
Chapter 9 1 Decom p o s i t i o n  a n d  N u t r i e n t  C y c l i n g  

9.1 N U T R I E N T  LIMITATIONS 

T h e r e  i s  n o  q u e s t i o n  t h a t  w a t e r  a v a i l a b i l i t y  l i m i t s  p r o d u c t i v i t y  i n  d e s e r t s .  T h a t  i s  
i n t u i t i v e l y  o b v i o u s  e v e n  t o  t h e  c a s u a l  observer. B e c a u s e  of t h e  o v e r r i d i n g  i m p o r -  
t a n c e  of w a t e r ,  m a n y  i n v e s t i g a t o r s  h a v e  t e n d e d  t o  p a s s  off p o t e n t i a l  n u t r i e n t  
l i m i t a t i o n s  a s  u n i m p o r t a n t .  In a r i d  r e g i o n s  n u t r i e n t  l i m i t a t i o n s  to p r o d u c t i v i t y  
and g e n e r a l  e c o s y s t e m  f u n c t i o n i n g  m a y  b e  i m p o r t a n t  o n l y  u n d e r  low p r o b a b i l i t y  
c l i m a t e s ,  e . g .  a s u c c e s s i o n  of y e a r s  of a b o v e  a v e r a g e  r a i n f a l l .  H o w e v e r ,  n u t r i e n t  
l i m i t a t i o n s  m a y  a l s o  o c c u r  a t  o t h e r  t i m e s  w h e n  w a t e r  a v a i l a b i l i t y  i s  h i g h  e v e n  if 
o n l y  f o r  s h o r t  t i m e  p e r i o d s .  

T h e  nutrient m o s t  f r e q u e n t l y  c i t e d  a s  l i m i t i n g  productivity i s  n i t r o g e n .  C h a r l e y  
a n d  C o w l i n g  ( 1 9 6 8 )  w e r e  a m o n g  t h e  f i r s t  e c o l o g i s t s  t o  s u g g e s t  t h a t  n i t r o g e n  a n d  
o t h e r  n u t r i e n t s  m a y  b e  l i m i t i n g  p r o d u c t i v i t y  i n  s e m i a r i d  e c o s y s t e m s .  T h e y  
r e p o r t e d  t h a t  p r i m a r y  p r o d u c t i o n  w a s  r e d u c e d  d u r i n g  p r o l o n g e d  wet p e r i o d s  a n d  
a t t r i b u t e d  t h a t  r e d u c t i o n  t o  l e s s  a v a i l a b l e  n i t r o g e n .  L u d w i g  a n d  F l a v i l l  ( 1 9 7 9 )  
r e p o r t e d  a  s i m i l a r  r e s p o n s e  i n  productivity in t h e  northern C h i h u a h u a n  d e s e r t ,  and 
F l o r e t  e t  a l .  ( 1 9 8 2 )  s u g g e s t e d  t h a t  n i t r o g e n  l i m i t a t i o n  w a s  t h e  f a c t o r  l i m i t i n g  p r o -  
d u c t i o n  i n  t h e  T u n i s i a n  d e s e r t  d u r i n g  w e t  p e r i o d s .  In a n  e x t e n s i v e  s t u d y  i n  t h e  
S a h e l ,  a  g r o u p  of s c i e n t i s t s  f r o m  W a g e n i n g e n ,  t h e  N e t h e r l a n d s ,  d o c u m e n t e d  t h a t  
at rainfall amounts above approximately 2 0 0  m m  yr-' nitrogen availability limited 
p r o d u c t i o n  ( P e n n i n g  d e  V r i e s  a n d  Djit e y e ,  1 9 8 2 ) .  

In t h e  n o r t h e r n  C h i h u a h u a n  d e s e r t ,  E t t e r s h a n k  e t  a l .  ( 1 9 7 8 )  r e p o r t e d  l a r g e  
i n c r e a s e s  i n  net a b o v e  g r o u n d  p r o d u c t i o n  in t h e  c r e o s o t e b u s h ,  L a r r e a  t r i d e n t a t a  
and a  p e r e n n i a l  g r a s s ,  f l u f f - g r a s s ,  E r i o n e u r o n  p u l c h e l l u m ,  i n  r e s p o n s e  t o  f e r t i l -  
ization with a m m o n i u m  nitrate. W h e n  fertilizer was a p p l i e d  at a  low rate, o n l y  the 
s h a l l o w - r o o t e d  g r a s s  r e s p o n d e d ,  p r o b a b l y  b e c a u s e  t h e  g r a s s  s e q u e s t e r e d  t h e  N 
b e f o r e  l e a c h i n g  c a r r i e d  i t  t o  t h e  r o o t  z o n e  of t h e  s h r u b s .  T h e  n i t r o g e n  l i m i t a -  
tion-water r e l a t i o n s h i p s  studied i n  a  series of water supplementation-fertilization 
studies in t h e  C h i h u a h u a n  d e s e r t  h a s  d o c u m e n t e d  t h a t  n i t r o g e n  availability affects 
b i o m a s s  production of p e r e n n i a l  and a n n u a l  plants and t h e  s p e c i e s  c o m p o s i t i o n  of 
a n n u a l  p l a n t  c o m m u n i t i e s  ( G u t i e r r e z  a n d  W h i t f o r d ,  1 9 8 7 ;  F i s h e r  e t  a l . ,  1 9 8 8 ;  
G u t i e r r e z  e t  a l . ,  1 9 8 8 ) .  N i t r o g e n  f e r t i l i z a t i o n  d o e s  n o t  r e s u l t  i n  i n c r e a s e d  p r o d u c -  
tivity of l o n g - l i v e d  p e r e n n i a l  d e s e r t  g r a s s e s .  I r r i g a t i o n  r e s u l t e d  i n  h i g h e r  b i o m a s s  
p r o d u c t i o n  i n  b l a c k - g r a m a ,  B o u t e l o u a  e r i o p o d a ,  a n d  a l s o  a f f e c t e d  f l o w e r i n g ,  
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236 Ecology of Desert Systems 

tiller mortality, a n d  i n s e c t  d a m a g e .  N i t r o g e n  f e r t i l i z a t i o n  r e d u c e d  the r o o t  l e n g t h s  
of the grass c l u m p s .  Productivity i n  the B .  e r i o p o d a  desert grassland a p p e a r s  t o  b e  
c l o s e l y  l i n k e d  t o  r a i n f a l l  with n o  t e m p o r a l  l a g s  d u e  t o  n i t r o g e n  i m m o b i l i z a t i o n  
( S t e p h e n s  a n d  W h i t f o r d ,  1 9 9 3 ) .  T h e s e  f i n d i n g s  present a r e a l  d i c h o t o m y  in t h e  
way t h a t  d o m i n a n t  p l a n t  s p e c i e s  affect t h e  e c o s y s t e m  r e s p o n s e s  t o  r a i n f a l l .  

Nitrogen fertilization and irrigation experiments demonstrated that nitrogen avail- 
ability limits productivity if moisture availability i s  high f o r  a complete plant growth 
cycle (James a n d  Jurinak, 1978; Romney et al., 1978). Nitrogen fertilization plus 
supplemental moisture increased in new shoot growth a n d o r  leaf nitrogen content 
above that of unfertilized plants and in s o m e  but not all species of shrubs. Biomass 
production of several species of annual plants was increased by nitrogen fertilization 
(Romney et al., 1978). Fertilization studies of native vegetation i n  the Sahel docu- 
mented the importance of nitrogen and phosphorus in these semiarid systems. �The 
low fertility of the soils, especially in nitrogen and phosphates, i s  often m u c h  more 
a limiting f a c t o r  than the low irregular rainfall� (Penning d e  Vries a n d  Djiteye, 
1982). Soil N and P levels were relatively constant moving f r o m  north to south with 
the result that the quality of the vegetation decreased along a north t o  south gradi- 
ent. T h e  data of Penning d e  Vries and Djiteye (1982) suggested that productivity i n  
t h e  s o u t h e r n  Sahara-Sahel was w a t e r  limited a t  average precipitation of a b o u t  
1 5 0  mm yr-� and by nutrients a t  greater average rainfall amounts (Fig. 9.1). 

Nutrient limitation of productivity i s  well d o c u m e n t e d  i n  t h e  semiarid a n d  arid 
a r e a s  of Australia. Charley a n d  Cowling ( 1  9 6 8 )  found nutrient deficiencies, espe- 
cially nitrogen, limited primary production saltbush desert areas of New S o u t h  
Wales (Charley and Cowling, 1 9 6 8 ) .  T h e y  emphasized the i m p o r t a n c e  of nitrogen 
availability in that s y s t e m .  Several nutrients were found t o  b e  potentially limiting 
in C e n t r a l  A u s t r a l i a n  e c o s y s t e m s .  I n  M i t c h e l l  g r a s s l a n d ,  o p e n  w o o d l a n d ,  a n d  
mulga s h r u b l a n d ,  nitrogen and p h o s p h o r u s  were f o u n d  t o  l i m i t  g r a s s  production. 
O t h e r  nutrients were deficient a n d  affected productivity i n  o n e  o r  m o r e  of t h e  
e c o s y s t e m s  s t u d i e d ,  e . g .  sulfur (Freidel e t  a l . ,  1980). Freidel e t  a l .  ( 1 9 8 0 )  pointed 
o u t  t w o  a d a p t a t i o n s  t h a t  a r e  c o m m o n  i n  e c o s y s t e m s  of low fertility: ( 1 )  conserva- 
tion of n u t r i e n t s  within l i v i n g  p l a n t  m a t e r i a l  a n d  (2) r a p i d  e x t e r n a l  cycling of 
nutrients through litter fall. It i s  important t o  k e e p  these generalizations i n  mind as 
we e x a m i n e  t h e  details of nutrient cycling processes i n  d e s e r t s .  I n  addition t o  the 
direct e v i d e n c e  of increased production with application of fertilizer, o t h e r  studies 
have invoked nutrient limitations t o  a c c o u n t  f o r  reduction in productivity d e s p i t e  
a d e q u a t e  soil m o i s t u r e  availability (Ludwig a n d  Flavill, 1 9 7 9 ;  F l o r e t  e t  al., 1982). 
Of the potential long list of nutrients that could be limiting productivity i n  o n e  o r  
m o r e  arid e c o s y s t e m s ,  nitrogen a n d  p h o s p h o r u s  a r e  m o s t  likely t o  b e  limiting i n  
m o s t  desert e c o s y s t e m s .  Desp i t e  t h e  differences i n  o r i g i n  ( a t m o s p h e r i c  p o o l  v s .  
r o c k  w e a t h e r i n g )  b o t h  nutrients a r e  p r o c e s s e d  by complex biological interactions 
i n  t h e  soil. B e c a u s e  p h o s p h o r u s  i s  a product of r o c k  weathering i t  i s  i n  lower c o n -  
c e n t r a t i o n  in t h e  a n c i e n t  shield-platform deserts than i n  t h e  m o r e  r e c e n t  basin and 
r a n g e  deserts. Desp i t e  these differences, the biological processes a n d  interactions 
with c l i m a t e  a r e  likely t o  b e  similar i n  a l l  subtropical d e s e r t s .  
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Figure 9.1 Relationship between rainfall a n d  potential and actual primary production. T h e  
d i f f e r e n c e  i n  t h e  c u r v e s  i s  d u e  to n u t r i e n t  l i m i t a t i o n s .  F i g u r e  b a s e d  on P e n n i n g  d e  V r i e s ,  
E W. T. and Djit e y e ,  M. A .  (eds) 1982. La productivite d e s  pasturages s a h e l i e n s .  R e p r o d u c e d  
with p e r m i s s i o n  of B a c k h u y s  P u b l i s h e r s  B. V. 

9.2 DECOMPOSITION 

Decomposition is the process that releases nutrient materials held in the structure 
of plant and animal tissues to the soil solution where the nutrients are once again 
potentially available to plants. Since most nutrient elements cycle from soil solu- 
tion t o  plant and back to the soil solution via decomposition, decomposition 
processes are key features of nutrient cycles. Studies in subtropical deserts have 
called attention t o  a number of striking differences in decomposition processes 
between moist temperate and subtropical arid and semiarid systems. 

The decomposition process can be subdivided into two related processes: frag- 
mentation and mineralization. Fragmentation results f r o m  abiotic forces that 
weaken and mechanically fragment large pieces of dead material o r  from biolog- 
ical activities such as comminution (chewing and passing through the gut) and 
lysis by enzymes. I n  mesic systems biological fragmentation i s  most important. 
However, in arid and semiarid e c o s y s t e m s ,  f r a g m e n t a t i o n  by a b i o t i c  means 
appears to be more important than biological activity. Mineralization processes 
involve the conversion of litter fragments into microbial biomass and the eventual 
death and breakdown of that microbial biomass. T h e  breakdown of carbon com- 
pounds to CO, and H,O is a  mineralization process as i s  the deamination of 
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p r o t e i n  a n d  e x c r e t i o n  of a m m o n i a .  S o m e  m i n e r a l i z a t i o n  o c c u r s  at t h e  s a m e  t i m e  
t h a t  b i o l o g i c a l  f r a g m e n t a t i o n  i s  o c c u r r i n g .  

T h e  s p a t i a l  and t e m p o r a l  l i n k a g e  b e t w e e n  f r a g m e n t a t i o n  and m i n e r a l i z a t i o n  
processes is tight in mesic systems: i.e. both processes occur simultaneously i n  these 
systems. In desert ecosystems, fragmentation and mineralization may b e  separated 
both temporally and spatially. T h i s  separation has profound implications for nutrient 
cycling processes and ultimately f o r  soil characteristics in desert ecosystems. Both 
processes of decomposition are affected by biotic and abiotic parameters but t o  dif- 
ferent extents and abiotic effects may be both direct or indirect. Wind, water, heat, and 
light may interact to effect mineralization of some plant compounds (Pauli, 1964). 

I n  t e m p e r a t e  m e s i c  e c o s y s t e m s  t h e r e  a r e  a  n u m b e r  of v a r i a b l e s  t h a t  h a v e  b e e n  
s h o w n  t o  a f f e c t  d e c o m p o s i t i o n .  I n  m e s i c  s y s t e m s  d e c o m p o s i t i o n  r a t e s  v a r y  
d i r e c t l y  a s  a  f u n c t i o n  of a c t u a l  e v a p o t r a n s p i r a t i o n  and inversely w i t h  l i g n i n  c o n -  
c e n t r a t i o n  ( M e e n t e m e y e r ,  1 9 7 8 ) .  P l a n t  m a t e r i a l s  w i t h  low C : N  r a t i o s  d e c o m p o s e  
m o r e  r a p i d l y  than t h o s e  w i t h  h i g h  C : N  r a t i o s .  S o i l  a r t h r o p o d s  a c c e l e r a t e  d e c o m -  
p o s i t i o n  by t r a n s p o r t i n g  s p o r e s  a n d  i n o c u l a t i n g  l i t t e r  w i t h  m i c r o b i a l  s p o r e s ,  and 
c o m m i n u t i o n  ( c h e w i n g  i n t o  s m a l l  f r a g m e n t s )  ( S w i f t  e t  a l . ,  1 9 7 9 ) .  Deco m p o s i t i o n  
p r o c e s s e s  in d e s e r t s  d i f f e r  f r o m  m e s i c  s y s t e m s  i n  t e r m s  of t h e s e  v a r i a b l e s .  A 
general model f o r  decomposition in deserts requires evaluation of t h e  process with 
r e s p e c t  t o  e a c h  of t h e  v a r i a b l e s  i d e n t i f i e d  a s  i m p o r t a n t  f o r  m e s i c  e c o s y s t e m s .  

9.2.1 Sources and Characteristics of Decomposable Material 

L e a v e s  of m o s t  d e s e r t  p l a n t s  a r e  s m a l l  a n d  many have a  w a x y  c u t i c l e .  S i n c e  m o s t  
d e s e r t  v e g e t a t i o n  i s  c o m p o s e d  of a  m i x t u r e  of d r o u g h t  d e c i d u o u s ,  s e a s o n a l l y  
d e c i d u o u s  and evergreen s h r u b s  o r  trees plus grasses a n d  h e r b a c e o u s  p l a n t s ,  there 
i s  a  c o n t i n u o u s ,  but variable quantity of litter i n p u t  i n  m o s t  desert e c o s y s t e m s .  T h e  
c h e m i c a l  a n d  p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  d e a d  p l a n t  m a t e r i a l  a r e  v a r i a b l e s  t h a t  
affect t h e  d e c o m p o s i t i o n  p r o c e s s .  However, s o m e  of t h e  s t r u c t u r a l  c o r r e l a t e s  with 
d e c o m p o s i t i o n  r a t e  l i k e  l i g n i n  c o n t e n t  a n d  carbon-nitrogen r a t i o  of t h e  p l a n t  
m a t e r i a l  d o  not a p p l y  t o  d e s e r t s  ( S c h a e f e r  e t  a l . ,  1985). T h e  l e a v e s  of d e s e r t  
plants f r e q u e n t l y  have high c o n c e n t r a t i o n s  of waxes, volatiles, s a p o n i n s  a n d  e s p e -  
c i a l l y  p h e n o l i c s  in t h e  c u t i c u l a r  a n d  e p i d e r m a l  c e l l s .  L i g n i n  c o n t e n t  of l e a v e s  of 
d e s e r t  plants t h a t  have b e e n  a s s a y e d  varied b e t w e e n  7.9% a n d  1 4 . 6 %  ( S c h a e f e r  e t  
a l . ,  1 9 8 5 ;  S t e i n b e r g e r  a n d  W h i t f o r d ,  1 9 8 8 )  w h i c h  is low c o m p a r e d  t o  o a k  l e a v e s  
and c o n i f e r  n e e d l e s  i n  w h i c h  l i g n i n  c o n t e n t  v a r i e d  b e t w e e n  2 1 %  and 30% ( S w i f t  
e t  a l . ,  1 9 7 9 ) .  T h e  leaves and s t e m s  of t e m p e r a t e  mesic grasses h a d  l i g n i n  c o n t e n t s  
b e t w e e n  1 1 %  a n d  1 4 % .  C a r b o n - n i t r o g e n  r a t i o s  of l e a v e s  of s i x  d e s e r t  p l a n t s  
v a r i e d  b e t w e e n  1 6  a n d  5 2  ( S c h a e f e r  e t  a l . ,  1 9 8 5 ) .  C a r b o n - n i t r o g e n  r a t i o s  of 
t h e  r o o t s  of t w o  a n n u a l  p l a n t s  w e r e  6 5  a n d  70 a n d  f o r  t h e  s h r u b s ,  L .  t r i d e n t a t a  
a n d  Z i n n i a  a c e r o s a  w e r e  2 1  a n d  5 2 ,  r e s p e c t i v e l y  ( W h i t f o r d  e t  a l . ,  1 9 8 7 ) .  
Carbon-nitrogen r a t i o s  of f o u r  s t a n d i n g  d e a d  d e s e r t  g r a s s e s  r a n g e d  f r o m  7  1 . 5  t o  
1 1 5 . 4  ( M o n t a n a  e t  a l . ,  1 9 8 8 ) .  T h e s e  d a t a  i n d i c a t e  t h e  c o n s i d e r a b l e  v a r i a b l i t y  i n  
c h e m i c a l  a n d  s t r u c t u r a l  c o m p o s i t i o n  of d e s e r t  p l a n t  s t r u c t u r e s .  
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T h e  u l t i m a t e  location of p l a n t  litter is probably of g r e a t e r  i m p o r t a n c e  a s  a  
f a c t o r  a f f e c t i n g  d e c o m p o s i t i o n  t h a n  i s  t h e  physical-chemical s t r u c t u r e  of t h e  
litter. B e c a u s e  of the generally s m a l l  s i z e  a n d  h i g h  s u r f a c e  t o  m a s s  r a t i o  o f  d e a d  
leaves, stem fragments, d e a d  floral parts, e t c . ,  t h e s e  materials are easily moved by 
t h e  w i n d .  A s  a  c o n s e q u e n c e ,  l i t t e r  t e n d s  t o  a c c u m u l a t e  u n d e r  s h r u b s ,  a n d  i n  
d e p r e s s i o n s  (DeSo y z a  e t  a l . ,  1 9 9 7 ) .  B e c a u s e  of wind transport, a  s i g n i f i c a n t  f r a c -  
t i o n  of t h e  l i t t e r  i n p u t  i s  b u r i e d  a s  s m a l l  a c c u m u l a t i o n s  i n  s h a l l o w  p i t s  a n d  
d e p r e s s i o n s .  T h e  q u a n t i t i e s  buried vary s e a s o n a l l y  a s  a  f u n c t i o n  of d i g g i n g  activ- 
i t i e s  of a n i m a l s ,  wind, a n d  l i t t e r  f a l l  ( S t e i n b e r g e r  a n d  W h i t f o r d ,  1 9 8 3 ) .  L i t t e r  
b u r i e d  i n  d e p r e s s i o n s  e t c .  i s  e x p o s e d  t o  l o w e r  t e m p e r a t u r e s ,  p r o t e c t e d  f r o m  
i n t e n s e  s o l a r  r a d i a t i o n  a n d  i s  i n  a n  e v a p o r a t i o n - r e t a r d i n g  e n v i r o n m e n t .  T h e  
d e c o m p o s i t i o n  of buried litter and d e a d  r o o t s ,  t h e r e f o r e ,  takes p l a c e  in a  m o r e  
benign microenvironment than surface litter. Physical location thus has a  dramatic 
e f f e c t  o n  the m e c h a n i s m s  of d e c o m p o s i t i o n .  

