch  p ine  parent  t h a t  benef i ted  r e l a t i v e l y  
l i t t l e  on t h e  Tennessee s p o i l  (parent  #78) 
was s t rong ly  s t imula ted  by P. t inctorius 
ectornycorrhizae on the  Alabama s p o i l .  The 
reason f o r  t h i s  is  being inves t iga t ed .  The 
response of t h e  hybrids t o  P. t inctorius 
ectomycorrhizae on t h e  Alabama s p o i l  was 
between 400 and 1400 percent .  The o v e r a l l  
i nc rease  i n  p l o t  volume a t t r i b u t a b l e  t o  P. 
t inctorius on t h i s  s p o i l  was over 350 per- 

cen t .  Regardless of genotype, seedl ings  with 
P. t inctorius ectomycorrhizae had more N and 
l e s s  Ca, Mn, Zn, Cu, and A 1  i n  f o l i a g e  than 
seedl ings  with T. terrestr is  ectornycorrhizae. 

Many cons t ruc t ion  p r o j e c t s ,  such a s  dams, 
highways, and bu i ld ings ,  r equ i r e  ex tens ive  
e a r t h  f i l l  t o  meet design c r i t e r i a .  When in- 
s u f f i c i e n t  s o i l  f i l l  i s  ava i l ab l e  on s i t e  i t  
becomes necessary t o  "borrow" s o i l  from 
another l oca t ion .  General ly,  t h e  r e s u l t i n g  
borrow p i t s  a r e  s t r i pped  excavations from 
which a l l  t h e  A and B s o i l  horizons have been 
removed which present  s p e c i a l  problems i n  
revegeta t ion .  Unlike coa l  o r  o the r  su r f ace  
mining s p o i l s ,  borrow p i t s  usual ly  do not  have 
t o x i c  l e v e l s  of heavy meta ls ,  sxtremes of s o i l  
a c i d i t y ,  o r  extremely high s o i l  temperatures. 
Frequently,  however, s o i l  i n  borrow p i t s  i s  
h ighly  compacted with poor i n t e r n a l  drainage 
and have low l e v e l s  of ava i l ab l e  p lant  
n u t r i e n t s  and organic  mat ter .  

Two s t u d i e s  were i n s t a l l e d  on a borrow 
p i t  i n  Aiken, South Carolina,  i n  which s o i l  
amel iora t ion  techniques and s p e c i f i c  ectomy- 
corrh izae  were s tudied  t o  determine t h e i r  
e f f e c t s  on t h e  establishment of p ines  and 
grasses. The e n t i r e  borrow p i t  was subsoi led  
t o  a depth of 0.9 m on 1.2 m cen te r s  i n  two 
d i r ec t ions .  The f i r s t  s tudy (Berry and Marx 
1980) measured e f f e c t s  of applying processed 
sewage sludge o r  f e r t i l i z e r  (560 kg/ha of 
10-10-10) and dolomitic l imestone (2240 kg/ha) 
with and without  bark and/or bottom furnace 
ash on growth of l o b l o l l y  pine and fescue 
grass .  I n  t he  f a l l  of 1975, s ludge bark ,  and 
ash were appl ied  1 .3  cm deep (125 m3/ha) , and 
a l l  p l o t s  were double disked. The fol lowing 
winter ,  l o b l o l l y  p ine  seedl ings  with e i t h e r  
P. t inctorius o r  T .  terrestr is  ectornycorrhizae 
formed i n  a bareroot  nursery  were planted.  
By t h e  end of t h e  f i r s t  growing season, roo t  
eva lua t ion  revealed t h a t  indigenous P. 
t inctorius on the  borrow p i t  formed ectomy- 
corrh izae  on T. terrestr is  seedl ings  and, 
t hus ,  negated t h e  e f f e c t s  of " t a i l o r ing"  
seedl ings  wi th  P. t inctorius i n  t h e  nursery.  
However, s ludge with o r  without t h e  o t h e r  
organic  amendments increased pine s eed l ing  
volumes by 2800 percent  and biomass of fescue 
g ra s s  by 500 percent .  S o i l  amended wi th  
sewage sludge a l s o  contained more N ,  P ,  and 
organic  mat ter ,  a s  wel l  a s  a h igher  ca t ion  
exc.hange capaci ty ,  than s o i l  from non-sludge 
p l o t s .  Seedling f o l i a g e  contained more N and 
l e s s  Ca i n  sludge p lo t s .  I n  t h e  second t e s t  
(Ruehle 1980), s ludge o r  f e r t i l i z e r  + lime 
were s i m i l a r l y  appl ied  i n  t he  f a l l  of 1975, 
but  t he  container-grown l o b l o l l y  pine seed- 
l i n g s  with e i t h e r  P. t inctorius,  T. t erres tr i s ,  
o r  no ectomycorrhizae (produced i n  a s p e c i a l  
growth room) were not  p lanted  u n t i l  t he  f a l l  
of 1977. The in t e r im  between sludge applica-  
t i o n  and seed l ing  p l an t ing  s i g n i f i c a n t l y  
decreased t h e  indigenous l e v e l s  of P. tinctorius 



