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P L A N T  A D A P T A T I O N  I N  T H E  G R E A T  B A S I N  A N D  C O L O R A D O  P L A T E A U

Jonathan P. Comstock1 and James R. Ehleringer

ABSTRACT—Adaptive features of plants of the Great Basin are reviewed. The combination of cold winters ;md an arid 
to sermon cl precipitation regime results in the distinguishing features of the vegetation in the Great Basin and Colorado 
Plateau. The primary effects of these climatic features arise from how they structure the hydro logic regime. Water is the 
most limiting factor to plant growth, and water is most reliably available in the early spring alter winter recharge of soil 
moisture. This factor determines many characteristics of root morphology, growth phenology of roots and shoots, and 
photosj'Tithetic physiology. Since winters are typically cold enough to suppress growth, and drought limits growth during 
the summer, the cool tempe-ratums characteristic of the peak growing season are the second most important climatic factor 
influencing plant habit arid performance. The combination of several distinct stress periods, including low-temperature 
stress in winter and spring and high-temperature stress combined with, drought in summer, appears to have limited plant 
habit to a greater degree than found in the warm deserts to the south, Nonetheless, cool growing conditions and a more 
reliable spring growing season result in higher water-use efficiency and productivity in the vegetation of the cold desert 
than in warm desert? with equivalent total rainfall amounts. Edaphic factors are also important in structuring communities 
iri these regions, and halophytic communities dominate many landscapes. These halophyiic communities of the cold desert 
share more species in common with warm deserts than do the nonsalme communities. The Colorado Plateau differs from 
the Great Basin in having greater amounts of summer rainfall, in some regions less predictable rainfall, sandier soils, and 
streams which drain into river systems rather than closed basins and salt playas One result ot’ these climatic and edaphic 
differences is :t more important summer growing season on the Colorado Plateau and a somewhat greater diversification 
of plant hah it. phenology, and physiology.

Key ivonls. cold rZesert, plant adaptation, water stress., phenology, salinity, Great Basin. Colorado Piateciit.

Several fea tu res arising from  c lim a te  and
g e o lo g y  im p o se  sev ere  lim ita tion s on plant
grow th  an d  activity in th e  G reat Basin and C o l
O  *

orad o P lateau . T h e  c lim a te  is d istin ctly  c o n ti
n en ta l w ith  co ld  w in ters  and w arm , o ften  dry 
su m m ers. A nnual p rec ip ita tio n  lev e ls  are lo w  in  
th e  basins, ranging from  100  to 3 0 0  m m  (4—12 
in ch es), an d  typ ically  in crea sin g  w ith  e leva tion  
to 5 0 0  m m  ( 2 0  in ch es) or  m ore in th e  m on tan e  
zo n es . P recip ita tion  lev e ls  are lo w e s t  a lon g  the  
so u th w estern  b oun dary  o f  th e  G reat B asin  in

N evad a and in crea se  both  to th e  north and east, 
and to the sou th east m ovin g  in to  the C olorad o  
P lateau (F ig . 1, T ab le l ) .T h e  fraction  o f  annual 
p recip ita tion  during the hot su m m er m onth s
(ju n e -S e p te m b e r )  varies con sid erab ly , from  
1 0 -2 0 %  in northern  N ev a d a  to 30—40%  along  
the boundary o f  th e  C o ld  an d  M ojave d eser ts  in 
so u tliw estern  N e v a d a  and  sou th ern  U tah , and  
3 5 -5 0 %  th rou gh ou t m uch  o f  th e  C olorad o  P la
teau , W in ter  p recip ita tion  falls prim arily  as 
sn ow  in the G reat Basin an d  h igher e lev a tio n s
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Table 1. Selected climatic data for low-elevahon sites in different regions of the Great Basin. Mojave Desert, and 
Colorado Plateau. Values are based on averages for the U.S. Weather Bureau stations indicated. The three divisions ol the 
year presented here reEect ecologically relevant units, but are unequal in length. Tlie fi^e months of October-February 
represent a period of temperature-imposed plant dormancy and winter recharge of soil moisture. The spring month* of 
March-.May represent the potential growing period at cool temperatures immediateh' folkwving inter recharge. Tlie 
summer and early fall from June through September represent a potential warm growing season in areas with sufficient 
ttiminer rain or access tr> other moisture sources.