R o o t s  are the main s o u r c e  of carbon inputs i n t o  desert s o i l s .  R o o t s  o f  a n n u a l  
plants enter t h e  decomposable material pool i n  pulses following periods o f  annual 
plant production. T h e  distribution of m o s t  annual plants is patchy, h e n c e  d e c o m -  
posing annual plant roots are c o n c e n t r a t e d  in p a t c h e s .  T h e  rates of turnover o f  
roots of perennial plants are unknown in deserts. We can a s s u m e  t h a t  d u r i n g  peri- 
ods of rapid growth there i s  production of f i n e  roots that d i e  a n d  d e c o m p o s e .  
Quantitative d a t a  on root turnover in perennials i s  difficult t o  o b t a i n  but may r e p -  
resent a  significant fraction of the materials being cycled in an ecosystem in a  year. 

9.2.2 Rates and Mechanisms of Mass Loss (Surface Litter) 

A s  p o i n t e d  o u t  a b o v e ,  t h e  f a t e  of d e a d  p l a n t  m a t e r i a l  v a r i e s  a s  a  f u n c t i o n  of i t s  
p h y s i c a l - c h e m i c a l  c o m p o s i t i o n  a n d  i t s  p h y s i c a l  l o c a t i o n  i n  t h e  e n v i r o n m e n t .  
M o s t  s t u d i e s  of d e c o m p o s i t i o n  f o c u s  o n  l i t t e r  o n  t h e  s o i l  s u r f a c e .  C o n v e n t i o n a l  
w i s d o m  h o l d s  t h a t  s u r f a c e  l i t t e r  i n  d e s e r t s  s h o u l d  d e c o m p o s e  s l o w l y  i n  b r i e f  
p u l s e s  f o l l o w i n g  r a i n s .  H o w e v e r ,  d e c o m p o s i t i o n  r a t e s  of a  v a r i e t y  of l i t t e r  
t y p e s  i n  s e v e r a l  of t h e  w o r l d � s  d e s e r t s  d e m o n s t r a t e  t h a t  t h i s  i s  not t h e  c a s e .  
S e v e r a l  i n v e s t i g a t o r s  h a v e  s u g g e s t e d  t h a t  d e c o m p o s i t i o n  r a t e s  a r e  r e g u l a t e d  b y  
a c t u a l  e v a p o t r a n s p i r a t i o n  ( A E T )  a n d  c a n  b e  p r e d i c t e d  f r o m  AET. O t h e r  f a c t o r s  
t h a t  a r e  i n c l u d e d  i n  g e n e r a l  m o d e l s  of d e c o m p o s i t i o n  i n c l u d e  C / N  a n d  C / P  
r a t i o s ,  l i g n i n  c o n c e n t r a t i o n s ,  a n d  l i g n i n / N  a n d  l i g n i n / P  r a t i o s .  A t  a  g l o b a l  s c a l e  
( e x c l u d i n g  d a t a  f r o m  d e s e r t  r e g i o n s )  c l i m a t e  e x p r e s s e d  a s  A E T  was t h e  b e s t  
p r e d i c t o r  f o r  d e c o m p o s i t i o n  c o n s t a n t s  ( k  v a l u e s )  ( A e r t s ,  1 9 9 7 ) .  I n  t h e  s e m i a r i d  
M e d i t e r r a n e a n  r e g i o n ,  t h e  l i g n i n / N  r a t i o  w a s  t h e  b e s t  c h e m i c a l  p r e d i c t o r  o f  
l i t t e r  d e c o m p o s i t i o n .  

Deco m p o s i t i o n  rates i n  mesic e n v i r o n m e n t s  can b e  p r e d i c t e d  by a  regression 
m o d e l  t h a t  i n c o r p o r a t e s  a c t u a l  e v a p o t r a n s p i r a t i o n  a n d  l i g n i n  c o n t e n t  
(Meentemeyer, 1 9 7 8 ) .  T h a t  m o d e l  h a s  t h e  f o r m  

Yl = 1 . 3 1 3 6 9  + 0.05350X1 + 0.18472X2 
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w h e r e  Y ,  i s  m a s s  l o s s  (%), X ,  i s  a c t u a l  e v a p o t r a n s p i r a t i o n  ( m m )  and X ,  i s  a c t u a l  
e v a p o t r a n s p i r a t i o n  ( m m )  d i v i d e d  by l i g n i n  c o n t e n t  i n  p e r c e n t  d r y  m a s s .  

T h e  A E T  m o d e l  m a r k e d l y  u n d e r e s t i m a t e s  m a s s  l o s s  i n  d e s e r t s .  T h a t  u n d e r e s -  
t i m a t e  w a s  a t t r i b u t e d  t o  t h e  r e l a t i v e  i n d e p e n d e n c e  of d e s e r t  s o i l  f a u n a  f r o m  
c o n s t r a i n t s  i m p o s e d  by dry, h o t  s u r f a c e  e n v i r o n m e n t s  ( W h i t f o r d  e t  a l . ,  1 9 8 1 ) .  
T h e r e  was a  s l i g h t  p o s i t i v e  not n e g a t i v e  c o r r e l a t i o n  b e t w e e n  l i g n i n  c o n t e n t  and 
m a s s  loss a n d  n o  r e l a t i o n s h i p  b e t w e e n  A E T  a n d  m a s s  l o s s .  H i g h  m i d - d a y  tem- 
p e r a t u r e  and i n t e n s e  u l t r a v i o l e t  r a d i a t i o n  c h a r a c t e r i s t i c  of h i g h  e l e v a t i o n  d e s e r t  
r e g i o n s  may have c o m b i n e d  t o  p r o d u c e  p h o t o o x i d a t i o n  of l i g n i n s  a n d  o t h e r  c o m -  
plex m o l e c u l e s  ( S c h a e f e r  e t  a l . ,  1 9 8 5 ) .  

T h e  e a r l i e s t  s u g g e s t i o n  t h a t  t h e  h i g h  t e m p e r a t u r e s  a n d  i n t e n s e  u l t r a v i o l e t  l i g h t  
c o u l d  b e  s i g n i f i c a n t  i n  t h e  b r e a k d o w n  of o r g a n i c  m a t t e r  i n  d e s e r t s  w a s  by P a u l i  
( 1 9 6 4 ) .  S u n l i g h t  a t  w a v e l e n g t h s  of 280-400 n m  has sufficient e n e r g y  t o  c a t a l y z e  
o x i d a t i o n s  a n d  r e d u c t i o n s ,  e s p e c i a l l y  of c y c l i c  c o m p o u n d s  l i k e  p h e n o l i c s .  
A p p r o x i m a t e l y  1 5 %  m a s s  l o s s  was m e a s u r e d  i n  g r a s s  l e a v e s  and s h r u b  leaves 
t r e a t e d  w i t h  m e c u r i c  c h l o r i d e  t o  e l i m i n a t e  a l l  b i o t a  i n  s h o r t  g r a s s  p r a i r i e  a n d  
C h i h u a h u a n  d e s e r t  r e s p e c t i v e l y  (Vossbrinck e t  a l . ,  1 9 7 9 ;  M a c K a y  e t  a l . ,  1 9 9 4 ) .  
P h o t o o x i d a t i o n  of s t r u c t u a l  m a t e r i a l s  w h i c h  w e a k e n s  l e a v e s  p r o d u c e s  c o n d i t i o n s  
w h e r e  r a i n d r o p  i n p a c t  will s h a t t e r  p i e c e s  f r o m  t h e  l e a v e s .  T h i s  s c e n a r i o  i s  c o n -  
s i s t e n t  w i t h  t h e  r e s u l t s  of s e v e r a l  s t u d i e s  of m a s s  l o s s e s  of m a t e r i a l s  o n  t h e  s o i l  
s u r f a c e  i n  a  d e s e r t  ( M o o r h e a d  a n d  R e y n o l d s ,  1 9 8 9 ) .  T h e  c o n t r i b u t i o n  of a b i o t i c  
f a c t o r s  s u c h  a s  h i g h  t e m p e r a t u r e s  and s u n l i g h t  i s  s u p p o r t e d  by d a t a  o n  g r a s s  
d e c o m p o s i t i o n  r a t e s  w h i c h  w e r e  relatively c o n s t a n t  o v e r  t i m e  and i n d e p e n d e n t  of 
t e m p e r a t u r e  a n d  m o i s t u r e .  L i t t e r  C : N  r a t i o s  r e m a i n e d  c o n s t a n t  d u r i n g  t h e  s t u d y  
w h e n  m a s s  l o s s e s  w e r e  4 0 %  a n d  8 0 %  f o r  t h e  g r a s s e s  Sporobolus a i r o i d e s  and 
H i l a r i a  m u t i c a  respectively ( M o n t a n a  e t  a l . ,  1 9 8 8 ) .  

P h o t o d e g r a d a t i o n  a n d  f r a g m e n t a t i o n  by i n t e r m i t t e n t  r a i n f a l l  c a n  p r o d u c e  t h e  
h i g h  d e c o m p o s i t i o n  r a t e s  r e p o r t e d  f o r  m a s s  l o s s  f r o m  s u r f a c e  l i t t e r  i n  d e s e r t s  
(Table 9 . 1 ) .  T h e r e  i s  a  g r o w i n g  b o d y  of e v i d e n c e  t h a t  p h o t o d e g r a d a t i o n  c a n  b e  a  
m a j o r  f a c t o r  in t h e  d e c o m p o s i t i o n  of p l a n t  m a t e r i a l s .  A  r e c e n t  e m p i r i c a l  s t u d y  
r e p o r t e d  t h a t  UV-B d e c r e a s e d  t h e  p r o p o r t i o n  of l i g n i n  i n  p l a n t  r e s i d u e s ,  s u p -  
p r e s s e d  m i c r o b i a l  r e s p i r a t i o n ,  a n d  c h a n g e d  t h e  d e c o m p o s e r  f u n g a l  c o m m u n i t y  
s t r u c t u r e  ( G e h r k e  e t  a l . ,  1 9 9 5 ) .  H i g h  a m o u n t s  of UV-B r a d i a t i o n  r e a c h  t h e  soil 
s u r f a c e  i n  low- and m i d - l a t i t u d e  deserts and t h a t  radiation c o m b i n e d  w i t h  t h e  h i g h  
s u r f a c e  t e m p e r a t u r e s  makes the abiotic b r e a k d o w n  h y p o t h e s i s  a  r e a s o n a b l e  expla- 
n a t i o n  of t h e  h i g h  r a t e s  of d e c o m p o s i t i o n  r e c o r d e d  i n  s u c h  d e s e r t s .  T h i s  a l s o  
e x p l a i n s  the h i g h  n e g a t i v e  c o r r e l a t i o n  b e t w e e n  d e c o m p o s i t i o n  r a t e s  a n d  i n i t i a l  
l i g n i n  c o n t e n t  r e p o r t e d  by S c h a e f e r  e t  a l .  ( 1 9 8 5 ) .  

C o r r e l a t i o n s  of s u r f a c e  l i t t e r  d i s a p p e a r a n c e  a n d  r a i n f a l l  ( S t r o j a n  e t  a l .  1 9 8 7 )  
a r e  partially t h e  r e s u l t  of b i o l o g i c a l  activity b u t  a l s o  t h e  r e s u l t  of r a i n d r o p  i m p a c t  
f r a g m e n t i n g  t h e  m a t e r i a l  a f t e r  t h e  s t r u c t u r a l  l i g n i n  h a s  b e e n  b r o k e n  d o w n  by 
p h o t o d e c o m p o s i t i o n .  R a i n f a l l  c a u s e s  f r a g m e n t a t i o n  of s t r u c t u r a l l y  w e a k e n e d  
m a t e r i a l  ( S t e i n b e r g e r  and W h i t f o r d ,  1 9 8 8 ) .  T h u s  t h e  m e c h a n i s m s  involved i n  sur- 
f a c e  l i t t e r  b r e a k d o w n  i n v o l v e  p h o t c h e m i c a l  l y s i s  of l i g n i n  f o l l o w e d  by p h y s i c a l  
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Table 9.1 
Annual Rates of Decomposition of Plant Litter a n d  R o o t s  i n  Various L a n d s c a p e  Positions, a n d  Deserts Around t h e  World 

Location M a s s  loss Reference 

tridentata (shrub) leaf litter 
mixed 

tridentata leaf l i t t e r  (buried) 

tridentata leaf l i t t e r  (buried) 

tridentata leaf l i t t e r  (shrub) 
tridentata leaf litter (shrub) 

dumosa above-ground litter (shrub) 
tridentatu leaf l i t t e r  (shrub) 

h a w a r d i i  leaf l i t t e r  (shrub) 
whole p l a n t  (annual) buried 

scoparia litter ( s h r u b )  buried 
whole p l a n t  - surface 

scoparia litter 
litter (annual grass) 

dumosa l i t t e r  (shrub) 
tridentata litter 
pallidum leaf litter (shrub) 
( E r i o n e u r o n )  p u l c h e l l a  (grass) (foliage) 
multirudiata ( a n n u a l )  s t e m s  a n d  leaves 

g l a n d u l o s a  ( s h r u b )  leaves 
tridentata litter ( s h r u b )  

obtusum l i t t e r  (perennial grass) 
leaves ( p e r e n n i a l  monocot) 

Zinearis litter (riparian shrub) 

B u r i e d ,  bajada, New Mexico 
Flooded e p h e m e r a l  lake, 
New M e x i c o  watershed 
Mojave Desert, southern Nevada 

Colorado Dese r t ,  California and 
S o n o r a n  Dese r t ,  Arizona 
C h i h u a h u a n  Dese r t  watershed 
Mojave Dese r t  b a j a d a  
Mojave Desert b a j a d a  
Chihuahuan Dese r t ,  basin 
C h i h u a h u a n  Dese r t  c o p p i c e  d u n e s  
Negev Desert, I s r a e l  
Negev Desert, I s r a e l  
Negev Dese r t ,  Israel 
Negev Desert, I s r a e l  
Irrigated - c o n t r o l  various locations 
on watershed, Negev Desert 
Mojave Dese r t  b a j a d a  
Mojave Dese r t  b a j a d a  
Mojave Dese r t  b a j a d a  
Upper b a j a d a ,  N e w  Mexico 
M i d - s l o p e  b a j a d a ,  New M e x i c o  
Lower-slope b a j a d a ,  New Mexico 
Five locations - watershed, New M e x i c o  
E p h e m e r a l  l a k e  b a s i n ,  New M e x i c o  
Bajada, C h i h u a h u a n  Desert 
Ephemeral s t r e a m  margin, New M e x i c o  

6 0 % b  
55% 
1  mo.h 
38% 
6 mo.b 
4 3 ~ l 8 % ~  

47-58%a 
4 3 % a  

93%a,C 
2 0 % �  
8 5 % �  
4 0 % b  
25%a 
35%� 
20-35%� 

5 8 % �  
43%� 
63%� 
62%� 
5 8 % a  
46%a 
53-65%� 
3 8 % �  
6 4 % a  
7 7 % �  

S a n t o s  and Whitford (1981) 
MacKay e t  a l .  (1992) 

S a n t o s  e t  a l .  (1984) 

S a n t o s  et a l .  (1984) 

Cepeda-Pizarro a n d  Whitford 
Strojan e t  a l .  (1987) 
Strojan e t  a l .  (1987) 
E l k i n s  e t  a l .  ( 1  9 8 2 )  
E l k i n s  e t  a l .  (1982) 
Steinberger and Whitford (1988) 
Steinberger and Whitford (1988) 
Steinberger a n d  Whitford (1988) 
Steinberger a n d  W h i t f o r d  ( 1  
Steinberger a n d  Whitford (1988) 

Strojan e t  a l .  ( 1  9 8 7 )  
Strojan et a l .  (1987) 
Strojan et a l .  (1987) 
Cepeda-Pizarro a n d  Whitford 
C e p e d a - P i z a r r o  and Whitford 
Cepeda-Pizarro a n d  Whitford 
C e p e d a - P i z a r r o  and Whitford 
Cepeda-Pizarro a n d  Whitford 
S c h a e f e r  e t  a l .  ( 1  9 8 5 )  
S c h a e f e r  et a l .  (1 9 8 5 )  
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Table 9.1 - continued 

Location M a s s  loss Reference 

glandulosa litter (shrub) 
tridentata litter 

cernua litter (shrub) 
l i t t e r  

(subshrub) roots 
tridentata (shrub) roots 
multiradiata (annual) r o o t s  
wislizenii (annual) roots 
obtusum (grass) r o o t s  

eriopoda (grass) roots 
( E r i o n e u r o n )  pulchella (grass) roots 

airoides (grass) 

sarothrae (subshrub) roots 

repanda (shrub) 
semibaccata (shrub) 
nummularia ( s h r u b )  

l i t t e r  - buried (annual) 
litter 

Bajada, New Mexico 
Bajada, New Mexico 
Bajada, New M e x i c o  
Bajada, New M e x i c o  
Bajada, New Mexico watershed 
Bajada, New M e x i c o  watershed 
B a j a d a ,  New Mexico watershed 
Bajada, New M e x i c o  watershed 
E p h e m e r a l  lake, buried 
Piedmont toe s l o p e ,  buried 
Various locations on watershed 
Drai n a g e  basin 
Dese r t  plain, Judean Desert, Israel 
Various locations o n  watershed, 
New Mexico 
B a j a d a  - C h i l e  
B a j a d a  - C h i l e  
B a j a d a  - C h i l e  
J u d e a n  Desert, Israel 
Judean Desert, Israel 

31%� 
3 5 % a  
41%� 
62%a 
45 %b 

45 %b 

89%b 
87%b 
20%b 
38%b 
21-3 l % b  
50%� 
16-22%� 
2 3 4 3 % b  

18%a 
11%� 
16%a 
6 0 4 5 % b  
20%-40%a 

Schaefer et a l .  (1985) 

S c h a e f e r  et a l .  (1985) 
S c h a e f e r  e t  a l .  (1985) 

Whitford et a l .  (1987) 

Mun a n d  Whitford (1998) 

S c h a e f e r  e t  a l .  (1985) 

Whitford et a l .  (1987) 

Whitford et a l .  (1987) 
Whitford et a l .  (1987) 

M u n  a n d  Whitford (1998) 
Mun a n d  W h i t f o r d  (1998) 
M o n t a n a  e t  a l .  (1988) 
Steinberger e t  a l .  (1990) 
M u n  a n d  Whitford (1998) 

C e p e d a - P i z a r r o  ( 1  993) 
C e p e d a - P i z a r r o  (1993) 
C e p e d a - P i z a r r o  ( I  993) 
H a m a d i  e t  a l .  (2000) 
H a m a d i  e t  a l .  (2000) 

r a t e s  of l i t t e r  on the s o i l  surface. 
of buried litter. 
by termites during a 3-month period a t  t h e  e n d  of the growing season. 