Table 1.--Survival and growth of l o b l o l l y  and p i t c h  p ines  and t h e i r  hybr ids  with PisoZithus 
tinctorius ectomycorrhizae a f t e r  2-1/2 growing seasons on coa l  s p o i l s  i n  Tennessee 
and Alabama (C. R. Berry, unpublished da t a ) .  

Stem 
Ectomycorrhizae Surviva l  Height c a l i p e r  P V I ~  
a t  p l an t ing  % cm cm (x l o2 )  Pine l i n e  

Tennessee Spoi l  

Loblolly 23 P. t inctorius 3 8 7 0 2.5 48  
Natural  48 4 0 1.3 7 

P i t c h  62 P. t inctorius 
Natural  

P i t ch  78 P. t inctorius 
Natural  

P. t inctorius 
Natural  

P. t inctorius 
Natural  

62 x 11-20 P. t inctorius 
Natural  

P. t inctorius 
Natural  

58 x 11-20 P. t inctorius 
Natural  

62 x 11-10 P. t inctorius 100 100 3.3 2 19 
Natural  8 5 66 2.2 78 

Overa l l  mean (TN) P. t inctorius 8 5 7 9 3.0 133 
Natural  8 1 5 3 2.0 43 

--------------------------------------------------------------------------------------------- 
Alabama Spoi l  

Loblolly 23 P. t inctorius 79 76 2.9 126 
Natural  7 3 5 1  1.7 32 

Pi t ch  62 

P i t ch  78 

P. t inctorius 4 1 5 7 3.0 4 1  
Natural  46 38 1.7 16 

P. t inctorius 6 9 52 2.6 48 
Natural  4 4 37 1.7 14 

P. t inctorius 7 0 67 2.9 101  
Natural  5 9 4 6 1.6 19 

P. t inctorius 63 6 9 3.2 106 
Natural 4 4 3 6 1.3 7 

62 x 11-20 P. t inctorius 76 80 3.6 154 
Natural  68 50 1.7 30 

Overa l lmean(AL)  P. t inctorius 6 6 6 7 3.0 96 
Natural  5 6 43 1.6 2 0 

aplo t  volume index (PVI) computed by (stem c a l i p e r ,  cm12 x he igh t ,  cm x number of surv iv ing  
seedl ings  pe r  p lo t .  

ectomycorrhizae i n  t h e  s o i l ,  s i n c e  t he  i n t e -  seedl ings  with P. t inctorius ectomycorrhizae 
g r i t y  of t h e  ectomycorrhizal  t rea tments  on had 265 2nd 528 percent  g rea t e r  p l o t  volumes 
seedl ings  was reasonably maintained f o r  t h e  than seedl ings  with T. terrestr is  o r  no ecto-  
dura t ion  of t h e  study.  The e f f e c t s  of mycorrhizae a t  p lant ing .  I n  t h e  f e r t i l i z e r  
s ludge and s p e c i f i c  ectomycorrhizae were + lime p l o t s ,  t he  i n i t i a l l y  nonmycorrhizal 
s i g n i f i c a n t .  Af t e r  2 years  i n  sludge p l o t s ,  seedl ings  had p l o t  volumes 158 percent  less 



than the  seedl ings  wi th  e i t h e r  of  t h e  two 
ectomycorrhizal t reatments.  A s  a group, 
seedl ings  on sludge p l o t s  had 900 percent  
g r e a t e r  p l o t  volumes than those on f e r t i l i z e r  
p l o t s .  Differences i n  s o i l  and f o l i a r  analy- 
s e s  and g ra s s  biomass were s i m i l a r  t o  those  
obtained i n  t h e  o t h e r  borrow p i t  study. 
Af ter  2 yea r s ,  t he  i n i t i a l l y  nonmycorrhizal 
seedl ings  had abundant ectornycorrhizae; P. 
t inctorius accounted f o r  about 10 percent  of 
these .  