Region Map # Weather 
(Fig. 1) station

Total precipitation Mean temperature

Elevation Annual Oct-Feb Mar-May ]un-Sep Annual Oct-Feb Mar-Mav |«n-Sep 
(m) (mm) (%) (%) ' (%) {%) (°C) (°C) ' ' (UC)

Northern 1 Fort Bid-.veU 1370 402 63 24 13 9.0 3.0 S.O 17.3
Great Basin 2 Reno 1340 182 61 24 15 9.5 3.3 S.4 18.0

3 Ellco 1547 230 52 29 19 7.6 0.1 7.1 ir.5
4 Snowville 1390 300 43 33 24 7 4 0.7 6.2 18.4

Southern 5 Sarcobatus 1225 So •15 22 n noJ 13.5 6.4 J.2-5 23 1
Great Basin 6 Caliente 1.342 226 47 24 29 11.7 4.1 11.2 21.5

j i
i Fillmore 1573 369 44 34 u .o 3.0 10.0 21.7

Mojave Desert 5 Tnma 517 102 70 19 11 19.0 11.3 18,4 29.0
9 Beaverdam 570 169 50 23 28 18.3 11.0 16 9 2S6

Colorado 10 Hanksville 1,313 132 36 19 45 11.4 2.1 11.5 22. S
Plate au 11 Grand [ unction 1478 211 39 2.5 36 11.3 2.4 10.9 22.9

12 Standing 1841 336 48 19 33 9.7 2.1 S.7 19.9
.13 Tuba City 1504 157 38 21 41 12.6 4.8 12.0 22.8
14 Chaco Canyon 1867 220 35 20 45 .10.3 2,6 9,4 20.6

o f  the C o lorad o  P lateau , w h ich  is th o u g h t to  b e  
a critica l featu re en su r in g  soil m oisture rech arge  
and  a re liab le  spring grow in g  sea so n  (W est 
1953. C akhveil 1 9 8 5 , D o b ro w o lsk i e t  al. 1990). 
D u rin g  the w in ter  period , p rec ip ita tion  is gen*  
eralJy in excess ot p o ten tia l evap oration , bu t low  
tem p era tu res d o  not perm it grow th  or p h o to 
syn th esis , and e x p o se d  p lants m ay ex p er ien ce  
sh o o t d esicca tio n  d u e  to dry w in ds an d  frozen  
soils (N e lso n  and T iem a n  19S3.L S trong w in d s  
can  a lso  cau se m ajor red istr ibu tion s o f  th e  snow - 
pack, so m etim es reversing  th e  e x p e c te d  
in crea se  in  p recip ita tion  w ith  e leva tion  and  
h avin g  im portan t c o n se q u e n c e s  to  p lant d istr i
b u tion s (B ran son  et al, 1976, S turges 1977 , W est  
and  C ald w ell 1983), T h e  im portan t grow in g  
season  is th e  co o l spring w h en  th e  so il p ro file  is 
rech arged  from  w in ter  precip itation; grow th  is 
usually  cu rta iled  b y  d iv in g  soils c o u p le d  w ith  
liigh  tem p era tu res in early  or m id -su m m er, A  
c lea r  p ictu re o f  th is c lim atic  reg im e is essen tia l 
to  any d iscu ssion  o f  p lan t adaptations in the  
region .