 EBSCOhost - printed on 4/20/2021 12:11 PM via DONA ANA COMM COLLEGE. All use subject to https://www.ebsco.com/terms-of-use



Decomposition and Nutrient Cycling 243 

f r a g m e n t a t i o n  by r a i n f a l l .  B r e a k d o w n  by m i c r o b i a l  e n z y m e s  i s  o b v i o u s l y  l i m i t e d  
t o  t h o s e  brief p e r i o d s  w h e n  l i t t e r  a n d  s o i l  a r e  m o i s t  a n d  s o i l  t e m p e r a t u r e s  a r e  
m o d e r a t e .  B i o l o g i c a l  d e c o m p o s i t i o n  of s u r f a c e  m a t e r i a l s  i s  t h e r e f o r e  s p o r a d i c  
a n d  b r i e f .  

M e a s u r e m e n t  of m a s s  l o s s  c a n n o t  d i s t i n g u i s h  b e t w e e n  f r a g m e n t a t i o n  and m i n -  
e r a l i z a t i o n .  However, if m a s s  l o s s  i s  a  f u n c t i o n  of b i o l o g i c a l  activity, t h e r e  s h o u l d  
b e  a  r e l a t i o n s h i p  b e t w e e n  f r e q u e n c y  a n d  d u r a t i o n  of l i t t e r  w e t t i n g  a n d  m a s s  l o s s  
s i n c e  g r o w t h  a n d  a c t i v i t y  of m i c r o o r g a n i s m s  r e q u i r e s  m o i s t  e n v i r o n m e n t s .  
E x p e r i m e n t s  d e s i g n e d  t o  e x a m i n e  this q u e s t i o n  by p r o v i d i n g  s u p p l e m e n t a l  w a t e r  
by s p r i n k l e r  i r r i g a t i o n  h a v e  s h o w n  t h a t  t h e r e  i s  n o  c l e a r  r e l a t i o n s h i p  b e t w e e n  
q u a n t i t y  a n d  f r e q u e n c y  of r a i n f a l l  a n d  m a s s  l o s s  ( W h i t f o r d  e t  a l . ,  1 9 8 6 ;  M a c k a y  
e t  a l . ,  1 9 8 7 ;  Steinberger a n d  W h i t f o r d ,  1 9 8 8 ) .  Adding 305 m m  yr-' t o  t h e  230 m m  
a n n u a l  t o t a l  h a d  n o  s i g n i f i c a n t  e f f e c t  o n  m a s s  l o s s e s  n o r  d i d  f r e q u e n t  p u l s e s  
( W h i t f o r d  e t  a l . ,  1 9 8 6 ) .  W h e n  l i t t e r  w a s  p l a c e d  i n  t h e  field d u r i n g  a n  e x t e n d e d  d r y  
p e r i o d ,  i r r i g a t e d  l i t t e r  l o s t  m a s s  f a s t e r  t h a n  n o n i r r i g a t e d  litter. T h e  r a t e s ,  however, 
w e r e  e q u a l  t h e r e a f t e r  ( F i g .  9 . 2 ) .  F u r t h e r  i n s i g h t s  i n t o  this p r o c e s s  w e r e  g a i n e d  i n  
i r r i g a t i o n  e x p e r i m e n t s  i n  t h e  Negev, I s r a e l .  I n  t h e  Negev, t h e  p r o b a b i l i t y  of r a i n -  
f a l l  i n  t h e  s u m m e r  m o n t h s  of M a y - S e p t e m b e r  i s  e s s e n t i a l l y  z e r o .  A l t h o u g h  
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Figure 9.2 T h e  effect of artificial d r o u g h t  and irrigation o n  decomposition of surface 
litter and buried roots i n  a  cresotebush, L a r r e a  t r i d e n t a t a ,  shrubland. (From Whitford e t  a l . ,  
1 9 9 5 . )  With kind permission f r o m  Kluwer Academic P u b l i s h e r s .  
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i r r i g a t i o n  a d d e d  c o n s i d e r a b l e  w a t e r  and k e p t  s o i l s  and l i t t e r  w e t  f o r  l o n g e r  p e r i -  
o d s ,  t h e r e  w e r e  n o  d e t e c t a b l e  i r r i g a t i o n  e f f e c t s  d u r i n g  t h e  n o r m a l  winter-spring 
� r a i n y  p e r i o d � .  I r r i g a t i o n  i n c r e a s e d  m a s s  l o s s e s  d u r i n g  t h e  r a i n l e s s  s u m m e r  
( S t e i n b e r g e r  a n d  W h i t f o r d ,  1 9 8 8 ) .  

A l t h o u g h  r a i n f a l l  s u p p l e m e n t a t i o n  e x p e r i m e n t s  p r o v i d e  s o m e  i n s i g h t s  i n t o  
how c l i m a t e  variation affects d e c o m p o s i t i o n ,  imposition of d r o u g h t  i s  e s s e n t i a l  t o  
really u n d e r s t a n d  climate-decomposition r e l a t i o n s h i p s .  � R a i n - o u t �  s h e l t e r s  c o n -  
structed of s t e e l  f r a m e s  with g r e e n h o u s e  plastic roofs w e r e  used i n  several studies 
i n  t h e  C h i h u a h u a n  Dese r t .  T h e s e  s t u d i e s  d e m o n s t r a t e d  t h a t  t h e  i m p o s i t i o n  of 
d r o u g h t  r e s u l t e d  i n  a  m a r k e d  d e c r e a s e  i n  a v e r a g e  l i t t e r  i n p u t s  ( 4 5  g  p e r  t r a p  c o m -  
p a r e d  t o  83 g  p e r  t r a p  i n  y e a r  1 ,  a n d  7 2  g  p e r  t r a p  c o m p a r e d  t o  1 1 2  g  p e r  t r a p  i n  
year 2  in droughted p l o t s  and c o n t r o l s ,  respectively). Imposition of d r o u g h t  had n o  
e f f e c t  o n  t h e  r a t e s  of d e c o m p o s i t i o n  of c r e o s o t e b u s h  leaf l i t t e r  o n  t h e  s o i l  s u r f a c e  
( F i g .  9 . 2 ) .  However, d e c o m p o s i t i o n  r a t e s  of roots of a  p e r e n n i a l  h e r b  w e r e  s i g -  
nificantly r e d u c e d  by i m p o s e d  d r o u g h t  but not by i r r i g a t i o n  ( F i g .  9 . 2 ) .  

9.2.3 Spatial Variation 

Variation in m i c r o c l i m a t e  a n d  p h y s i c o c h e m i c a l  s o i l  p r o p e r t i e s  r e s u l t i n g  f r o m  
t o p o g r a p h i c  p o s i t i o n  a n d  v e g e t a t i v e  c o v e r  c a n  p r o d u c e  d i f f e r e n t  p a t t e r n s  of 
d e c o m p o s i t i o n ,  m i n e r a l i z a t i o n  a n d  s o i l  o r g a n i c  m a t t e r  a c c u m u l a t i o n  ( S e a s t e d t ,  
1 9 8 4 ) .  I n  a s t u d y  of s u r f a c e  l i t t e r  d e c o m p o s i t i o n  at s e v e r a l  l o c a t i o n s  o n  a  d e s e r t  
w a t e r s h e d ,  t h e r e  w e r e  n o  d i f f e r e n c e s  i n  i n i t i a l  r a t e s  of m a s s  l o s s  ( k , )  a c r o s s  t h e  
r a n g e  of l o c a t i o n s  o n  t h e  w a t e r s h e d .  T h e r e  w e r e  d i f f e r e n c e s  i n  a v e r a g e  r a t e s  of 
m a s s  l o s s  a m o n g  l o c a t i o n s  i n  t h e  s e c o n d  p h a s e  of d e c o m p o s i t i o n  ( k J .  H i g h e s t  
r a t e s  of d e c o m p o s i t i o n  w e r e  r e c o r d e d  f o r  a  r u n - o n  a r e a  at t h e  b a s e  of t h e  w a t e r -  
s h e d .  T h e  l o w e s t  r a t e s  of d e c o m p o s i t i o n  w e r e  r e c o r d e d  i n  t h e  d r y  l a k e  b a s i n  o n  
f i n e  t e x t u r e d  c l a y  s o i l s  ( C e p e d a - P i z a r r o  and W h i t f o r d ,  1 9 9 0 ) .  T h e  h i g h  r a t e s  of 
d e c o m p o s i t i o n  i n  t h e  r u n - o n  a r e a  w e r e  a t t r i b u t e d  to p a r t i a l  o r  c o m p l e t e  b u r i a l  of 
the litter bags by water-transported soil. T h e  low rates of d e c o m p o s i t i o n  measured 
i n  t h e  dry l a k e  basin w e r e  attributed t o  t h e  extremely low infiltration of water i n t o  
t h o s e  s o i l s  a n d  s h a d i n g  by t h e  d e n s e  g r a s s  cover. 

I n  c o n t r a s t  t o  s u r f a c e  l i t t e r ,  d e c o m p o s i t i o n  of r o o t s  o n  t h e  s a m e  w a t e r s h e d  
y i e l d e d  n o  s i g n i f i c a n t  d i f f e r e n c e s  a m o n g  s i t e s ,  e x c e p t  f o r  t h e  dry l a k e  b a s i n ,  o n  
t h e  s a m e  w a t e r s h e d  w h e r e  t h e  s u r f a c e  l i t t e r  s t u d i e s  w e r e  c o n d u c t e d .  T h e r e  w e r e  
n o  s i g n i f i c a n t  d i f f e r e n c e s  i n  d e c o m p o s i t i o n  r a t e s  of r o o t s  i n  n i t r o g e n  f e r t i l i z e d  
s o i l s  a n d  in u n f e r t i l i z e d  s o i l s  ( M u n  and W h i t f o r d ,  1 9 9 8 ) .  T h e  s p a t i a l  d i f f e r e n c e s  
in m a s s  l o s s  r a t e s  in t h e  d r y  l a k e  w e r e  a t t r i b u t e d  t o  t h e  h i g h  c l a y  c o n t e n t  s o i l s  of 
t h e  l a k e  basin w h i c h  r e d u c e d  water availability a n d  to t h e  a b s e n c e  of t e r m i t e s  i n  
t h e  l a k e  b a s i n .  T h e r e f o r e ,  i t  a p p e a r s  t h a t  t o p o g r a p h i c  p o s i t i o n  a n d  soil t e x t u r a l  
c h a r a c t e r i s t i c s  have l i t t l e  e f f e c t  o n  d e c o m p o s i t i o n  p r o c e s s e s  e x c e p t  w h e n  l a n d -  
s c a p e  p o s i t i o n  r e s u l t s  i n  l i t t e r  b u r i a l  o r  w h e r e  f i n e  t e x t u r e  s o i l s  a f f e c t  t h e  
c o m p o s i t i o n  of t h e  soil f a u n a .  
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9.2.4 Decomposition of Buried Litter and Roots 

L i t t e r  t h a t  i s  b u r i e d  i n  t h e  s o i l  d e c o m p o s e s  m o r e  r a p i d l y  t h a n  s u r f a c e  l i t t e r  a n d  i s  
p r i m a r i l y  a  b i o l o g i c a l  p r o c e s s  ( S a n t o s  e t  a l . ,  1 9 8 1 ;  E l k i n s  a n d  W h i t f o r d ,  1 9 8 2 ;  
Parker e t  a l . ,  1 9 8 4 ) .  Deco m p o s i t i o n  r a t e s  of b u r i e d  l i t t e r  varies inversely w i t h  i n i -  
t i a l  l i g n i n  c o n t e n t  a n d  C : N  r a t i o .  T h e  c h e m i c a l  c h a n g e s  i n  d e c o m p o s i n g  b u r i e d  
l i t t e r  a r e  t h e  s a m e  as t h o s e  r e p o r t e d  f o r  f o r e s t  l i t t e r  ( B e r g  e t  a l . ,  1 9 8 4 ) .  T h e  e a r l y  
s t a g e s  of b u r i e d  l i t t e r  d e c o m p o s i t i o n  involves l o s s e s  of s o l u b l e  m a t e r i a l s  a n d  
h o l o c e l l u l o s e  but e s s e n t i a l l y  n o  c h a n g e  i n  t h e  l i g n i n .  N i t r o g e n  i m m o b i l i z a t i o n  
o c c u r s  i n  t h e  e a r l y  s t a g e s  of b u r i e d  l i t t e r  d e c o m p o s i t i o n  a s  t h e  m i c r o b i a l  b i o m a s s  
g r o w i n g  o n  t h e  l i t t e r  i n c r e a s e s  ( P a r k e r  e t  a l . ,  1 9 8 4 ) .  

T h e  biotic regulation of decomposition of buried materials was clearly docu- 
m e n t e d  i n  s t u d i e s  i n  t h e  h y p e r a r i d  N a m i b i a n  s a n d  s e a ,  s o u t h w e s t e r n  A f r i c a .  
Decomposition of cellulose (cotton cloth and filter paper) buried at 10 c m  d e p t h  
occurred i n  pulses following rain events. About 8 4 %  ( r a n g e  64.7-97.2%) of the 
original mass was l o s t  following rains of 9  m m  o r  greater (Jacobson and J a c o b s o n ,  
1 9 9 8 ) .  M a s s  loss during a  dry period was only 8.2% (range 0-16.7%). Most s u b -  
s t r a t e s  w e r e  c o l o n i z e d  by f u n g i .  T e r m i t e s  a n d  t e n e b r i o n i d  b e e t l e  l a r v a e  w e r e  
recorded as feeding o n  the fungus-colonized substrates. In hyperarid systems where 
soils a r e  too dry to support growth of fungi and activity of microarthropods, rainfall 
i s  t h e  trigger that stimulates episodic periods of h i g h  rates of decomposition. T h e  
episodic pulses of d e c o m p o s i t i o n  result f r o m  rapid growth of f u n g i  and activity of 
soil mesofauna and macrofauna that f e e d  o n  f u n g i  a n d  f u n g a l  modified cellulose. 

Considering that t h e  recalcitrant materials i n  surface litter are rapidly destroyed 
by photodecomposition and that only a  fraction of t h e  litter i s  buried, it i s  obvious 
that t h e  largest contribution to t h e  recalcitrant soil organic c a r b o n  pool i s  t h a t  of 
decomposing roots. Roots vary considerably i n  initial lignin content (approximately 
17% f o r  roots of an annual plant, 24% f o r  roots of a  woody s h r u b ,  and 27-29% f o r  
roots of several grasses. Decomposition rates of roots were inversely related to the 
initial lignin content and also t o  the initial nitrogen content which were lower in the 
roots of grasses than i n  t h e  o t h e r  species e x a m i n e d  ( M u n  and Whitford, 1 9 9 8 ) .  

Decomposition rates of roots in the Chihuahuan Desert were equal to o r  higher 
than t h o s e  reported for decomposing roots i n  mesic ecosystems (Whitford e t  a l . ,  
1 9 8 8 ) .  Rates of decomposition of roots of woody shrubs and of herbaceous annuals 
were not affected by supplemental irrigation. T h e  absence of an irrigation effect was 
attributed t o  t h e  relatively �average� rainfall during t h e  time that decomposition was 
measured. Average annual mass losses f r o m  woody roots ( 4 0 % )  were considerably 
l o w e r  t h a n  t h e  a v e r a g e  a n n u a l  m a s s  l o s s e s  f r o m  r o o t s  of h e r b a c e o u s  a n n u a l s  
(85-90%) which was related to t h e  lignin content of the roots and t o  t h e  suscepti- 
bility of herbaceous roots to attack by subterranean termites. Simulated drought 
reduced the mass l o s s  f r o m  roots of an herbaceous perennial f r o m  an average mass 
loss of 80% t o  an average mass loss of 50% (Whitford et a l . ,  1 9 9 5 ;  Fig. 9 . 3 ) .  T h e  
roots of the woody shrubs retained relatively constant C : N  ratios through t h e  exper- 
iment indicating little if any nitrogen immobilization. T h e  C : N  ratios of the roots of 
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Figure 9.3 Comparison of effects of irrigation o n  the decomposition of buried roots (From 
Whitford e t  a l . ,  1988.) With permission of Springer-Verlag GmbH & C o  KG. 

annuals decreased by an average of 28 after 4 months indicating that microbial bio- 
mass on the roots of the annuals had immobilized a large amount of soil nitrogen. 