There appears t o  be l i t t l e  doubt t h a t  p ine  
seedl ings  with P. t inctorius ectomycorrhizae 
surv ive  and grow f a s t e r  on adverse s i t e s  than 
rou t ine  nursery seedl ings  with n a t u r a l l y  
occurr ing  ectomycorrhizae. These r e s u l t s  
i n d i c a t e  t h a t  seedl ings  f o r  p l an t ing  on ad- 
ve r se  s i t e s  should be t a i l o r e d  i n  t h e  nursery  
with P. t inctoriz~s ectornycorrhizae. Un t i l  
now, t he  only inoculum of P. t inctorius ava i l -  
ab l e  was produced i n  small  q u a n t i t i e s  on 
h ighly  defined growth medium under r i g i d l y  
cont ro l led  condi t ions  i n  research  labora- 
t o r i e s .  For commercial use,  l a r g e  volumes 
of h ighly  func t iona l  inoculum of P. t inctorius 
a r e  required.  I n  1976, t he  I n s t i t u t e  f o r  
Mycorrhizal Research and Development, Athens, 
Georgia, joined wi th  Abbot t ~ a b o r a t o r i e s l  t o  
devise  means of  producing vermiculite-based 
vege ta t i ve  inoculum of t h i s  fungus i n  l a r g e  
fermentors. Af ter  4 years  of t e s t i n g  d i f f e r -  
en t  formulat ions of inoculum i n  over 40 nur- 
s e r i e s  i n  33 S t a t e s  and Canada, adequate 
procedures f o r  producing func t iona l  inoculum 
have been accomplished. Prel iminary r e s u l t s  
from our 1980 bareroot  and conta iner  nursery  
t e s t s  i n  f i v e  Southern S t a t e s  a r e  exce l l en t .  
I n  1980, a modified seeder was used f o r  t h e  
f i r s t  time t o  apply inoculum. This machine 
broadcasts  inoculum, incorpora tes  t h e  inoculum 
i n t o  t h e  roo t  zone, l e v e l s  t he  s o i l ,  and sows 
the  pine seed i n  one pass over t h e  nursery  bed. 
This machine g rea t ly  s i m p l i f i e s  app l i ca t ion  
of vege t a t i ve  inoculum. I f  t h e  f i n a l  r e s u l t s  
from t h e  1980 t e s t s  a r e  a s  good a s  t h e  
prel iminary r e s u l t s ,  inoculum w i l l  be ava i l -  
ab l e  from Abbott Laboratories by e a r l y  1981. 

The use of basidiospores of P. t inctorius 
a s  inoculum ins t ead  of t he  vermiculite-based 
inoculum a l s o  shows promise. There a r e  cer- 
t a i n  advantages t o  t h e  use  of basidiospores:  
(1) no germ-free growth phase i s  requi red  i n  
fermentors,  (2) they a r e  easy t o  apply v i a  
hydromulch t o  nursery  s o i l  (Marx and o the r s  
1979), (3) a f t e r  drying they s t o r e  f o r  years  
under r e f r i g e r a t i o n ,  and (4) they can be 
co l l ec t ed  d i r e c t l y  from adverse s i t e s  by t h e  
user .  Unfortunately,  basidiospores a l s o  have 

Donald S. Kenney, Abbott Laborator- 
i e s ,  Agr i cu l tu ra l  Chemicals Research, 36 Oak- 
wood Road, Long Grove, I l l i n o i s  60047. 