A se c o n d  m ajor fea tu re  a ffec tin g  p lan t p e r 
fo rm an ce  is th e  p  reva len ce of saline so ils ca u sed  
b y  the co m b in a tio n  o f  low  p rec ip ita tion  and th e

in tern al drainage typ ical o f  th e  G reat Basin. In 
th is p aper w e  ad d ress th e  sa lien t m orp h o log ica l, 
p h ysio log ica l, and p h on o log ica l sp ec ia liza tio n s  
o f  native p ian t sp e c ie s  as th ey  re la te  to  survival 
and grow th  u n d er th e  constrain ts o f  th ese  
p oten tia lly  stressfu l lim itations. W e em p h a size
( 1 ) ed a p h ic  fa c to r , particularly soil salinity’ and  
texture, and (2 ) the c lim a tic  reg im e en su rin g  a 
fairly d ep en d a b le , d e e p  sp rin g  rech arge o f  soil 
m oistu re d e sp ite  the overa ll aridity, as t actors 
m o ld in g  p lan t adaptations and  p ro d u c in g  the  
u n iq u e  aspects o f  th e  regional p lan ts and v e g e 
tation. T h e  m ajority o f  the G reat B asin  lies at 
m od erate ly  h igh  e lev a tio n s (4 0 0 0  It and  ab ove), 
an d  it is o c c u p ie d  by c o ld  d esert p lan t c o m m u 
n ities. R e feren ce  to  ,Jthe G reat B asin ” and its 
en v iro n m en t in this p ap er  w ill re fer  to  th is h igh- 
elevation  region as d istin ct from  that c o m e r  ot 
th e  M ojave D e se r t  that o ccu p ies  d ie  so u th w est
ern  c o m e r  ot the G reat B asin  geograp h ic  unit 
i F ig . 1). O ur em p h a sis  w ill b e  p la ced  on  th ese  
co ld  d esert shrub co m m u n itie s  in both  the  
G reat B asin  and th e  C o lorad o  P lateau ran gin g  
from  th e  topograph ic low  p oin ts o t th e  sa lin e  
playas or canyon  b o tto m s up to th e  p in von-ju n i- 
p er w o o d la n d  T h e  low er-e leva tion , warm er.
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in  th e  sou th ern  G reat B asin , bu t su m m er  p re 
cip ita tion  is su b stan tia lly  grea ter  on the C o lo 
rado P lateau  (T able 1 ). Soils and. drainage  
pattern s also d ifler  in crucia l ways. T h e  h ig h 
lands o f  th e  C olorad o  P lateau  gen era lly  drain  
in to  th e  C olorad o  R iver system . In  m an y areas 
ex ten siv e  ex p osu re  o f  m arine shales from  th e  
C h in le . M an cos, and  M orrison  B rushy-B asin  
form ations w ea th er  in to  soils that restrict p lant 
d iversity  and  total co v er  d u e  to  h igh  co n cen tra 
tion s o f  NaSO^, an d  th e  form ation  o f  clays that 
do n o t a llow  w a ter  infiltration  (P o tter  et al.
1985). In o th er  areas m a ssiv e  sa n d sto n e  o u t
crops o ften  d o m in a te  th e  land scape. Shrubs and  
trees  m ay root th ro u g h  very  sh allow  rocky so ils  
in to  natural joints and  cracks in th e  su b stra tu m . 
D e e p e r  soils are g en era lly  aeo lian  d ep osits  
form ing sands or  san d y loam s. In  contrast, h igh  
e lev a tio n s o f  the G reat B asin  drain in to  c lo se d  
valleys an d  evap orative  sinks. T h is resu lts in  
grea ter  average salinity in th e  lo w la n d  so ils  o f  
the G reat B asin , w ith  N a C l b e in g  th e  m ost  
co m m o n  salt (F lo w ers 1934), and  a  m o re  ex ten 
siv e  d e v e lo p m e n t o f  h a lop h ytic  or sa lt-to lerant 
v eg eta tio n . Soils te n d  to b e  d e e p , e sp ec ia lly  at 
low er e leva tion s, an d  vary in texture from  clay  
to  sandy loam s. S u m m er-a ctiv e  sp ec ie s  w ith  
d ifferen t p h o to sy n th etic  pathw ays, su ch  as C 4  

grasses an d  C A M  su ccu len ts , are p oorly  rep re
sen ted  in m u ch  o f  th e  G reat B asin , b u t th e  
co m b in a tio n  o f  in crea sed  su m m er rain, sand ier  
so ils, and m ild er w in ters at th e  low er e lev a tio n s  
o f  th e  C olorad o  P lateau  has r e su lte d  in  a greater  
expression  o f  p h o n o lo g ica l di versity.