The changes in carbon chemistry of decomposing roots in a desert are similar to 
those of decomposing roots in mesic forests and in mesic grasslands (McClaugherty 
e t  a l . ,  1984). T h e  percentage composition of nonpolar compounds and water- 
soluble compounds i n  decomposing roots of all species dropped to approximately 
20% of their original concentration w i t h i n  the first year (Mun and Whitford, 1998). 
The rapid decrease in these compounds i s  probably the result of rapid colonization 
of roots by bacteria and fungi and the subsequent rapid metabolism of these easily 
metabolizable compounds. The acid-soluble compounds are more recalcitrant than 
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the nonpolar and water-soluble compounds and these decreased by only 10% of 
their original concentration at the end of the first year and to between 10% and 25% 
(depending on the species) after 42 months of decomposition. The relative concen- 
tration of lignin increased during the decomposition of roots and there were marked 
increases in the relative concentration of nitrogen in the roots of an annual but nitro- 
gen immobilization in decomposing roots of woody plants did not occur until after 
24 months of decomposition (Mun and Whitford, 1998). The evidence from changes 
in chemistry of decomposing roots and of buried litter supports the conclusion that 
decomposing roots are the principal source of recalcitrant carbon in desert soils. 

9.2.5 The Role of Microfauna in Decomposition and Mineralization 

The soil microfauna have been shown to play a major role in decomposition 
processes in mesic temperate ecosystem (Swift e t  al., 1979; Seastedt, 1984). The 
soil microfauna in arid systems is nearly as diverse as the soil microfauna of mesic 
soils (Wallwork, 1982). In order to adequately address the role of soil biota in 
decomposition, i t  is necessary to distinguish between the plant litter, dung, wood, 
etc., exposed to the intense light and heat of the soil surface and the litter, litter 
fragments and dead roots at varying depths below the soil surface. 

Organic materials on the soil surface have microclimatic conditions conducive 
to microbial growth and activity of soil microflora for brief periods at night and 
for slightly longer periods following rains (Whitford, 1989). However, the micro- 
mesofauna appear to have virtually no effect on the rates of mass loss from 
surface litter (Silva e t  a l . ,  1985; MacKay e t  a l . ,  1987). 

Some plant litter is buried in pits produced by animals and an unknown frac- 
tion of the surface leaf litter is mixed into the surface soil as small fragments. The 
microclimate in the soil, even as shallow as 1 cm depth, is very much modified 
compared to surface conditions. The moderate soil temperatures and high humid- 
ity i n  the s o i l  interstices, produces microclimates that allow s o m e  
microarthropods to remain active even in soils with water potentials lower than 
-6.0 MPa (Whitford, 1989). In soils with water potentials lower than -3.0 MPa 
most of the soil protozoans are encysted, the nematodes are in a state of anhy- 
drobiosis as are the collembolans and some of the soil acari. The active mesofauna 
in dry soils are soil acari. There are some species of soil acari that remain active 
in soils as dry as -6.0 MPa and some species that enter a cryptobiotic (inactive) 
state in dry soils (Whitford, 1989). In desert soils the complete soil micro- and 
mesofaunal community is involved in decomposition and mineralization only 
during periods when the soil is moist. Rainfall regulates decomposition and min- 
eralization i n  arid ecosystems by stimulating rapid growth of fungi and activating 
the soil fauna. Rainfall-induced pulses of activity are observed most clearly in 
hyperarid systems where rainfall events are separated by sufficient time periods 
for soil to dry between events (Jacobson and Jacobson, 1998). 

The importance of the soil microarthropod fauna in mass loss of buried litter 
in deserts has been well documented (Santos and Whitford 1981; Santos e t  a l . ,  
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1 9 8 1 ;  E l k i n s  a n d  W h i t f o r d ,  1 9 8 2 ;  Parker e t  a l . ,  1984). I n  d e s e r t  e c o s y s t e m s ,  t h e  
activity of s o i l  m i c r o a r t h r o p o d s  ( p r i m a r i l y  s o i l  acari), a c c o u n t e d  f o r  30% of t h e  
i n i t i a l  mass l o s s e s .  Desp i t e  the f a c t  that the a m o u n t  of s o i l  r e s p i r a t i o n  that can be 
attributed t o  a l l  soil a n i m a l s  is 1 0 %  o r  less than the total a m o u n t  ( R e i c h l e ,  1 9 7 1 ) .  
T h e  s o i l  fauna directly or i n d i r e c t l y  i n f l u e n c e  the soil m i c r o f l o r a  by t h e i r  f e e d i n g  
activities. T h e  effects of s o i l  a c a r i  o n  decomposition in arid e c o s y s t e m s  appear t o  
b e  i n d i r e c t .  T h e  c o m m o n  soil a c a r i  that a r e  active at high s o i l  water potentials are 
small prostigmatid mites that feed on fungi and on nematodes. I n  the initial stages 
of d e c o m p o s i t i o n  of buried creosotebush leaf litter, m i c r o a r t h r o p o d s  c o n t r o l l e d  
the population d e n s i t i e s  of b a c t e r i a l  f e e d i n g  n e m a t o d e s .  W h e r e  m i c r o a r t h r o p o d s  
w e r e  e x c l u d e d ,  t h e  h i g h  n e m a t o d e  p o p u l a t i o n s  reduced the b a c t e r i a l  b i o m a s s  
resulting in reduced rates of m a s s  l o s s  ( S a n t o s  e t  a l . ,  1 9 8 1 )  ( F i g .  9 . 4 ) .  
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Figure 9.4 T h e  effects of excluding soil microarthropods on the populations of soil nema- 
todes and on decomposition rates i n  t h e  Chihuahuan Desert. 0, Bacteriophagous nematodes; 0 ,  

fungivorous nematodes; A ,  Tydeidae; A, P y e m o t i d a e ;  0, bacteria. (Data from S a n t o s  e t  a l . ,  
1981.) With permission by T h e  Ecological Society of America. 
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W h e r e a s  s o i l  b a c t e r i a  d o m i n a t e  t h e  e a r l y  s t a g e s  of b u r i e d  leaf l i t t e r  d e c o m p o -  
s i t i o n ,  t h e  l a t e r  s t a g e s  a r e  d o m i n a t e d  by f u n g i  ( P a r k e r  e t  a l . ,  1 9 8 4 ) .  T h e  
m i c r o a r t h r o p o d s  t h a t  a r e  m o s t  a b u n d a n t  in b u r i e d  d e c o m p o s i n g  l i t t e r  o r  a r o u n d  
d e c o m p o s i n g  r o o t s  a r e  s m a l l  f u n g a l  f e e d i n g  m i t e s .  A l t h o u g h  m i c r o a r t h r o p o d s  
h a v e  very l i t t l e  effect o n  m a s s  l o s s e s  d u r i n g  t h e  l a t e r  stages of d e c o m p o s i t i o n ,  i . e .  
a f t e r  t h e  f i r s t  9 0  d a y s  they d o  d i r e c t l y  affect r a t e s  of n i t r o g e n  m i n e r a l i z a t i o n .  

9.2.6 The Role of Termites 

T e r m i t e s  a r e  a b u n d a n t  i n  t h e  s o i l s  of m o s t  s u b t r o p i c a l ,  a r i d ,  a n d  s e m i a r i d  r e g i o n s  
of t h e  w o r l d  ( L e e  and W o o d ,  1 9 7 1 ) .  A l t h o u g h  l a r g e  a b o v e - g r o u n d  m o u n d s  a r e  a n  
i m p r e s s i v e  i n d i c a t i o n  of t h e  p r e s e n c e  of t h e s e  a n i m a l s ,  t h e  m a j o r i t y  of t e r m i t e  
s p e c i e s  l i v e  below t h e  s o i l  s u r f a c e .  B a s e d  o n  t h e  d i s t r i b u t i o n  of t e r m i t e s  a n d  t h e  
l i m i t e d  s t u d i e s  of t h e  q u a n t i t i e s  of d e a d  p l a n t  p a r t s  a n d  o t h e r  o r g a n i c  m a t e r i a l s  
c o n s u m e d  by t h e s e  a n i m a l s ,  i t  i s  c l e a r  t h a t  t h e s e  i n s e c t s  have a  s i g n i f i c a n t  e f f e c t  
on nutrient cycling and nutrient availability in arid and semiarid s y s t e m s .  Termites 
a r e  r e s p o n s i b l e  f o r  r e m o v i n g  a  l a r g e  f r a c t i o n  of c e r t a i n  s p e c i e s  of l i t t e r  ( S i l v a  et 
a l . ,  1 9 8 5 ;  M a c K a y  et a l . ,  1 9 8 7 ) .  S o i l  m o i s t u r e  a n d  t e m p e r a t u r e  affect t e r m i t e  
activity, h e n c e  m a s s  l o s s  f r o m  l i t t e r  s p e c i e s  c o n s u m e d  by t e r m i t e s  shows a  s t r o n g  
p o s i t i v e  c o r r e l a t i o n  t o  r a i n f a l l  ( M a c K a y  et a l . ,  1 9 8 7 ) .  

M a t e r i a l s  s u c h  a s  g r a s s  l e a v e s  a n d  a n n u a l  p l a n t  l e a v e s  a n d  s t e m s  t h a t  a r e  p r e -  
f e r r e d  f o o d s  by C h i h u a h u a n  Dese r t  t e r m i t e s  a r e  h a r v e s t e d  d u r i n g  p e r i o d s  w h e n  
soil moisture and temperature allows termites t o  f o r a g e  o n  surface litter ( W h i t f o r d  
et a l . ,  1 9 8 2 ;  M a c K a y  et a l . ,  1 9 8 6 ) .  F o r  e x a m p l e ,  Gnathamitermes tubiformans 
c e a s e  f o r a g i n g  at soil m o i s t u r e  l e s s  t h a n  -5.4 f 0 . 2  M P a  a n d  h e n c e  a r e  c a p a b l e  of 
f e e d i n g  i n  l i t t e r  a c c u m u l a t i o n s  f o r  m u c h  of t h e  y e a r  w h e n  s o i l  t e m p e r a t u r e s  a r e  
h i g h e r  t h a n  5 ° C  ( M a c K a y  et a l . ,  1 9 8 6 ) .  

I n  southeastern Australia, t e r m i t e s  w e r e  harvesting or directly c o n s u m i n g  g r a s s  
l e a v e s  a n d  f r a g m e n t s ,  s h r u b  a n d  t r e e  l e a v e s  a n d  p h y l l o d e s ,  s h e e p  a n d  k a n g a r o o  
d u n g ,  d e a d  w o o d ,  f u n g a l  m o d i f i e d  s t e m  b a r k ,  a n d  d e a d  r o o t s  ( W h i t f o r d  et a l . ,  
1 9 9 2 ) .  I n  s o u t h e r n  S o m a l i a ,  l i t t e r  d e c o m p o s i t i o n  was r a p i d  ( 9 5 %  d i s a p p e a r e d  i n  
o n e  y e a r )  a n d  not c o r r e l a t e d  w i t h  r a i n f a l l  b e c a u s e  t e r m i t e s  w e r e  active t h r o u g h -  
o u t  t h e  d r y  s e a s o n  (Thurow, 1 9 8 9 ) .  I n  t h e  n o r t h e r n  C h i h u a h u a n  Des e r t ,  m a s s  
l o s s  f r o m  p l a n t  l i t t e r  o n  p l o t s  f r o m  w h i c h  t e r m i t e s  h a d  b e e n  c h e m i c a l l y  e x c l u d e d  
w e r e  c o m p a r e d  t o  m a s s  l o s s  f r o m  p l a n t  l i t t e r  o n  p l o t s  w i t h  t e r m i t e s  p r e s e n t .  
T h e s e  s t u d i e s  d e m o n s t r a t e d  t h a t  a  l a r g e  f r a c t i o n  of d e a d  p l a n t  parts and d u n g  w e r e  
c o n s u m e d  b y  t e r m i t e s  ( W h i t f o r d  et a l . ,  1 9 8 2 ,  1 9 8 8 )  ( F i g .  9 . 5 ) .  M a t e r i a l s  i n g e s t e d  
by t e r m i t e s  a r e  m i n e r a l i z e d  by t h e  s y m b i o n t s  w i t h i n  t h e  g u t  of t h e  t e r m i t e .  T h e  
b r e a k d o w n  of m a t e r i a l s  w i t h i n  t h e  t e r m i t e  g u t  i n c l u d e s  n o t  o n l y  t h e  c e l l u l o s i c  
c o m p o u n d s ,  but a l s o  l i g n i n s  ( L e e  a n d  W o o d ,  1 9 7 1 ) .  

T h e  s m a l l  q u a n t i t i e s  of f e c a l  m a t e r i a l  p r o d u c e d  b y  t e r m i t e s  a r e  g e n e r a l l y  u s e d  
in t h e  c e m e n t i n g  m a t e r i a l s  of g a l l e r y  w a l l s  a n d  n e s t  c h a m b e r  w a l l s .  T h e  m i n e r a l  
nutrients i n  t h e  f o o d  material a r e  largely retained i n  t h e  b i o m a s s  of t h e  colony and 
a r e  r e t u r n e d  t o  t h e  e c o s y s t e m  only v i a  p r e d a t o r s  of t h e  workers a n d  reproductives 
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Livestock a n d  r a b b i t  d u n g  
b r e a k d o w n  A40-50% yr-� 

/�,� 

Yucca i n f l o r e s c e n c e  
d e c o m p o s i t i o n  A 6 %  yr-� 

De a d  l e a v e s  a n d  a n n u a l  
p l a n t  p a r t s  A I O - 5 0 %  yr-� 

De a d  grasses AIO-90% y r - �  

Figure 9.5 T h e  keystone role of subterranean termites o n  decomposition p r o c e s s e s  a n d  
ecosystem function i n  Chihuahuan Desert ecosystems. 

(Schaefer and Whitford, 1981). Because so much of the decomposition of organic 
matter in arid ecosystems occurs within the guts of termites, there appears to be 
a negative correlation between termite abundance and soil organic matter or soil 
nutrients. On a Chihuahuan Desert watershed where measurements of termite 
abundance and activity and soil organic matter were made at 30 m intervals over 
a 2 km transect, there was a highly significant correlation, Y = -0.97 between ter- 
mite abundance and soil organic matter (Nash and Whitford, 1995). The absence 
of a pattern of regularly increasing soil organic matter from the top to bottom of 
the watershed added further support to the contention that subterranean termites 
were primarily responsible for the variations in soil organic matter on that water- 
shed. The most important macro-nutrient, nitrogen, tends to vary directly with soil 
organic matter (Whitford e t  a l . ,  1987). The negative relationship between termites 
and soil organic matter suggests that soil fertility varies inversely with termite 
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a b u n d a n c e .  H o w e v e r ,  t h e  i m p o r t a n c e  of t e r m i t e s  a s  p r o d u c e r s  of m a c r o p o r e s  a n d  
t h e i r  e f f e c t s  o n  i n f i l t r a t i o n  of w a t e r  i s  p r o b a b l y  m o r e  i m p o r t a n t  f o r  s u s t a i n i n g  t h e  
p r o d u c t i v i t y  of d e s e r t  e c o s y s t e m s  t h a n  t h e i r  e f f e c t  o n  r e d u c i n g  t h e  n i t r o g e n  c o n -  
t e n t  of d e s e r t  s o i l s .  

9.2.7 Conceptual Model of Decomposition Processes in Deserts 

T h e  f o l l o w i n g  c o n c e p t u a l  m o d e l  i s  p r o p o s e d  t o  a c c o u n t  f o r  t h e  r e l a t i o n s h i p s  
a m o n g  v a r i a b l e s  t h a t  have an e f f e c t  o n  t h e  d e c o m p o s i t i o n  p r o c e s s e s  i n  d e s e r t s .  
I n i t i a l  h i g h  r a t e s  of m a s s  l o s s e s  f r o m  l i t t e r  o n  t h e  s u r f a c e  r e s u l t  f r o m  l e a c h i n g  of 
l o w - m o l e c u l a r - w e i g h t  m a t e r i a l s  f r o m  leaf s u r f a c e s  a n d  b y  t h e  b r e a k d o w n  of 
l i g n i n s  by p h o t o c h e m i c a l  d e c o m p o s i t i o n .  T h i s  a c c o u n t s  f o r  t h e  d i r e c t  c o r r e l a t i o n  
b e t w e e n  i n i t i a l  l i g n i n  c o n t e n t  a n d  d e c o m p o s i t i o n .  A t  low l i g h t  i n t e n s i t i e s  a n d  l o w  
s u n  a n g l e s ,  m a s s  l o s s  r a t e s  a r e  low a n d  o c c u r  p r i m a r i l y  f r o m  low level a c t i v i t y  of 
m i c r o o r g a n i s m s .  A t  h i g h  l i g h t  i n t e n s i t i e s ,  p h o t o o x i d a t i o n  of c o m p l e x  s t r u c t u r a l  
m o l e c u l e s  r e s u l t s  i n  f r a g m e n t a t i o n  by wind o r  w a t e r  d r o p s .  T h e  s m a l l  f r a g m e n t s  
a r e  t r a n s p o r t e d  i n t o  t h e  s o i l  by w a t e r  w h e r e  they a r e  t h e n  d e c o m p o s e d  b y  b i o -  
l o g i c a l  activity of t h e  m i c r o f l o r a  d u r i n g  p e r i o d s  w h e n  s o i l s  a r e  m o i s t .  T h i s  i s  t h e  
s o u r c e  of elevated CO, production measured w h e n  soil and litter a r e  moist (Parker 
e t  a l . ,  1983). 

A  m a j o r  c o m p o n e n t  of t h e  h i g h  r a t e s  of d e c o m p o s i t i o n  of s u r f a c e  l i t t e r  i s  t h e  
c o n s u m p t i o n  of many of these materials by t e r m i t e s .  Termites c o n s u m e  m o r e  than 
50% of t h e  t o t a l  s u r f a c e  l i t t e r  a n d  m a y  c o n s u m e  u p  t o  70-80% of t h e  l i t t e r  a n d  
m o s t  of t h e  a n i m a l  d u n g .  M a t e r i a l s  c o n s u m e d  by t e r m i t e s  a r e  v i r t u a l l y  c o m -  
p l e t e l y  c o n v e r t e d  i n t o  c a r b o n  d i o x i d e  a n d  w a t e r  b e c a u s e  t h e  s y m b i o t i c  g u t  f l o r a  
of many t e r m i t e s  i s  c a p a b l e  of p r o c e s s i n g  r e c a l c i t r a n t  o r g a n i c  m o l e c u l e s  s u c h  a s  
l i g n i n s .  T h u s  l i t t e r  f a l l i n g  t o  t h e  s u r f a c e  of t h e  soil i n  d e s e r t s  c o n t r i b u t e s  l i t t l e  t o  
t h e  soil o r g a n i c  c a r b o n  pool and m i n e r a l s  in litter a r e  r e t u r n e d  t o  t h e  soil i n  a  m i n -  
e r a l i z e d  s t a t e  l a r g e l y  t h r o u g h  t h e  f e c e s  of a n i m a l s  t h a t  prey o n  t e r m i t e s .  