c e r t a i n  disadvantages:  (1) t h e r e  a r e  good and 
poor years  f o r  production of P. t inctorius 
f r u i t  bodies i n  t h e  f i e l d ,  (2) basidiospore 
co l l ec t ions  a r e  o f t e n  contaminated with o the r  
microorganisms and i n s e c t s  which may o r  may 
not  be harmful t o  nursery  s eed l ings ,  (3) 
v i a b i l i t y  of bas id iospores  cannot be determined 
p r i o r  t o  use s ince  successfu l  germination pro- 
cedures have no t  been developed, and (4) by f a r  
t h e  most important disadvantage,  bas id iospores  
a r e  usual ly  no t  a s  e f f e c t i v e  i n  forming abun- 
dant  P. tinctor<us ectomycorrhizae e a r l y  i n  
t h e  growing season on nursery  seedl ings  a s  i s  
proper ly  produced vege ta t i ve  inoculum. This 
l a t t e r  poin t  is  very important s ince  research  
r e s u l t s  show t h a t  i n  o rde r  f o r  seedl ings  t o  
ob ta in  maximum bene f i t  from t h i s  fungus, a t  
l e a s t  ha l f  of a l l  t he  ectomycorrhizae on the  
seedl ing  roo t s  mus 3 be formed by P. t inctorius 
(Ruehle and o t h e r s  ). For t h e  p a s t  3 yea r s ,  
adding basidiospores of P. tincto13ius t o  encap- 
su l a t ed  p ine  seed has  a l s o  been s tud ied ;  re- 
s u l t s  look very promising. Since P. t inctorius 
forms ectomycorrhizae wi th  numerous t r e e  
spec i e s  (Marx 1979), namely, spec ies  of Pinus, 
Quercus, Be tuZa, Picea, Tsuga, Carya, SaZix, 
PopuZus, Abies, and EucaZyptus, its use could 
s i g n i f i c a n t l y  improve reclamation e f f o r t s  of 
a v a r i e t y  of strip-mined lands.  

~ndomycorrhixae and forestation of 
strip-mined Zands 

With t h e  exception of t he  outp lanted  syca- 
more and sweetgum s t u d i e s  on kao l in  s p o i l s  
repor ted  e a r l i e r  (Marx 1977a), t h e r e  a r e  no 
published works on the  e f f e c t s  of endomycor- 
rh i zae  on growth of hardwoods o r  o t h e r  p l a n t s  
t e s t e d  d i r e c t l y  on strip-mined lands.  Since 
t h e  l a s t  review, f i e l d  observat ions  and green- 
house s t u d i e s  have been reported on var ious  
p l an t  spec ies .  

I n  Wyoming, Mi l l e r  (1979) co l l ec t ed  root  
samples from p l a n t s  growing on a 2-year-old 
revegetated strip-mined s p o i l  (previously 
segregated and s to red  t o p s o i l  replaced t o  a 
depth of 1 foo t )  and an adjacent  undisturbed 
s i t e .  He found no endomycorrhizae on p l an t  
r o o t s  growing on t h e  d is turbed  s i t e  b u t ,  wi th  
few exceptions,  abundant endomycorrhizae were 
found on t h e  d ive r se  p l a n t  spec ies  growing on 
t h e  adjacent  undisturbed s i t e .  Inoculum of 
endomycorrhizal fungi  was present  i n  t he  d is -  
turbed s o i l ,  bu t  was not  i n f ec t ive .  Mi l l e r  
speculated t h a t  t h e  absence of i n f e c t i v i t y  by 

2 ~ u e h l e ,  J .  L., D. H. Marx, J. P .  Barnet t ,  
and W. H. Pawuk. [ ~ n  press]  Survival  and growth 
of container-grown and bareroot  sho r t l ea f  pine 
seedl ings  wi th  PisoZithus and TheZephora ecto- 
mycorrhizae. Southern J. Appl. For: 



t h e  inoculum may be due t o  t he  presence of  
Halogeton, a herbaceous p l an t  with suspected 
a l l e l o p a t h i c  capaci ty .  He f u r t h e r  specula ted  
t h a t  d is turbed  a reas  a r e  f i r s t  colonized by 
pioneer p l a n t  spec i e s  (Halogeton and o the r  
spec ies)  which a r e  nonmycorrhizal and poss ib ly  
a l l e lopa th i c .  M i l l e r  concluded t h a t  succes- 
s ion  t o  mycorrhizal-dependent p l an t  spec ies  
should fol low t h e  e l iminat ion  of Halogeton. 
Reeves and o the r s  (1979) found t h a t  99 per- 
cent  of t he  p l a n t  cover on a n a t u r a l ,  un- 
d i s tu rbed  sage community i n  Colorado were 
endomycorrhizal, and t h a t  l e s s  than 1 percent  
of t h e  p l a n t  cover on a d is turbed  a rea  (sub- 
s o i l e d  roadbed) were endomycorrhizal. I n  
t h e i r  opinion,  t h e  reestablishment and mainte- 
nance of t h e  mycorrhizal fungus component is 
v i t a l  i n  producing s t a b l e  p l a n t  ecosystems 
on d is turbed  areas .  Using s o i l s  from these  
same s i t e s  i n  an endomycorrhizal bioassay,  
Moorman and Reeves (1979) found t h a t  t he  d i s -  
turbed s o i l  produced only 1/40 a s  much endo- 
mycorrhizal i n f ec t ion  on corn a s  d i d  t h e  un- 
d is turbed  s o i l .  They concluded t h a t  t h e  
reduction of a c t i v e  inoculum i n  t h e  d is turbed  
s o i l  was an important ecologica l  f a c t o r  i n  
subsequent p l an t  succession.  