T h e  in tera ctio n s o f  ed a p h ic  factors and c li
m ate are co m p lex  and o ften  su b tle  in  th e ir  
e ffe c ts  on  p lan t p erform an ce. .Furtherm ore, 
p lan t d istributions are rarely d e te r m in e d  by a 
sin g le  factor th rou gh ou t th e ir  geograp h ic  range, 
ev en  th ou gh  a s in g le  factor m ay ap p ear to  c o n 
trol d istrib u tion  in th e  co n tex t o f  a lo ca l e c o sy s 
tem . S p e c ie s -s p e d  fie ch aracteristics gen era lly  
do n ot im part a narrow  req u irem en t for a s p e 
c ific  en v iro n m en t, b u t rather a u n iq u e  se t  o f  
"ranges o f  to lerance"  to a large array o f  envi ron 
mental. param eters. In d ifferen t en v iron m en ta l 
con tex ts , d ifferen t to lera n ces m ay b e  m o re  lim 
iting, b oth  ab io tic  and  b io tic  in teraction s m ay be  
a ltered , and th e  sa m e se t  o f  sp ec ie s  m ay sort ou t  
in d ifferen t spaeial patterns. A further c o n s e 
q u e n c e  o f  th is is that a lo ca l co m b in a tio n  o f  
sp ec ies , w h ich  w e  m igh t re fer  to  as a G reat 
Basin, p lan t com m u nity , rep resen ts a reg ion  o f  
overlap  in th e  geograp h ica lly  m o re  ex ten siv e

Great Basin

Mojave

Colorado Plateau

Fig. 1. Distribution of the major desert vegetation zor.es 
in the Great Basin and Colorado Plateau. Numbers indicate 
locations of climate stations for which data are presented iri 
Table 1. .Most of the Mojave Desert indicated is geologically 
part of the Great Basin, but, due to its lower elevation and 
warmer temperatures, it is ciimaticaHy distinct from the rest 
oi the region.

and  drier M ojave D e se r t  p ortion  o f  th e  G reat 
B asin  will, b e  co n sid ered  prim arily  as a  p o in t o f  
com p arison , and for  m o re  th o ro u g h  covera g e  o f  
that reg ion  w e r e c o m m e n d  th e  rev iew s b y  
E h ler in g er  (1 9 8 5 ), M acM ah on  (1 9 8 8 ), and  
S m ith  an d  N ow ak  (1 9 9 0 ). F or th e  h ig h er  m o n 
ta n e  an d  a lp in e  zo n es  o f  th e  d eser t m ou n ta in  
ran ges, th e  read er is re ferred  to  rev iew s b y  
V asek and T h o m e  (1 9 7 7 ) and  Sm ith  and  K napp  
(1 9 9 0 ). W e are in d e b te d  in our o w n  co v era g e  o f  
th e  co ld  d ese r t to o th er  recen t rev iew s, in c lu d 
ing  C a ld w ell (1 9 7 4 , 1985), W est (1 9 8 8 ), 
D o b ro w o lsk i e t  al. (1 9 9 0 ), and S m ith  and  
N o w a k  (1 9 9 0 ).