A  v a r i a b l e  q u a n t i t y  of t h e  l i t t e r  i n p u t  i n  a  d e s e r t  e c o s y s t e m  m a y  b e  b l o w n  i n t o  
soil pits a n d  b u r i e d .  T h e  p r o c e s s  of d e c o m p o s i t i o n  of b u r i e d  l i t t e r  and d e a d  r o o t s  
i s  very d i f f e r e n t  f r o m  t h a t  of s u r f a c e  l i t t e r  i n  arid e n v i r o n m e n t s .  T h e  m o d e r a t e  
e n v i r o n m e n t  of t h e  s o i l  a f f e c t s  b o t h  d e c o m p o s i t i o n  r a t e s  a n d  p a t t e r n s  of d e c o m -  
p o s i t i o n .  B u r i e d  l i t t e r  a c c u m u l a t e s  m o i s t u r e  a n d  r e m a i n s  m o i s t  e v e n  i n  d r y  s o i l s .  
T h e  m o d e r a t e  t e m p e r a t u r e  and m o i s t u r e  c o n t e n t  of b u r i e d  l i t t e r  i s  c o n d u c i v e  t o  
g r o w t h  of m i c r o f l o r a  a n d  m i c r o f a u n a .  Dea d  r o o t s  e n c o u n t e r  t h e  s a m e  m o d e r a t e  
c o n d i t i o n s  i n  s o i l  a n d  s e r v e  a s  r e a d y  s u b s t r a t e s  f o r  g r o w t h  of t h e  m i c r o f l o r a .  
I n c r e a s i n g  p o p u l a t i o n s  of m i c r o f l o r a  o n  d e c o m p o s i n g  m a t e r i a l s  a t t r a c t  m i c r o f l o -  
ral g r a z e r s  ( p r o t o z o a n s ,  n e m a t o d e s ,  a n d  m i c r o a r t h r o p o d s ) ,  w h i c h  i n  t u r n  a t t r a c t  
p r e d a t o r s  ( p r e d a t o r y  n e m a t o d e s  a n d  n e m a t o p h a g o u s  m i t e s ) .  C o m p l e x  f o o d  w e b s  
a r e  q u i c k l y  e s t a b l i s h e d  a r o u n d  m o i s t  r o o t s  a n d  b u r i e d  l i t t e r  a c c u m u l a t i o n s .  T h e  
e x t r a c e l l u l a r  e n z y m e s  of t h e  m i c r o f l o r a  rapidly d e c o m p o s e  t h e  w a t e r - s o l u b l e  a n d  
n o n p o l a r  c o m p o u n d s  ( s u g a r s ,  f a t s ,  w a x e s ,  s t a r c h e s ,  a n d  c e l l u l o s e ) .  T h e  c o m p l e x  
a c i d - s o l u b l e  c o m p o u n d s  a r e  s l o w l y  a t t a c k e d  by a  s m a l l  s u b s e t  of t h e  m i c r o b i a l  
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heterotrophs. Decomposition of buried litter a n d  roots i s  primarily a biological 
process. 

9.3 LANDSCAPE PATTERNS OF NUTRIENT DISTRIBUTION 

O n e  of t h e  b e s t - d o c u m e n t e d  s p a t i a l  p a t t e r n s  of n u t r i e n t  d i s t r i b u t i o n s  i n  a r i d  
e c o s y s t e m s  a r e  t h e  � i s l a n d s  of f e r t i l i t y �  a s s o c i a t e d  w i t h  s h r u b s  a n d  t r e e s  
( G a r c i a - M o y a  a n d  M c K e l l ,  1 9 7 0 ;  C h a r l e y  a n d  West, 1 9 7 5 ,  1 9 7 7 ;  B a r t h  and 
Klemmedson, 1978; Parker e t  a l . ,  1982; Virginia and Jarrell, 1 9 8 3 ;  Schlesinger e t  
a l . ,  1 9 9 6 ) .  T h e  accumulation of nutrients i n  t h e  surface soil b e n e a t h  shrubs and 
t h e  lower nutrient levels in soil between s h r u b s  results f r o m  a  w h o l e  s u i t e  of 
processes: plant-nutrient uptake, litter f a l l ,  dust interception, s o i l - e r o s i o n ,  soil 
deposition, soil biota-mineralization, decomposition, animal decomposition, fecal 
decomposition, and predation. T h e  relationship between s h r u b  morphology and 
spatial pattern o n  below-canopy litter accumulation has been d o c u m e n t e d  f o r  
o n e  s p e c i e s  but u n d o u b t e d l y  a p p l i e s  t o  a n u m b e r  of o t h e r  s p e c i e s  of s h r u b s  
(DeSoyza et a l . ,  1997). In landscapes composed of patches with a variable mix of 
shrubs, g r a s s e s ,  and perennial h e r b s ,  t h e  nitrogen stores i n  the soil a r e  related t o  
t h e  characteristics of t h e  p a t c h .  Available nitrogen was considerably h i g h e r  in 
s o i l s  f r o m  c o m p l e x  p a t c h e s ,  i n t e r m e d i a t e  i n  s i m p l e  shrub-grass p a t c h e s  and 
lowest in patches of b a r e  soil ( M a z z a r i n o  e t  a l . ,  1 9 9 6 ) .  

Although t h e  activity of subterranean termites may b e  enhanced by t h e  pres- 
ence of leaf litter and the moderating effect of t h e  canopy o n  s o i l  temperature, 
s h r u b  and t r e e  l e a v e s  rank low o n  t h e  f o o d  p r e f e r e n c e  s c a l e  of m o s t  t e r m i t e  
s p e c i e s .  Tree a n d  s h r u b  leaf litter, therefore, provides t h e  energy a n d  nutrient 
s o u r c e  f o r  t h e  soil microbiota, resulting i n  nutrient e n r i c h m e n t .  Another factor 
affecting the nutrient enrichment of the subshrub soil i s  the activity of animals like 
lizards. Many lizards move quickly from s h r u b  t o  s h r u b  spending most of their 
t i m e  f o r a g i n g  o r  s i m p l y  s i t t i n g  in t h e  m o r e  b e n i g n  s u b c a n o p y  e n v i r o n m e n t  
(Creusere and W h i t f o r d ,  1 9 8 2 ;  P e t e r s o n  and Whitford, 1 9 8 7 ) .  I n  t h e  northern 
C h i h u a h u a n  Dese r t ,  l i z a r d s  a r e  t h e  most important predators of s u b t e r r a n e a n  ter- 
mites. I n  o t h e r  a r i d  regions, e . g .  Australia a n d  t h e  Kalahari of southern Africa, 
lizards are the most important termite predators. Many lizards f e e d  almost exclu- 
sively o n  t e r m i t e s  ( P i a n k a ,  1 9 8 5 ;  J a m e s ,  1 9 9 1 ) .  In t h e s e  d e s e r t s ,  l i z a r d s  u s e  
c l u m p s  of vegetation as shelter and as f o c i  f o r  their f o r a g i n g  activities thereby 
contributing t o  t h e  �islands of f e r t i l i t y � .  Given t h e  abundance of termites and 
lizards in arid and semiarid regions, it i s  likely that this l i n k a g e  between detriti- 
vore-predator a n d  s p a t i a l  n u t r i e n t  p a t t e r n  i s  g e n e r a l l y  i m p o r t a n t  in a l l  s u c h  
s y s t e m s .  T h e  general pattern of nutrient distribution with high c o n c e n t r a t i o n  in 
c e n t e r  t o  mid-canopy s o i l s  decreasing rapidly f r o m  mid-canopy t o  canopy e d g e  
and i n t o  t h e  i n t e r s h r u b  s p a c e ,  is c h a r a c t e r i s t i c  not o n l y  of shrubs, but also of 
perennial grass c l u m p s  and s m a l l  trees. Nutrients a r e  a c c u m u l a t e d  where soil 
organic matter i s  elevated e i t h e r  by debris accumulation o r  turnover of fine roots. 
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Fossorial mammals, burrowing mammals, mammals and lizards that dig for 
invertebrate prey contribute to the nutrient heterogeneity of soils in arid regions. 
Foraging pits fill with litter, frass, dung, and seeds creating small nutrient-rich 
�hot spots�. Burrow systems that are occupied by successive generations of cen- 
tral place foragers, e.g. banner-tail kangaroo rats, hairy-nosed wombats, harvester 
ants, and mound building termites) gradually accumulate nutrients in the mound 
soils and eventually develop into nutrient rich patches (Fig. 9.6). Fossorial mam- 
mals turn over soil and leave patches that are rich in organic matter in storage 
chambers and defecation sites (Whitford and Kay, 1999; Whitford, 2000). The 
abundance, species composition, and behavior of those animals that disturb soil 
or accumulate organic materials in burrows are important variables to consider 
when assessing the patterns of nutrient distribution across the landscape. 

The spatial distribution patterns, morphologies, and physiological characteris- 
tics of dominant plant species clearly affect the richness of the below canopy 
�islands of fertility�. However, when the frame of reference is moved from the 
local patch to the landscape scale there are many other variables that affect the 
nutrient status of soils and nutrient cycling in the ecosystems that make up a  land- 
scape. One of the most important variables that affect both nutrient status and the 
temporal characteristics of nutrient cycling is the spatial distribution of different 
root systems in a  landscape. There are some generalizations about root systems 

F i g u r e  9.6 Vigorous growth of a herbaceous a n n u a l ,  Erodiurn texanum, i n  a c o r o n a  around 
the nest of a central place forager - seed-harvesting a n t s ,  Pogonomyrrnex r u g o s u s .  Nitrogen 
concentrations i n  the s o i l s  of the c o r o n a  were d o u b l e  that of t h e  surrounding soil. 
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that can be inferred from the above-ground life form of the vegetation. Perennial 
grasses tend to produce a  dense but relatively shallow mat of roots below the basal 
area of the plant. The root system of some species may occupy an area somewhat 
larger than the canopy crown of the grass but few grasses have spatially extensive 
root systems. Some species of grasses have physiological characteristics that 
result in complex rhizosheaths of mucilages and mucigels, and microbes 
(Wullstein e t  a l . ,  1979). In some species the mucilages and mucigels secreted 
from the roots of grasses serve to attract and support free-living nitrogen fixing 
bacteria in the rhizosheath (Mandimba e t  a l . ,  1986; Reinhold et a l . ,  1986). 

The root systems of most herbaceous annuals may consist of a  main tap root 
with fine roots emerging from the bottom third or of three or more roots that 
extend f r o m  t h e  root crown. Herbaceous annuals that germinate d u r i n g  the 
growing season may have shallow root systems and root:shoot ratios as low as 
0.2. In herbaceous annuals that germinate during the nongrowing season (i.e. 
winter-spring annuals in North American deserts), the rooting depth and root 
biomass is dependent on the depth of the wetting front and the length of time 
that the deeper soil profile remains moist. During cool periods when above- 
ground growth does not occur, the roots of the rosettes continue to grow. This 
can produce root:shoot ratios as high as 1.2 at peak above-ground biomass pro- 
duction. The root biomass of annual plants can vary both temporally and among 
species. 

Perennial herbaceous plants are generally but a  small fraction of the cover and 
biomass of desert vegetation. Some perennial herbaceous species are clonal and 
may occur in dense patches. Usually there is more below-ground biomass of 
herbaceous perennials than above-ground biomass. The root systems are gener- 
ally fleshy (storage organs) with fine roots emanating from the actively growing 
segments. 

Most desert shrubs and small trees have diffuse, relatively deep (> 1 m) woody 
roots systems. Many desert trees and shrubs also have extensive shallow root sys- 
tems in addition to the deep roots (Gile e t  al., 1998). In most desert soils, nitrogen 
is concentrated in the upper 10 cm of soil. The growth responses of a  nitrogen- 
limited desert shrub and small rain events suggest that the shallow roots contribute 
most of the nitrogen uptake and allow the shrub to respond rapidly t o  relatively 
small rain events (Fisher e t  a l . ,  1987). 

Plants with symbiotic nitrogen fixers are common in arid landscapes. Many 
species of small tree and shrub legumes have nodules containing the nitrogen- 
fixing Rhizobium spp. Not all legumes host symbiotic nitrogen fixers on the root 
system. Several species of legumes have increased in abundance and cover in 
areas where domestic stock grazing has modified the environment, e.g. Acacia 
caven (in Chile), P r o s o p i s  spp. (in North America) and Acacia spp. (in Africa). 
These species produce leaves with lower C:N values than those of other non- 
leguminous species even in those plants with root systems devoid of nodules. 
Even when a  legume is removed, there is a  residual elevation in soil nitrogen 
levels (Klemmedson and Tiedeman, 1986). This has important implications for 
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the patchiness of vegetation, species composition of the vegetation and the pro- 
ductivity of arid areas in which woody legumes dominate the landscape. The 
abundance and spatial distribution of such species affects soil nitrogen levels and 
productivity of grasses and other plants that grow under the canopies of woody 
legumes (Weltzin and Coughenour, 1990). Nutrient enrichment of soils under 
legume canopies can result in production values that are twice those measured in 
the between-canopy space (Weltzin and Coughenour, 1990). 

Herbaceous nitrogen-fixing legumes are a relatively minor component of the 
vegetation. Some of the nitrogen-fixing legumes are ephemeral plants, e.g. species 
such as A s t r a g a l u s  spp. in North America. Most of the herbaceous nitrogen- 
fixing legumes are perennial. However, perennial herbaceous legumes accounted 
for only a fraction of one percent of the vegetative cover on most locations o n  a 
desert watershed (Whitford e t  a l . ,  1987). It is unlikely that herbaceous legumes 
contribute much to the nitrogen economy of desert ecosystems. 

There is a clear correlation between soil organic matter and nutrient availabil- 
ity in desert ecosystems. This is not a surprising correlation because the primary 
source of nutrients in soils is from the decomposition and mineralization of 
organic materials. In a study using nitrogen mineralization potential as a measure 
of nutrient availability to plants, Whitford e t  a l .  (1987) found good correlations 
between mean soil organic matter and mineralized N (Fig. 9.7). The spatial dis- 
tribution of soil organic matter in deserts is determined by (1) location and relative 
abundance of termites, (2) run-off, run-on patterns, ( 3 )  resistance of the vegetation 
to wind transport of litter and (4) structure of the vegetation mosaic. There is a 
positive relationship between soil organic matter, total nitrogen and nitrogen min- 
eralization potential (the rate of nitrogen mineralization under defined conditions 
o f  s o i l  incubation). T h i s  r e l a t i o n s h i p  is well documented in t h e  northern 
Chihuahuan Desert (Fig. 9.7). As the data for the dry lake bed soils show, the 
direct positive relationship may be somewhat modified by soil texture. 

Total N-organic matter relationships are also affected by the genetic physio- 
logical characteristics of the vegetation. For example, the total soil N is elevated 
in mesquite coppice dune soils because of the lower C:N ratio of P r o s o p i s  glun- 
d u l o s a  leaves in comparison to other shrubs and grasses in the area. Another 
important consideration affecting the spatial variability of soil nutrients is the neg- 
ative relationship between soil organic matter and subterranean termites. Soils that 
are unfavorable for termites will tend to have higher levels of soil organic matter 
and higher nutrient concentrations. T h e  spatial pattern of termite colonies and 
their foraging patterns will certainly affect the variability in nutrient availability 
across an arid landscape. The morphology and physiology of the dominant plants 
also affect the variability and the relative importance of various processes. For 
example, in plants with canopies shaped as inverted cones, accumulation of dust 
on the leaves may contribute greatly to nutrient concentration around the root 
crown because of effective stem flow (DeSoyza e t  a l . ,  1997). Perennial species 
with symbiotic N fixers may produce nitrogen rich patches, but the concentrations 
of other nutrients may not be proportioned to the N concentration. 
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C h i h u a h u a n  Dese r t  landscape. (From Whitford e t  a l . ,  1987). 
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T h e  p a t t e r n s  of n i t r o g e n  m i n e r a l i z a t i o n  a n d  s o i l  o r g a n i c  m a t t e r  a c r o s s  a  
C h i h u a h u a n  Des e r t  l a n d s c a p e  r e f l e c t  t h e s e  v a r i a b l e s .  T h e  i n v e r s e  c o r r e l a t i o n  
b e t w e e n  t e r m i t e  r e l a t i v e  a b u n d a n c e  a n d  soil o r g a n i c  m a t t e r  h a s  b e e n  w e l l  e s t a b -  
l i s h e d  f o r  a  C h i h u a h u a n  Dese r t  w a t e r s h e d .  In d e s e r t s  w h e r e  t e r m i t e s  a r e  m o r e  
a b u n d a n t ,  s o i l  n u t r i e n t  levels m a y  b e  c o n s i d e r a b l y  l o w e r  t h a n  t h e  c o n c e n t r a t i o n s  
r e c o r d e d  i n  N o r t h  A m e r i c a n  d e s e r t s .  T h e  p a t t e r n  of n i t r o g e n  m i n e r a l i z a t i o n  o n  a  
watershed a l s o  r e f l e c t e d  t h e  r u n - o f f ,  r u n - o n  p a t t e r n s  of o r g a n i c  m a t e r i a l s .  T h e  dry 
l a k e  b a s i n  w h e r e  t h e  h i g h e s t  n i t r o g e n  m i n e r a l i z a t i o n  a n d  h i g h e s t  t o t a l  s o i l  N 
w e r e  r e c o r d e d  i s  n o t  o n l y  e n r i c h e d  by o r g a n i c  m a t t e r  r u n - o n  b u t  i s  a l s o  a n  a r e a  
w h e r e  t h e  f i n e  t e x t u r e d  s o i l s  and i n f r e q u e n t  i n u n d a t i o n  e l i m i n a t e  t e r m i t e s .  T h e  
r e l a t i o n s h i p s  b e t w e e n  soil o r g a n i c  m a t t e r  a n d  l a n d s c a p e  p o s i t i o n ,  s o i l  c h a r a c t e r -  
i s t i c s ,  a n d  n i t r o g e n  m i n e r a l i z a t i o n  a r e  p r o b a b l y  a p p l i c a b l e  t o  m o s t  a r i d  a n d  
s e m i a r i d  l a n d s c a p e s .  