Daft and Hacskaylo (1976) found t h a t  most 
of t h e  herbaceous p l a n t s  sampled from anthra- 
c i t e  and bituminous coal  wastes i n  Pennsylvania 
were i n fec t ed  wi th  endomycorrhizae; f i v e  
n a t u r a l l y  occurring p l an t  spec i e s  had both 
nodules and endornycorrhizae. I n  an inocula t ion  
t e s t  i n  a greenhouse, lucerne  t h a t  was nodu- 
l a t e d  and in fec t ed  with endomycorrhizae grew 
700 percent  b e t t e r  i n  limed (pH 6.4) anthra-  
c i t e  waste than con t ro l  lucerne  p l an t s .  Re- 
gard less  of inocula t ion  treatment,  however, 
lucerne  p l a n t s  d ied  i n  limed (pH 5.8) o r  non- 
limed (pH 2.7) bituminous wastes and unlimed 
(pH 4.1) a n t h r a c i t e  wastes.  I n  a l a t e r  green- 
house s tudy,  Daft and Hacskaylo (1977) repor ted  
t h a t  red maple seedl ings  wi th  endomycorrhizae 
were about 400 percent  l a r g e r  and contained 
more major elements i n  f o l i a g e  a f t e r  70 days 
growth i n  limed (pH 6.2) a n t h r a c i t e  wastes 
than seedl ings  without  endomycorrhizae. 

As discussed,  t he  su rv iva l  of endomycor- 
r h i z a l  inoculum on strip-mined lands appears 
important i n  p l an t  succession.  Various 
mechanical procedures ca r r i ed  o u t  during 
s t r i p  mining can a f f e c t  inoculum su rv iva l .  
Ponder (1979) assayed r ecen t ly  graded s t r i p -  
mined coal  s p o i l  and found t h a t  p l an t s  grown 
i n  t h e  s p o i l  formed abundant endomycorrhizae 
i n  t he  greenhouse. He concluded t h a t  grading 
during reclamation could be an important 
means of d ispers ing  endomycorrhizal inoculum 
i n  s p o i l .  I n  unpublished r e p o r t s l  , su rv iva l  
of endomycorrhizal fungi  i n  p i l e s  of top- 
s o i l  removed p r i o r  t o  s t r i p  mining of coa l  
i n  Wyoming and North Dakota was found t o  be  
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s i g n i f i c a n t l y  reduced a f t e r  2- t o  3-years- 
s to rage  a s  compared t o  su rv iva l  i n  non- 
d is turbed  t o p s o i l  o r  t o p s o i l  immediately 
replaced over t h e  mine s p o i l .  

CONCLUSION 

It should be apparent from t h i s  discus-  
s i o n  and e a r l i e r  reviews (Marx 1975, 1976, 
1977a) t h a t  mycorrhizae a r e  not  only e s s e n t i a l  
t o  growth and development of t r e e s  i n  na tura l  
f o r e s t  ecosystems, bu t  a r e  e s p e c i a l l y  s i g n i f i -  
cant  t o  t h e i r  performance on strip-mined lands  
and o the r  adverse s i t e s .  This b io log ica l  
f a c t  has not  been appl ied  on any p r a c t i c a l  
s c a l e  because procedures t o  manage the  fungi  
have not  been ava i l ab l e  t o  t h e  land manager. 
The a v a i l a b i l i t y  of commercial inoculum of P. 
t i n c t o r i u s  t o  t a i l o r  seedl ings  i n  t h e  nursery 
p r i o r  t o  outp lant ing  is  t h e  f i r s t  s t e p  i n  
c lo s ing  t h i s  technology gap. We s t i l l  have a 
long way t o  go, however, i n  t he  s e l e c t i o n ,  
inoculum production,  manipulation, and manage- 
ment of o the r  important ectomycorrhizal fungi ,  
a s  we l l  a s  a l l  endomycorrhizal fungi .  Research 
i n  t hese  and r e l a t e d  a r eas  must continue so  
t h a t  sound s c i e n t i f i c  p rac t i ce s  can be  used 
i n  t h e  f o r e s t a t i o n  of adverse s i t e s  and i n  
r e f o r e s t a t i o n  of rou t ine  f o r e s t  s i t e s .  
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