9.4 RESORPTION 

An i m p o r t a n t  variable that affects d e c o m p o s i t i o n  and m i n e r a l i z a t i o n  i s  t h e  r e s o r p -  
tion of n u t r i e n t s  f r o m  f o l i a g e  prior t o  leaf a b s c i s s i o n .  I n  t h e  p r o c e s s  of r e s o r p t i o n ,  
n u t r i e n t s  a r e  m o b i l i z e d  f r o m  s e n e s c i n g  l e a v e s  a n d  t r a n s p o r t e d  t o  o t h e r  p l a n t  t i s -  
s u e s .  N u t r i e n t s  t h a t  a r e  r e s o r b e d  a r e  c o n s e r v e d  b y  t h e  p l a n t  f o r  u s e  i n  p r i m a r y  
p r o d u c t i o n  i n  t h e  next growing s e a s o n .  Nutrient r e s o r p t i o n  i s  especially i m p o r t a n t  
f o r  p l a n t s  g r o w i n g  i n  n u t r i e n t  p o o r  e n v i r o n m e n t s  ( A e r t s ,  1 9 9 6 ) .  In a  r e v i e w  of 
n u t r i e n t  r e s o r p t i o n  i n  p e r e n n i a l  p l a n t s ,  A e r t s  ( 1 9 9 6 )  r e p o r t e d  t h a t  m e a n  n i t r o g e n  
r e s o r p t i o n  efficiency w a s  s i g n i f i c a n t l y  l o w e r  i n  e v e r g r e e n  t r e e s  and s h r u b s  ( 4 7 % )  
than i n  d e c i d u o u s  t r e e s  a n d  s h r u b s  ( 5 4 % ) .  P h o s p h o r u s  r e s o r p t i o n  efficiency w a s  
e s s e n t i a l l y  t h e  s a m e  f o r  evergreen ( 5 1 % )  a n d  d e c i d u o u s  ( 5 0 % )  s h r u b s  a n d  t r e e s .  

N u t r i e n t  r e s o r p t i o n  patterns i n  d e s e r t  plants differ f r o m  t h e  g e n e r a l  p a t t e r n s  f o r  
m e s i c  s p e c i e s .  R e s o r p t i o n  of p h o s p h o r u s  i n  c r e o s o t e b u s h  ( L .  t r i d e n t a t a )  was very 
h i g h  ( 7 2 - 8 6 % )  ( L a j t h a ,  1 9 8 7 ) .  H o w e v e r ,  t h e  n i t r o g e n  r e s o r p t i o n  v a l u e s  f o r  
c r e o s o t e b u s h  f e l l  within t h e  r a n g e  of values f o r  evergreen trees a n d  s h r u b s  (Lajtha 
a n d  W h i t f o r d ,  1 9 8 9 ) .  M e a n  r e s o r p t i o n  e f f i c i e n c i e s  c a l c u l a t e d  o n  t h e  d a t a  f o r  
d e s e r t  s h r u b s  f o r  n i t r o g e n  a n d  p h o s p h o r u s  w e r e  5 7 %  a n d  5 3 % ,  r e s p e c t i v e l y .  
T h e r e  was a  l a r g e  i n t e r s i t e  a n d  i n t e r y e a r  v a r i a t i o n  i n  r e s o r p t i o n  e f f i c i e n c i e s  of 
o c o t i l l o ,  F o q u i e r i a  s p l e n d e n s ,  s u g g e s t i n g  t h a t  t h e  r e g u l a t i o n  of r e s o r p t i o n  effi- 
c i e n c i e s  i n  d e s e r t  s h r u b s  m a y  b e  q u i t e  c o m p l e x .  

W i n t e r - d e c i d u o u s  s h r u b s  g r o w i n g  o n  t h e  m a r g i n s  of e p h e m e r a l  s t r e a m  c h a n -  
nels e x h i b i t e d  n u t r i e n t  r e s o r p t i o n  p a t t e r n s  r e l a t e d  t o  t h e i r  s t a t u s  a s  f a c u l t a t i v e  o r  
r i p a r i a n  s p e c i e s .  N i t r o g e n  a n d  p h o s p h o r u s  r e s o r p t i o n  e f f i c i e n c i e s  of o b l i g a t e  
r i p a r i a n  s p e c i e s  ( B r i c k e l l i a  l a c i n i a t a  a n d  C h i l o p s i s  linearis) ( N  = 6396, P = 5 8 % )  
w e r e  s u b s t a n t i a l l y  h i g h e r  than i n  f a c u l t a t i v e  r i p a r i a n  s p e c i e s  ( F a l l u g i a  p a r a d o x a ,  
R h u s  m i c r o p h y l l a ,  P r o s o p i s  g l a n d u l o s a ,  and F l o u r e n s i a  c e r n u a )  ( N  = 4 6 % ,  P  = 
4 6 % ) .  T h e  s p e c i e s  r e s o r b i n g  t h e  l e a s t  n i t r o g e n  f r o m  t h e  l e a v e s  w a s  m e s q u i t e ,  P 
g l a n d u l o s a ;  a  s p e c i e s  k n o w n  t o  h a r b o r  n i t r o g e n - f i x i n g  s y m b i o n t s  o n  t h e  r o o t s  
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(Killingbeck a n d  W h i t f o r d ,  2001). I t  has been hypothesized that plant species 
with nitrogen-fixing root symbionts w i l l  r e s o r b  l e s s  f o l i a r  nitrogen than o t h e r  
species in t h e  s a m e  environment. I n  t h e  Sonoran Desert, n o  resorption of nitrogen 
was reported i n  senescing leaves of P g l a n d u l o s a  (Rundel e t  a l . ,  1982). 

9.5 NITROGEN CYCLE 

9.5.1 Nitrogen Fixation 

Of all of t h e  s o i l  nutrients r e q u i r e d  f o r  plant growth, nitrogen a p p e a r s  t o  b e  the 
most i m p o r t a n t  l i m i t i n g  nutrient i n  s e m i a r i d  a n d  arid e c o s y s t e m s .  Desp i t e  t h e  
h u g e  a t m o s p h e r i c  pool of n i t r o g e n ,  t h a t  pool r e p r e s e n t s  a  n o n u s a b l e  f o r m  of 
nitrogen f o r  u s e  in photosynthesis. T h e  biologically active f o r m s  of nitrogen a r e  
a m m o n i u m  a n d  n i t r a t e  which c a n  b e  used t o  p r o d u c e  a m i n o  a c i d s  a n d  o t h e r  
n i t r o g e n - c o n t a i n i n g  o r g a n i c  m o l e c u l e s .  T h e  f a t e  of fixed n i t r o g e n  i s  c o m p l e x  
( F i g .  9.8) and involves a  variety of microorganisms, soil microfauna, plus plants 
and a n i m a l s .  

T h e  fixation of a t m o s p h e r i c  nitrogen (N,) i s  a n  energy-expensive r e d u c t i o n  t o  
a m m o n i u m  (NH,) that occurs in s o m e  cyanobacteria, i n  nodules o n  t h e  r o o t s  of 
l e g u m e s  by Rhizobium spp. b a c t e r i a ,  a n d  i n  s o m e  free-living N-fixing b a c t e r i a  

Atmosphere (N,) 

i 
N2 fixation (Symbiotic bacteria (Rhizobium & Frankia) cyanobacteria (Nosfoc etc.) free 

living bacteria (Azobacter, Clostridium, Azospirillum) N2 + 4H* + NH; 

-1 
Nitrification NH; + 2 0 ,  + NO: (Nitrosomonas and Nifrobacfer) (plant uptake of 

NH; and NO3, incorporation into plant proteins) 

Dead plant parts, animal feces (decomposition and mineralization) NH3 + nitrification 
and/or plant uptake 

Nitrogen Losses from Organic Pool 

Ammonia Volatilization NH; + OH- tf NH3? + H 2 0  

Denitrification NO3 + N 2 0  -+ N,? (Pseudomonas, Achromobacter)(requires anaerobic 
or extremely low soil oxygen concentration) 

Figure 9.8 A general nitrogen c y c l e  applicable t o  desert e c o s y s t e m s .  
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such as A z o b a c t e r  spp. Some o t h e r  genera of f r e e - l i v i n g  b a c t e r i a  such as 
Azospirillum sp. may fix atmospheric nitrogen but there is conflicting evidence 
concerning these organisms as N-fixers. 

Cyanobacteria are widely distributed as components of the algal-lichen (cryp- 
togamic) crusts that are common in many deserts (Fig. 9.9). Cyanobacteria also 
occur in some desert soils where microphytic crusts appear to be absent. In areas 
with well-developed cyanobacterial crusts, atmospheric N-fixation may con- 
tribute significant amounts of nitrogen to the soils. Soils with cyanobacterial and 
lichen crusts had nitrogen contents 4 to 7 times higher than soils with no lichen 
or algal crusts (Shields, 1957). Nitrogen fixation in desert algal crusts, measured 
by uptake of isotopically labeled nitrogen, was rapid after initial wetting of the 
crusts. Cyanobacterial and lichen crusts leak the fixed nitrogen to the soil, usually 
in the form of ammonium, thereby increasing soil nitrogen levels (Mayland and 
McIntosh, 1966). 

Nitrogen fixation i s  not the only influence of cyanobaterial and lichen crusts on 
soil nutrient enrichment. The concentrations of the elements N, P, K ,  Ca, Mg, and 
Fe, were significantly higher in a  grass, Festuca spp. growing on cryptogamic 
(algal and lichen) crusted soil than on soil with no cryptogamic crust (Belnap and 
Harper, 1995). They reported that cryptogamic crusts fixed considerable nitrogen, 
which becomes available to vascular plants via decomposition and mineralization 
of the cryptogams or by cellular secretion in the living cryptogams. In deserts, the 

Figure 9.9 Cryptogamic crusts covering b a r e  patches i n  a tabosa grass, Pleuraphis mutica, 
s w a l e  i n  the northern C h i h u a h u a n  Desert, New M e x i c o .  
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nutrient enrichment of soils by cyanobacterial and lichen crusts i s  rainfall depend- 
e n t .  In a n  area with 15% s u r f a c e  c o v e r  of a l g a l  c r u s t s ,  u p  t o  1.3 g  N  ha-' h-' was 
a d d e d  to the s o i l  d u r i n g  the d a y l i g h t  h o u r s  f o r  the first 24 h o u r s  a f t e r  a rainfall 
( L o f t i s  a n d  K u r t z ,  1980). 

S y m b i o t i c  n i t r o g e n  f i x a t i o n  i n  d e s e r t  p l a n t s  m a y  be by Rhizobium n o d u l e s  o r  
n o d u l e s  c o n t a i n i n g  a c t i n o m y c e t e s .  O n e  of t h e  i m p o r t a n t  t r e e  s p e c i e s  i n  t h e  t e m -  
p e r a t e  a n d  t r o p i c a l  s e m i a r i d  z o n e  of A u s t r a l i a  i s  Casuarina cunninghamiana, 
w h i c h  h a r b o r s  a c t i n o m y c e t e  s y m b i o n t s  (Frankia s p p . )  i n  n o d u l e s  o n  i t s  roots. 
Frankia s p p .  o n  t h e  r o o t s  of this t r e e  fixed c o n s i d e r a b l e  nitrogen a t  s o i l  t e m p e r a -  
t u r e s  b e t w e e n  20°C a n d  30°C ( R e d d e l l  et a l . ,  1985). A c t i n o m y c e t e  s y m b i o n t s  
may be i m p o r t a n t  i n  nitrogen fixation in o t h e r  woody plant species i n  arid regions 
but t h e r e  i s  i n s u f f i c i e n t  i n f o r m a t i o n  o n  m o s t  s p e c i e s  t o  e v a l u a t e  t h i s  possibility. 

T r e e  a n d  s h r u b  l e g u m e s  a r e  a b u n d a n t  i n  m o s t  a r i d  a n d  s e m i a r i d  r e g i o n s  of the 
w o r l d .  M a n y  of t h e  m o s t  c o m m o n  g e n e r a  h a r b o r  R h i z o b i u m  s p p .  o r  
Bradyrhizobiurn s p p . ,  s y m b i o t i c ,  n o d u l e - f o r m i n g ,  n i t r o g e n - f i x i n g  b a c t e r i a .  
A m o n g  the c o m m o n  g e n e r a  c o n f i r m e d  t o  h a v e  n o d u l a t i o n  a n d  n i t r o g e n a s e  activ- 
ity a r e  A c a c i a ,  P r o s o p i s ,  P t e r o c a r p u s ,  a n d  Pericopsis ( S h e a r e r  e t  a l . ,  1983; 
H o g b e r g ,  1986). S t u d i e s  u s i n g  n i t r o g e n  a b u n d a n c e  r a t i o s  (N15/N14) c o n f i r m e d  
symbiotic nitrogen fixation i n  Prosopis a t  six of seven sites i n  the Sonoran Desert. 
N i t r o g e n  f i x a t i o n  was a l s o  r e p o r t e d  i n  o t h e r  S o n o r a n  Dese r t  l e g u m e s  of t h e  s u b -  
f a m i l y  P a p i l i o n o i d e a e :  L u p i n u s ,  Dal e a ,  A s t r a g a l u s  a n d  L o t u s  ( S h e a r e r  e t  a l . ,  
1983). An a b u n d a n t  s h r u b  ( P s o r o t h a m n u s  s p i n o s u s )  g r o w i n g  i n  t h e  l o w  n i t r o g e n  
e n v i r o n m e n t  a t  the margins of e p h e m e r a l  s t r e a m s  o b t a i n e d  a p p r o x i m a t e l y  o n e -  
third of i t s  n i t r o g e n  f r o m  s y m b i o t i c a l l y  f i x e d  N. F r o m  t h e  l i m i t e d  a v a i l a b l e  data, 
i t  a p p e a r s  that m o s t  of t h e  w o o d y  l e g u m e s  a n d  a l a r g e  p o r t i o n  of the h e r b a c e o u s  
l e g u m e s  o b t a i n  f i x e d  a t m o s p h e r i c  n i t r o g e n  f r o m  s y m b i o t i c  R h i z o b i u m  o r  
Bradyrhizobium s p e c i e s .  N i t r o g e n  f i x a t i o n  by r o o t  s y m b i o n t s  i s  p r o b a b l y  the 
p r i m a r y  s o u r c e  of n i t r o g e n  i n  t h e  f e r t i l e  i s l a n d s  that d e v e l o p  u n d e r  t h e  c a n o p i e s  
of l e g u m i n o u s  t r e e s  a n d  s h r u b s .  

A l t h o u g h  n i t r o g e n  f i x a t i o n  i n  Rhizobium n o d u l e s  b e n e f i t s  t h e  h o s t  p l a n t  with 
t h e  nitrogen e n r i c h m e n t  m o s t  of the n i t r o g e n  gain d o e s  n o t  e n t e r  t h e  e c o s y s t e m  
until the N-rich leaves d e c o m p o s e .  T h e  published estimates of q u a n t i t i e s  of fixed- 
N  r e l a t i v e  to t h e  q u a n t i t i e s  of N  i n c o r p o r a t e d  i n t o  g r o w i n g  p l a n t  t i s s u e s  a r e  n o t  
p a r t i c u l a r l y  r e l i a b l e .  In d e s e r t  e c o s y s t e m s ,  the relative i m p o r t a n c e  of t h e  various 
N f i x a t i o n  p r o c e s s e s  c a n  p r o b a b l y  b e  a s s e s s e d  b y  t h e  p r e s e n c e  a n d  c o v e r  of 
cyanobacterial crusts, cover of legumes known t o  support Rhizobium nodules, and 
d i s t r i b u t i o n  a n d  c o v e r  of vegetation l i f e  f o r m s  that p r o v i d e  r h i z o s p h e r e s  c o n -  
d u c i v e  t o  the g r o w t h  of f r e e - l i v i n g  N-fixers. 

S o m e  d e s e r t  g r a s s e s  a n d  h e r b a c e o u s  p e r e n n i a l s  p r o d u c e  r h i z o s h e a t h s  of s o i l  
p a r t i c l e s  bound t o g e t h e r  and t o  t h e  root s u r f a c e  by m u c i l a g e s  a n d  o t h e r  c o m p l e x  
c a r b o h y d r a t e s  ( F i g .  9.10). R h i z o s h e a t h s  s u r r o u n d i n g  r o o t  s u r f a c e s  a r e  s e v e r a l  
t i m e s  t h e  d i a m e t e r  of t h e  r o o t  t h a t  s e c r e t e d  t h e  c o m p l e x  c a r b o h y d r a t e s  ( R o u g i e r  
a n d  C h a b o u d ,  1985). R h i z o s h e a t h s  p r o v i d e  a n  i d e a l  h a b i t a t  f o r  a variety of s o i l  
microorganisms. S o m e  of the microorganisms inhabiting r h i z o s h e a t h s  a r e  species 
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Figure 9.10 T h e  rhizosheath on the roots of a porcupine grass, Tviodia p u n g e n s ,  north- 
western New South Wales, Australia. 

of b a c t e r i a  t h a t  a r e  f r e e - l i v i n g  n i t r o g e n  f i x e r s  ( C l o s t r i d i u m  s p p . ,  A z o t o b a c t e r  
s p p . ,  a n d  A z o s p i r i l l u m  s p p . )  ( E l  S h a h a b y ,  1 9 8 8 ) .  I n  p l a n t s  t h a t  p r o d u c e  r h i -  
z o s h e a t h s ,  t h e r e  a p p e a r s  t o  b e  s t i m u l a t i o n  of n i t r o g e n  f i x a t i o n .  T h e  r e l a t i o n s h i p  
b e t w e e n  r o o t  s e c r e t i o n  a n d  n i t r o g e n  f i x a t i o n  by r h i z o s h e a t h  b a c t e r i a  i s  a n  e x a m -  
p l e  of a s s o c i a t i v e  n i t r o g e n  f i x a t i o n .  A s s o c i a t i v e  n i t r o g e n  f i x a t i o n  i s  a  l o o s e  
s y m b i o s i s  i n  w h i c h  t h e  e n e r g y  s u p p l i e d  by t h e  p l a n t  s u p p o r t s  n i t r o g e n  f i x i n g  
b a c t e r i a  t h a t  s u p p l y  n i t r o g e n  t o  t h e  p l a n t .  S t u d i e s  of a s s o c i a t i v e  f r e e - l i v i n g  n i t r o -  
gen f i x a t i o n  i n  t h e  r h i z o s p h e r e s  of g r a s s e s  f r o m  a  d e s e r t  w a t e r s h e d  s h o w e d  p e a k  
n i t r o g e n  f i x a t i o n  d u r i n g  t h e  v e g e t a t i v e  g r o w t h  s t a g e  a n d  s e e d  p r o d u c t i o n  
p h e n o p h a s e  of t h e  g r a s s e s  ( E l  S h a h a b y ,  1 9 8 8 ) .  G r a s s e s  g r o w n  i n  s t e r i l e  q u a r t z  
sand i n o c u l a t e d  with bacterial c u l t u r e s  of species isolated f r o m  g r a s s  r h i z o s h e a t h s  
i n  t h e  f i e l d ,  e x h i b i t e d  g r o w t h  r e l a t e d  t o  t h e  i n o c u l u m .  G r a s s e s  g r o w n  i n  s t e r i l e  
quartz sand i n o c u l a t e d  with either Azotobacter spp. o r  Azospirillum spp. exhibited 
h i g h e r  g r o w t h  r a t e s  t h a n  g r a s s e s  g r o w n  with a  b a l a n c e d  n u t r i e n t  s o l u t i o n  m i n u s  
n i t r o g e n .  G r a s s e s  g r o w n  with a n  i n o c u l u m  of b o t h  s p e c i e s  e x h i b i t e d  c o n s i d e r a b l y  
h i g h e r  g r o w t h  than g r a s s e s  g r o w n  w i t h  a  s i n g l e  s p e c i e s  of N - f i x e r  ( E l  S h a h a b y ,  
1 9 8 8 ) .  T h e  g r o w t h  s t i m u l a t i o n  p r o d u c e d  by a s s o c i a t i v e  r h i z o s h e a t h  b a c t e r i a  m a y  
b e  p r o d u c e d  by g r o w t h  f a c t o r s  ( h o r m o n e s  o r  h o r m o n e - l i k e  c o m p o u n d s )  r e l e a s e d  
in a d d i t i o n  t o  n i t r o g e n .  

I n  a d d i t i o n  t o  N, t h a t  i s  f i x e d  by b i o l o g i c a l  f i x a t i o n ,  t h e r e  a r e  a t m o s p h e r i c  
i n p u t s  of n i t r o g e n  i n  t h e  f o r m  of d u s t .  Dryf a l l  i n p u t s  t o  d e s e r t  e c o s y s t e m s  vary 
c o n s i d e r a b l y  d e p e n d i n g  o n  t h e  p r o x i m i t y  of t h e  d e s e r t  a r e a  t o  i n d u s t r y  a n d  p o p -  
u l a t i o n  c e n t e r s .  I n  t h e  M e d i t e r r a n e a n  r e g i o n  of s o u t h e r n  E u r o p e ,  l o n g - d i s t a n c e  
t r a n s p o r t  of p o l l u t e d  a i r  m a s s e s  i n c r e a s e d  a t m o s p h e r i c  w e t  n i t r o g e n  i n p u t  by a t  
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l e a s t  a  f a c t o r  of 1.6 ( L o y e - P i l o t  e t  a l . ,  1 9 9 0 ) .  In t h e  n o r t h e r n  C h i h u a h u a n  Dese r t  
t h e r e  w e r e  h i g h  v a l u e s  of c a l c i u m ,  s u l f a t e ,  n i t r a t e ,  a n d  t o t a l  n i t r o g e n  i n  d r y f a l l  
d u r i n g  t h e  g r o w i n g  s e a s o n .  T h e  g r o w i n g  s e a s o n  values of s u l f a t e  a n d  n i t r o g e n  
w e r e  nearly d o u b l e  t h e  a n n u a l  a v e r a g e  values. T h e s e  values w e r e  attributed t o  the 
differences between d i r e c t i o n a l  movement of a i r  masses d u r i n g  t h e  w i n t e r  months 
a n d  v a r i a b l e  d i r e c t i o n  of a i r  m a s s e s  d u r i n g  t h e  s e a s o n  of c o n v e c t i o n a l  s t o r m s  
( g r o w i n g  s e a s o n ) .  A i r  m a s s e s  p a s s i n g  o v e r  m e t r o p o l i t a n  a r e a s  p i c k  u p  n i t r o g e n ,  
s u l f u r ,  a n d  o t h e r  m i n e r a l s  t h a t  a r e  d e p o s i t e d  i n  rainfall o r  a s  d r y f a l l .  T h e  c o n c e n -  
t r a t i o n s  of n i t r a t e  a n d  total n i t r o g e n  in d r y  f a l l  r a n g e d  b e t w e e n  4 . 4  f 2 . 7  a n d  1.4 * 0 . 9  p p m  in dry f a l l  a n d  averaged 0 . 2 3  p p m  i n  bulk precipitation ( W h i t f o r d  e t  a l . ,  
1 9 9 7 ) .  R a i n f a l l  i n p u t s  of NO,-N t h a t  averaged 3 9  g  ha-� cm-l rainfall w e r e  m e a s -  
ured in t h e  C h i h u a h u a n  Dese r t  i n  w e s t  Texas ( L o f t i s  a n d  K u r t z ,  1 9 8 0 ) .  I n  t h e  
s e m i a r i d  c h a p a r r a l  of s o u t h e r n  C a l i f o r n i a ,  p r e c i p i t a t i o n  a n d  d r y f a l l  r e s u l t e d  i n  
m e a n  a n n u a l  d e p o s i t i o n  of C a ,  K ,  N H i - N ,  NO; -N, N a ,  M g ,  a n d  SO:--S e q u a l  
t o  o r  m o r e  than e q u a l  t o  a n n u a l  l o s s e s  r e p o r t e d  i n  run-off f r o m  t h e s e  e c o s y s t e m s  
( S c h l e s i n g e r  e t  a l . ,  1 9 8 2 ) .  

9.5.2 Nitrogen Losses 

A m m o n i a  v o l a t i l i z a t i o n  and d e n i t r i f i c a t i o n  a r e  m e c h a n i s m s  of l o s s  of n i t r o g e n  
f r o m  soil p o o l s  b a c k  t o  the a t m o s p h e r e .  A m m o n i a  v o l a t i l i z a t i o n  o c c u r s  i n  soils 
w i t h  a  p H  of 7 . 0  o r  g r e a t e r .  S i n c e  many d e s e r t  soils a r e  b a s i c ,  t h e r e  i s  a  l a r g e  
p o t e n t i a l  f o r  a m m o n i a  v o l a t i l i z a t i o n  f r o m  d e s e r t  l a n d s c a p e s .  A m m o n i a  i s  f o r m e d  
by t h e  l o s s  of a  p r o t o n  f r o m  NH, by t h e  f o l l o w i n g  r e a c t i o n :  

NH, + OH- + NH, fi + H,O 

A m m o n i a  i s  very s o l u b l e  i n  water, t h e r e f o r e  v o l a t i l i z a t i o n  f r o m  m o i s t  s o i l s  i s  
m i n i m a l .  T h e  l o s s  of a m m o n i a  i s  g r e a t e s t  f r o m  c o a r s e ,  d r y  s o i l s  w i t h  l i m i t e d  
c a t i o n  e x c h a n g e  c a p a c i t y  ( F l e i s h e r  e t  a l . ,  1 9 8 7 ) .  A m m o n i a  v o l a t i l i z a t i o n  m e a s -  
u r e d  i n  t h r e e  h a b i t a t s  o n  a  C h i h u a h u a n  Des e r t  w a t e r s h e d  d e m o n s t r a t e d  t h a t  
w e t t i n g  s o i l s  i n c r e a s e d  t h e  r a t e s  of n i t r o g e n  m i n e r a l i z a t i o n  a n d  of a m m o n i a  
v o l a t i l i z a t i o n  ( S c h l e s i n g e r  a n d  P e t e r j o h n ,  1 9 9  1). A n o t h e r  s t u d y  f o u n d  t h a t  i r r i g a -  
tion d e c r e a s e d  nitrogen m i n e r a l i z a t i o n  w h i c h  w o u l d  have t h e  effect of d e c r e a s i n g  
a m m o n i a  v o l a t i l i z a t i o n  ( F i s h e r  e t  a l . ,  1 9 8 7 ) .  T h e  d i f f e r e n c e s  i n  r e s u l t s  of t h e s e  
s t u d i e s  e m p h a s i z e s  t h e  i m p o r t a n c e  of l o n g - t e r m  studies f o r  understanding e c o s y s -  
tem p r o c e s s e s  i n  a r i d  e c o s y s t e m s .  T h e  s t u d i e s  by S c h l e s i n g e r  a n d  P e t e r j o h n  w e r e  
s h o r t - t e r m  i n c u b a t i o n s  of s o i l s  e n c l o s e d  i n  P V C  p i p e  i n t o  w h i c h  w a t e r  and/or 
c h e m i c a l s  w e r e  a d d e d .  T h e  s t u d i e s  by F i s h e r  e t  a l .  ( 1 9 8 7 )  w e r e  c o n d u c t e d  i n  t h e  
f i e l d  o v e r  s e v e r a l  y e a r s  and i n c o r p o r a t e d  � d r o u g h t e d  p l o t s �  u n d e r  � r a i n - o u t  s h e l -  
t e r s � ,  i r r i g a t e d ,  a n d  u n m a n i p u l a t e d  p l o t s .  T h e  r e l a t i o n s h i p  b e t w e e n  a m m o n i a  
v o l a t i l i z a t i o n  a n d  n i t r o g e n  m i n e r a l i z a t i o n  i s  a f f e c t e d  by t h e  e f f e c t s  of r a i n f a l l  o n  
development of t h e  e p h e m e r a l  plant community. In shrub-dominated systems, irri- 
g a t i o n  stimulates g r o w t h  of d e n s e  s t a n d s  of e p h e m e r a l s .  T h e  d e c o m p o s i t i o n  of t h e  
d e a d  r o o t s  of t h o s e  p l a n t s  r e s u l t s  i n  n i t r o g e n  i m m o b i l i z a t i o n  a n d  r e d u c t i o n  i n  
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mineralization rates with irrigation in the following year (Fisher and Whitford, 
1995). Thus the relative importance of ammonia volatilization in desert ecosys- 
tems is dependent on climate patterns as well as spatial variability. 

Denitrification is another avenue of loss of nitrogen from the soil pool back to 
the atmospheric pool. Denitrification results from the microbial reduction of 
nitrate (NO,) or nitrite (NO,) to either N,O or dinitrogen (NJ. There are many 
species of heterotrophic soil bacteria that are capable of denitrification. Factors 
that have been shown to affect the rate of denitrification include: pH, temperature, 
available carbon, available nitrogen and the partial pressure of oxygen in the soil 
(Firestone, 1982). Desert soils are notoriously low in carbon and nitrogen, are fre- 
quently basic, and subject to extremes in temperature. Most desert upland soils are 
coarse textured and well aerated thus not good environments for denitrification. 

In most desert watersheds, losses of nutrients in litter and plant debris trans- 
ported into ephemeral streams is a spatial phenomenon, i.e. concentration of 
organic materials at the watershed terminus. Nutrient losses from desert water- 
sheds only occur in those few watersheds that are drained by perennial streams. 
Thus in most desert landscapes, denitrification is the most important means of loss 
of this nutrient. In a nitrogen budget developed for the Great Basin Desert in the 
western US, it was estimated that denitrification accounted for 95% of the annual 
nitrogen losses and 6.5% of the total N inputs (West and Skujins, 1977). Estimates 
of denitrification rates in the cold Great Basin Desert in North America (19 kg N 
ha-' yr-') were approximately equal to 65% of the nitrogen inputs. Other studies 
in the Great Basin estimated denitrification losses equal to approximately 80% of 
the nitrogen fixed by cryptogamic crusts and of added 15N-labeled ammonium 
(Klubek and Skujins, 1981). In the Sonoran Desert, high rates of denitrification 
were measured in wet soil under nitrogen-fixing mesquite tree canopies (Virginia 
e t  ul., 1982). Denitrification was estimated to account for > 77% of the N inputs 
in the desert regions of the US (Peterjohn and Schlesinger, 1990). The content of 
denitrifying enzymes in upland desert soils was associated with indices of N and 
C availability. However, wet desert soils provided optimal conditions for the sev- 
eral variables that affect denitrification (Peterjohn and Schlesinger, 199 1). In the 
Chihuahuan Desert denitrification rates were affected by water availability and the 
C/N ratio of the soil. Highest rates were measured in desert grassland and there 
were no 'fertile island' effects on denitrification rates in shrubland soils. Annual 
rates of denitrification on a Chihuahuan Desert watershed were estimated at 2.3 
kg N ha-' yr-' on piedmont grassland soils, 4.3 kg N ha-' y r '  in creosotebush ( L .  
t r i d e n t a t u )  shrubland soils, 10.5 kg N ha-' yr-' in basin grassland soils, and 3.5 kg 
N h a d  y r '  in ephemeral lake soils. The differences in rates of denitrification in 
soils from various locations on the watershed were attributed to soil textural dif- 
ferences that affect soil water potentials (Peterjohn and Schlesinger, 1991). 

These studies suggest that denitrification is probably an important process in 
the ecosystems of most desert regions. However, caution must be applied when 
extrapolating the results of studies of denitrification, based on irrigated soil cores, 
to desert regions of the world. In incubations used to measure denitrification of 
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soils, cores were flooded with the equivalent of a 31.5 mm rain (Peterjohn and 
Schlesinger, 1990). Rains of that intensity have a return time of less than one storm 
per 20 years in the area where these studies were conducted (Fisher and Whitford, 
1995). Since low oxygen tensions are characteristic of supersaturated soils, meas- 
ures of denitrification under such conditions clearly optimize denitrification. 
Although the spatial variation and ratio of soil carbon and nitrogen a r e  important 
variables affecting desertification, rates of denitrification are probably consider- 
ably lower, with water inputs equivalent to an average rainfall event of 10-15 mm, 
than those reported in the literature based on saturated soil incubations. 

Most of t h e  available nitrogen in the soil comes from the mineralization of 
organic nitrogen. Available soil nitrogen is affected by the relative rates of min- 
eralization and immobilization. Immobilization of nitrogen occurs when ammonia 
or nitrate are incorporated into microbial biomass. Microbial biomass can change 
very rapidly under suitable conditions of substrate (available organic matter) and 
soil moisture. In desert ecosystems there appears to be an increase in microbial 
biomass, a n  increase in soil carbohydrates, and a decrease in extractable soil 
nitrogen in response to irrigation (Gallardo and Schlesinger, 1995). In desert 
grassland soils, fertilization with nitrogen increased microbial biomass but addi- 
tion of carbohydrate increased microbial biomass only when accompanied by 
nitrogen fertilization. In shrub-dominated ecosystems, addition of carbohydrate 
resulted in increased microbial biomass and decreased extractable nitrogen and 
phosphorus (Gallardo and Schlesinger, 1995). Thus increases in microbial bio- 
mass requires different conditions in desert grasslands in comparison t o  desert 
shrublands. 

Mineralization of nitrogen involves the soil microfauna as well a s  the soil 
microflora. As pointed o u t  earlier, much of the organic matter that serves as a 
source of nutrients for plant growth is in t h e  form of high C:N ratio dead plant 
roots (especially roots of ephemeral plants). As soon as the roots of annual plants 
die, they are colonized by heterotrophic bacteria and fungi. I n  soils where avail- 
able N i s  very low, the growth of microbes on the roots is limited by available N .  
Microbes scavange the available N and convert it into microbial biomass N. The 
N in microbial biomass i s  not available t o  plant roots until the microbial biomass 
dies and that microbial biomass N i s  released a s  inorganic N. When desert soils 
are wet (less than -0.3 MPa) there i s  a complex of soil microfauna that graze on 
the microbial biomass and release mineral N as excretory products. That soil 
m i c r o f a u n a  i s  c o m p o s e d  of p r o t o z o a n s ,  n e m a t o d e s ,  and m i c r o a r t h r o p o d s .  
However, in dry soils, most of the soil microfauna is encysted o r  anhydrobiotic, 
leaving only a few taxa of soil mites t o  graze on t h e  fungal hyphae (Whitford, 
1989). During dry periods, some fungi grow slowly on the organic substrates in 
the soil and there is limited mineralization of N via the grazing activities of the 
few soil mites. T h e  relative rates of N mineralization and N immobilization, 
therefore, are determined by the pulses of rainfall and pulses of inputs of organic 
substrates. Periodic drought results i n  the death of microbial biomass. Rainfall 
that ends such drought produces conditions for rapid mineralization of t h e  dead 
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m i c r o b i a l  b i o m a s s  a n d  c o m p e t i t i o n  of t h e  g r o w i n g  m i c r o b i a l  b i o m a s s  a n d  p l a n t  
roots f o r  a v a i l a b l e  n u t r i e n t s  ( F i s h e r  a n d  W h i t f o r d ,  1995). 

T h e  d i f f e r e n c e s  i n  r e s p o n s e s  of s h r u b l a n d  a n d  d e s e r t  g r a s s l a n d  t o  n i t r o g e n  f e r -  
tilization a p p e a r  t o  b e  related t o  t h e  spatial and t e m p o r a l  distribution of e p h e m e r a l  
p l a n t s  a n d  t o  t h e  g r o w t h  c h a r a c t e r i s t i c s  of t h e  d o m i n a n t  p l a n t s .  I n  d e s e r t  g r a s s e s  
t h e  g r a d u a l  turnover of r o o t  b i o m a s s  a n d  l o c a t i o n  of n i t r o g e n - f i x i n g  o r g a n i s m s  i n  
t h e  r h i z o s h e a t h s  of r o o t s  of s o m e  s p e c i e s  p r o d u c e  c o n d i t i o n s  w h e r e  n i t r o g e n  
m i n e r a l i z a t i o n  r a t e s  a l w a y s  e x c e e d  r a t e s  of n i t r o g e n  i m m o b i l i z a t i o n  ( F i g .  9.11) 
( W h i t f o r d  a n d  H e r r i c k ,  1996). T h e  t e m p o r a l  p a t t e r n s  of m i n e r a l i z a t i o n - i m m o b i -  
lization o n  t h e  d e a d  roots of e p h e m e r a l  plants a l s o  e x p l a i n s  t h e  t e m p o r a l  variation 
i n  productivity of a n n u a l  plants i n  shrublands w h e r e  t h a t  productivity i s  d e c o u p l e d  
f r o m  r a i n f a l l  ( G u o  a n d  B r o w n ,  1 9 9 7 ) .  I n  t h e  n o r t h e r n  C h i h u a h u a n  Dese r t ,  h i g h  
p r o d u c t i o n  of w i n t e r - s p r i n g  a n n u a l s  i s  l i n k e d  t o  r e d u c t i o n s  i n  p r o d u c t i o n  of 
s u m m e r  a n n u a l s  e v e n  i n  y e a r s  w i t h  a b o v e - a v e r a g e  s u m m e r  r a i n f a l l .  

T h e  r e l a t i o n s h i p s  b e t w e e n  r a i n f a l l ,  p l a n t  p r o d u c t i v i t y ,  a n d  t h e  r e l a t i v e  r a t e s  of 
n i t r o g e n  m i n e r a l i z a t i o n  t o  i m m o b i l i z a t i o n  a r e  c o m p l e x .  R a i n f a l l  t h a t  i n i t i a t e s  
g r o w t h  a n d  e s t a b l i s h m e n t  of e p h e m e r a l  p l a n t s  s e t s  u p  t h e  p o t e n t i a l  f o r  an i n p u t  
p u l s e  of d e c o m p o s a b l e  o r g a n i c  m a t t e r .  S p a t i a l  d i s t r i b u t i o n  a n d  d e n s i t i e s  of 
e p h e m e r a l s  a r e  a  f u n c t i o n  of t h e  m o r p h o l o g i e s  of t h e  d o m i n a n t  v e g e t a t i o n .  With 
C, s h r u b s ,  a  l a r g e  r e s i d u a l  p o o l  of d e a d  r o o t s  f r o m  t h e  p r e v i o u s  g r o w i n g  s e a s o n  

grassland -- shrubland with summer ephemerals only 

growing season summer ~4 grasses 

growing season winter - summer ephemerals 

I - shrubland with ephemerals (summer + winter) 

Figure 9.11 T h e  hypothesized relationships between nitrogen mineralization and nitrogen 
mobilization i n  perennial d e s e r t  g r a s s l a n d s  and in d e s e r t  s h r u b l a n d s .  (From Whitford and 
Herrick, 1 9 9 5 . )  With permission from T h e  Society f o r  Range Management. 
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o r  a  p o o l  of d e a d  r o o t s  f r o m  the winter-spring e p h e m e r a l s ,  e s t a b l i s h e s  c o n d i t i o n s  
f o r  n u t r i e n t  i m m o b i l i z a t i o n  a n d  r e d u c t i o n  i n  growth r a t e s  of t h e  s h r u b s .  I n  d e s e r t  
g r a s s l a n d  d o m i n a t e d  by C, g r a s s e s ,  s p a t i a l  distribution of e p h e m e r a l s  i s  r a n d o m  
a n d  p u l s e s  of d e a d  r o o t s  d o  not r e s u l t  i n  r a t e s  of i m m o b i l i z a t i o n  e x c e e d i n g  r a t e s  
of m i n e r a l i z a t i o n  ( W h i t f o r d  a n d  H e r r i c k ,  1 9 9 5 )  ( F i g .  9 . 1  1 ) .  

9.6 OTHER POTENTIALLY LIMITING NUTRIENTS 

P h o s p h o r u s  i s  f r e q u e n t l y  a  l i m i t i n g  e l e m e n t  i n  cultivated a g r i c u l t u r a l  s y s t e m s .  I n  
s t u d i e s  o n  a  n o r t h e r n  C h i h u a h u a n  d e s e r t  w a t e r s h e d ,  t h e r e  was no e v i d e n c e  f o r  P 
l i m i t a t i o n  of p r i m a r y  p r o d u c t i o n  ( L a j t h a  a n d  Schlesinger, 1 9 8 8 ) .  However, p h o s -  
p h o r u s  may b e  l i m i t i n g  i n  d e s e r t s  with very a n c i e n t  s o i l s ,  e.g. A u s t r a l i a n ,  S o u t h  
A f r i c a n  arid r e g i o n s ,  but t h e r e  a r e  n o  q u a n t i t a t i v e  d a t a  a v a i l a b l e  t o  s u p p o r t  this 
s u p p o s i t i o n .  T h e r e  are a l s o  s u g g e s t i o n s  that o t h e r  e l e m e n t s  may b e  l i m i t i n g  f a c -  
t o r s  i n  p r i m a r y  p r o d u c t i o n  i n  a r i d  a n d  s e m i a r i d  e c o s y s t e m s  b u t  t h e r e  a r e  n o  
e m p i r i c a l  s t u d i e s  t h a t  e x a m i n e  t h i s  s u g g e s t i o n .  T h u s  f o r  m o s t  m a t e r i a l s  t h e  
p r o c e s s e s  of d e c o m p o s i t i o n  a n d  m i n e r a l i z a t i o n  t u r n  o v e r  s u f f i c i e n t  q u a n t i t i e s  of 
e l e m e n t s  f o r  t h e  water-limited p l a n t  g r o w t h .  

9.7 ROLE OF MYCORRHIZAE 

M y c o r r h i z a e  ( l i t e r a l l y  f u n g a l  r o o t s )  a r e  f u n g i  that d e v e l o p  m u t u a l i s t i c  s y m b i o s e s  
with r o o t s  of many species of plants. M y c o r r h i z a l  f u n g i  a r e  known t o  e n h a n c e  the 
n u t r i t i o n  of t h e  h o s t  plant ( e s p e c i a l l y  with respect t o  p h o s p h o r u s  n u t r i t i o n )  a n d  
r e c e i v e  benefit f r o m  t h e  h o s t  p l a n t  i n  t h e  f o r m  of u s e a b l e  e n e r g y :  c a r b o h y d r a t e s  
( R e a d  e t  a l . ,  1 9 8 5 ) .  M y c o r r h i z a e  p r o d u c e  n o n d e s t r u c t i v e  i n t e r f a c e s  w i t h  r o o t  
c e l l s  a s  i n t e r c e l l u l a r  h y p h a e ,  i n t r a c e l l u l a r  c o i l s ,  a r b u s c u l e s  a n d  v e s i c a l s  ( F i g .  
9 . 1 2 ) .  T h e  e x t e r n a l  m i c o r r h i z a l  h y p h a e  e x t e n d  f r o m  t h e  r o o t  s u r f a c e  i n t o  t h e  s o i l  
w h e r e  t h e  h y p h a e  s e r v e  a s  f u n c t i o n a l  e x t e n s i o n s  of t h e  r o o t s .  S o m e  s t u d i e s  h a v e  
d o c u m e n t e d  m y c o r r h i z a l  m y c e l i a l  l i n k s  b e t w e e n  d i f f e r e n t  s p e c i e s  o f  p l a n t  
(Watluns e t  al., 1 9 9 6 ) .  M o s t  of t h e  r e s e a r c h  on m y c o r r h i z a l  a s s o c i a t i o n s  a n d  t h e  
e c o l o g i c a l  s i g n i f i c a n c e  of t h e s e  s y m b i o s e s  h a s  been c o n d u c t e d  with a g r i c u l t u r a l  
p l a n t s  o r  w i t h  n a t u r a l l y  o c c u r r i n g  h o s t  p l a n t s  i n  m e s i c  e n v i r o n m e n t s .  
A p p r o x i m a t e l y  9 5  % of t h e  world�s p l a n t  s p e c i e s  b e l o n g  t o  f a m i l i e s  t h a t  a r e  typi- 
c a l l y  m y c o r r h i z a l  a n d  m o s t  of t h e s e  f a m i l i e s  f o r m  v e s i c u l a r - a r b u s c u l a r  
e n d o m y c o r r h i z a e  a s s o c i a t i o n s  ( T r a p p e ,  198 1 ) .  A  survey of t h e  l i t e r a t u r e  on myc- 
o r r h i z a l  c o l o n i z a t i o n  of r o o t s  of a r i d  a n d  s e m i a r i d  p l a n t s  r e v e a l e d  t h a t  s o m e  
s p e c i e s  i n  m o s t  of t h e  p l a n t  f a m i l i e s  surveyed were c o l o n i z e d  b y  m y c o r r h i z a e .  
M o s t  of the reports were based o n  single observations but w h e r e  m u l t i p l e  samples 
w e r e  e x a m i n e d ,  s o m e  samples w e r e  mycorrhizal and s o m e  were not, e.g. A t r i p l e x  
carzescens ( C h e n o p o d i a c e a e )  ( T r a p p e ,  1 9 8  1 ) .  A r i d  z o n e  p l a n t s  t h a t  w e r e  u s u a l l y  
m y c o r r h i z a l  w e r e  m e m b e r s  o f  t h e  C o m p o s i t a e ,  G r a m i n e a e ,  L e g u m i n o s a e ,  
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Figure 9.12 Vesicular-arbuscular m y c o r r h i z a l  structures i n  a root. 

R o s a c e a e ,  S a l i c a c e a e ,  a n d  S o l o n a c e a e .  T h e  C r u c i f e r a e  a n d  Z y g o p h y l l a c e a e  w e r e  
r e p o r t e d  t o  b e  l a r g e l y  n o n m y c o r r h i z a l .  O u t  of 9 3  s p e c i e s  of p l a n t s  f r o m  37 f a m -  
ilies i n  s e m i a r i d ,  o p e n  m a l l e e  ( E u c a l y p t u s  s p p . )  8 5  w e r e  m y c o r r h i z a l  a n d  m o s t  of 
t h e  m y c o r r h i z a e  w e r e  vesicular-arbuscular ( M c G e e ,  1 9 8 6 ) .  S e v e r a l  g e n e r a  t h a t  
were n o t  previously k n o w n  t o  h a r b o r  m y c o r r h i z a e  w e r e  f o u n d  t o  b e  m y c o r r h i z a l .  
S o m e  s p e c i e s  of C a c t a c e a e  and C h e n o p o d i a c e a e  were m y c o r r h i z a l  a t  s o m e  t i m e s  
a n d  n o n m y c o r r h i z a l  a t  o t h e r  t i m e s .  E p h e m e r a l  s p e c i e s  i n  f a m i l i e s  that a r e  t y p i -  
c a l l y  m y c o r r h i z a l  a p p e a r  t o  d e v e l o p  m y c o r r h i z a l  s y m b i o n t s  a s  r e a d i l y  a s  t h e  
p e r e n n i a l  s p e c i e s  i n  t h o s e  f a m i l i e s .  

Vesicular-arbuscular m y c o r r h i z a e  f r u i t  a s  s i n g l e  s p o r e s  i n  t h e  s o i l .  T h e  c o n -  
c e n t r a t i o n s  of vesicular-arbuscular s p o r e s  i n  t h e  s o i l  vary seasonally, w i t h  s o i l  
moisture, a n d  probably with the p h e n o l o g i c a l  s t a g e  of the h o s t  p l a n t .  Mycorrhizal 
s p o r e s  a r e  d i s p e r s e d  b y  a n y t h i n g  t h a t  m o v e s  s o i l  ( w i n d ,  water, a n d  a n i m a l s )  
(Allen e t  a l . ,  1 9 8 9 ) .  A variety of a r t h r o p o d s  ( c r i c k e t s ,  g r a s s h o p p e r s ,  a n t s ,  w a s p s ,  
and o t h e r  i n s e c t s )  a n d  s o m e  s m a l l  m a m m a l s  h a v e  been f o u n d  t o  be s p o r e  d i s -  
p e r s e r s  ( T r a p p e ,  1 9 8  1 ) .  M y c o p h a g o u s  a r t h r o p o d s  m a y  a d v e r s e l y  a f f e c t  t h e  
symbiosis between vesicular-arbuscular mycorrhizae and plants b y  grazing on t h e  
s p o r e s  a n d  e x t e r n a l  h y p h a e .  S o m e  m i c r o a r t h r o p o d s  m a y  a l s o  a c t  a s  s y m b i o t i c  
m u t u a l i s t s  by g r a z i n g  a n d  d i s s e m i n a t i n g  f u n g a l  p r o p a g u l e s  o r  b y  s t i m u l a t i n g  
f u n g a l  g r o w t h  a n d  a c t i v i t y  b y  g r a z i n g  ( M o o r e ,  1 9 8 8 ) .  H a r v e s t e r  a n t s ,  
Pogonomyrmex occidentulis, l e a v e  h i g h  d e n s i t i e s  of vesicular-arbuscular m y c o r -  
r h i z a l  f u n g i  i n  t h e  s o i l s  of t h e  n e s t  m o u n d s  t h a t  a s s i s t  i n  t h e  e s t a b l i s h m e n t  of 
m u t u a l i s t i c  m y c h o r r i z a l  a s s o c i a t i o n s  a f t e r  t h e  a n t  c o l o n i e s  h a v e  a b a n d o n e d  the 
m o u n d s  ( F r i e s e  a n d  A l l e n ,  1 9 9 3 ) .  

T h e  m u t u a l i s m  b e t w e e n  m y c h o r r i z a l  f u n g i  a n d  p l a n t  r o o t s  i s  o n e  i n  w h i c h  t h e  
f u n g u s  receives c a r b o n  f r o m  t h e  p l a n t  a n d  t h e  p l a n t  receives n u t r i e n t s  f r o m  t h e  
f u n g u s .  M y c o r r h i z a l  f u n g i  differ i n  t h e i r  ability t o  take-up a n d  m e t a b o l i z e  various 
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c a r b o n  s o u r c e s  ( S m i t h  a n d  R e a d ,  1 9 9 8 ) .  Vesicular-arbuscular m y c o r r h i z a e  a r e  
totally d e p e n d e n t  o n  p h o t o s y n t h e t i c a l l y  derived g l u c o s e .  T h e  e x t e r n a l  m y c e l i a  of 
o t h e r  m y c o r r h i z a e  c a n  u s e  a g r e a t e r  variety of c a r b o n  s o u r c e s .  R o o t  e x u d a t i o n  
m a y  t r i g g e r  m y c o r r h i z a l  c o l o n i z a t i o n  but t h e  q u a n t i t i e s  of e x u d a t e  a r e  a p p a r -  
e n t l y  i n s u f f i c i e n t  t o  s u p p o r t  c o n t i n u o u s  m y c o r r h i z a l  d e v e l o p m e n t .  M y c o r r h i z a l  
c o l o n i z a t i o n  m a y  r e d u c e  a n d  c h a n g e  t h e  q u a l i t y  of r o o t  e x u d a t e s  ( I n g h a m  a n d  
M o l i n a ,  1 9 9 1 ) .  

T h e r e  i s  s o m e  e v i d e n c e  that m y c o r r h i z a l  p l a n t s  a r e  m o r e  d r o u g h t  tolerant than 
non-mycorrhizal s p e c i e s .  T h i s  i s  t h o u g h t  t o  result from the increased s o i l  volume 
exploited by mycorrhizal plants a n d  not t o  an i n c r e a s e  i n  uptake of w a t e r  b y  the 
f u n g i  ( I n g h a m  and M o l i n a ,  1991). T h e  e n h a n c e m e n t  of growth in m y c o r r h i z a l  
plants i s  generally attributed t o  t h e  exploitation of a  larger v o l u m e  of s o i l  by the 
mycorrhizal mycelia that are external to the root. Increased phosphorus and ammo- 
nium uptake a n d  inflow to plant roots h a s  been d o c u m e n t e d  ( R e a d  e t  a l . ,  1 9 8 5 ) .  
Direct connection of plant roots of different individuals of the s a m e  species o r  roots 
of different s p e c i e s  by mycorrhizal b r i d g e s  h a s  a l s o  been d o c u m e n t e d  (Robinson 
a n d  Fitter, 1999). Also, there i s  evidence f o r  the movement of nutrients f r o m  dying 
r o o t s  t o  l i v i n g  p l a n t s  v i a  m y c o r r h i z a l  l i n k s  b e t w e e n  d y i n g  a n d  l i v i n g  r o o t s  
(Newman and E a s o n ,  1989). Experimental evidence f o r  t h e  direct interplant trans- 
f e r  of carbon s u g g e s t s  that m y c o r r h i z a l  associations may b e  extremely important 
f o r  productivity of patches of plants with different rooting depths a n d  phenologies. 
An i m m e d i a t e  supply of c a r b o h y d r a t e  c o u l d  allow shallow-rooted p l a n t  species to 
initiate growth of photosynthetic tissue as soon as soil moisture becomes available. 

M y c o r r h i z a l  a s s o c i a t i o n s  m a y  n o t  b e  t h e  o n l y  root-fungus m u t u a l i s m  t h a t  
i m p r o v e s  the g r o w t h  a n d  survival of d e s e r t  plants. T h e  r o o t s  of d o m i n a n t  g r a s s  
a n d  s h r u b  s p e c i e s  of t h e  arid s o u t h w e s t e r n  United S t a t e s ,  were e x t e n s i v e l y  c o l o -  
n i z e d  by d a r k  s e p t a t e  f u n g a l  e n d o p h y t e s  (Barrow e t  a l . ,  1 9 9 7 ) .  Dark  s e p t a t e  f u n g i  
w e r e  e i t h e r  t h e  o n l y  f u n g i  i n  t h e  r o o t  o r  w e r e  f o u n d  i n  c o m b i n a t i o n  with v e s i c u -  
lar-arbuscular m y c o r r h i z a e  i n  t h e  s a m e  r o o t .  T h e  internal m o r p h o l o g y  of d a r k  
s e p t a t e  f u n g i  i s  d i f f e r e n t  f r o m  o t h e r  m y c o r r h i z a l  a s s o c i a t i o n s .  T h e  d a r k  s e p t a t e  
h y p h a e  p e n e t r a t e  t h e  root a n d  g r o w  i n t e r -  a n d  i n t r a c e l l u l a r l y  i n  t h e  r o o t  c o r t e x .  
Dark  s e p t a t e  f u n g i  f o r m  m i c r o s c l e r o t i a  o f  various s t r u c t u r a l  c o n f i g u r a t i o n s  over 
time. T h e s e  m i c r o s c l e r o t i a  take t h e  f o r m  of c o i l s  and v e s i c l e s .  Dark  s e p t a t e  f u n g i  
a r e  w i d e s p r e a d  a n d  a r e  a b u n d a n t  i n  s t r e s s e d  e c o s y s t e m s  s u g g e s t i n g  t h a t  they a r e  
ecologically i m p o r t a n t  ( J u m p p o n e n  a n d  T r a p p e ,  1 9 9 8 ) .  Dark  s e p t a t e  f u n g a l  a s s o -  
ciations with t h e  roots of a  desert shrub, A t r i p l e x  canescens, were found t o  contain 
l a r g e  q u a n t i t i e s  of l i p i d  d u r i n g  t h e  p e r i o d  of leaf p r o d u c t i o n  by t h e  s h r u b  i n  t h e  
e a r l y  s p r i n g .  It was h y p o t h e s i z e d  that t h e  s t o r a g e  of c a r b o n  i n  t h e  d a r k  s e p t a t e  
f u n g i  d u r i n g  p e a k  growth p e r i o d s  of t h e  p l a n t  c o u l d  s e r v e  a s  a  c a r b o n  s i n k  and 
e n h a n c e  water retention i n  the fungal hyphae. F r o m  the f u n g a l  reservoir, sufficient 
c a r b o n ,  water, a n d  n u t r i e n t s  c o u l d  b e  s u p p l i e d  t o  t h e  p l a n t  t o  i n s u r e  survival 
d u r i n g  p e r i o d s  of c l i m a t i c  s t r e s s  (Barrow, 2001). T h i s  f a s c i n a t i n g  fungus-plant 
a s s o c i a t i o n  s h o u l d  b e  t h e  f o c u s  of f u t u r e  r e s e a r c h  on d e s e r t  p l a n t s  a n d  n u t r i e n t  
c y c l i n g  p r o c e s s e s .  
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