T h e  G reat Basin and  th e  C o lorad o  P lateau  
share im p ortan t c lim atic  fea tu res su ch  as overall 
aridity, fre q u en t su m m er d rou ghts, and c o n ti
n en ta l w inters; yet th e y  d iffer  in o th er  eq u a lly  
im p ortan t fea tu res. T em p eratu res o n  th e  C o lo 
rado P lateau  are sim ilar to  eq u iv a len t e lev a tio n s
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and g en era lly  u n iq u e d istrib u tion s of each  c o m 
p o n en t sp ec ies . In fact, th e  d istribu tion s o i sp e 
c ies co m m o n ly  associa ted  in th e  sam e G reat 
Basin co m m u n ity  m ay be strongly  con trastin g  
o u ts id e  th e  G reat B asin . T h is is an essential, 
p oin t m  a ttem p tin g  to  d iscu ss p lan t adaptations  
w ith  th e  im p lica tion  o f  cau se and e ffec t, 
b e c a u se  fe w  sp ec ie s  d iscu ssed  w ill have a strict 
and ex c lu sive  relationsh ip  w ith  th e  en v iro n m en t  
o f  in terest. U n less  w e  can  sh ow  local, e co ty p ic  
d ifferen tia tion  in  the traits d iscu ssed , w e  n e e d  
to  take a broad  v ie w  o f  th e  re lationsh ip  b e tw e e n  
en v iro n m en t an d  p lant characters, hi a few  
in sta n ces, a sm all n u m b er  o f  ed a p h ic  factors and  
plant characters, su ch  as to lera n ce  o f  very high  
salin ity  in soil w ith  shallow  groundw ater, seem  
to b e  o i overrid in g  im p ortan ce . In m ost ca ses w e  
n e e d  to  ask, w h at are th e  co m m o n  e le m e n ts  o f  
c lim a te  o v er  th e  d iverse  ranges o f  all th e se  s p e 
c ie s?  O n e  such  co m m o n  e le m e n t , w h ich  w ill b e  
em p h a sized  th rou gh ou t th is review , is th e  
im p o rta n ce  o i re liab le  w in ter  recharge o f  soil 
m oistu re in an  arid to  sem iarid  c lim ate . By id e n 
tifying su ch  co m m o n  e le m e n ts  and fo cu sin g  on  
th em , w e  do not fully d escr ib e  th e  a u teco lo g y  o f  
an y  sp ec ie s , b u t w e  a ttem p t a c o g e n t trea tm en t  
o f  plant adaptations to  the G reat Basin en v iron 
m en t, and an exp lan ation  o f  the u n iqu e features  
of its p lant co m m u n ities .

Cl im a t e , E d a p h ic  F a c t o r s , a n d  Pl a n t  
D is t r ib u t io n  Pa tter n s

T ypical zon ation  pattern s o b served  in  sp e 
c ie s  d istribu tion s around p layas (th e  sa lin e  flats 
at the b o tto m  o f  cio.sed-draina.ge basins) are  
q u ite  dramatic;, re flec tin g  an overrid in g  e f fe c t  of 
salin ity on  p lant d istr ib u tion  in th e  G reat B asin . 
M oving ou t from  the basin  c e n te r  is a grad ien t  
of d ecrea sin g  so il sa lin ity  o ften  correla ted  w ith  
p rogressive ly  eoarser-textu red  soils. Along* this 
grad ien t th ere  are co n sp icu o u s sp ec ie s  rep la ce 
m en ts, o ften  resu ltin g  in co n cen tr ic  zo n es  o f  
con trastin g  v eg eta tio n  (F lo w ers 1934, Vest 
1962). In  the lo w est top ograp h ic zo n e , sa line  
grou n d w ater m ay b e  v e iy  n ear th e  surface. Soils  
are very sa line, fin e  tex tu red , and su b ject to  
occasion a l flo o d in g  and anoxic co n d itio n s. In 
th is en v iro n m en t the co m b in a tio n  o f  available  
m oistu re w ith  o th er  p o ten tia lly  stressfu l soil 
ch aracteristics s e e m s  to  be m ore im portan t than  
clim atic  factors o f  tem p era tu re  or seasonal rain- 
ia(! patterns. S p ec ie s  foun d  h ere , su ch  as d esert  
saltgrass (D istich U s sp ic a ta ) , p ick lew eed s

(A llen ro lfia  o c c id e n ta lis  and  SaUco.rnla spp .), 
and g rea sew o o d  (S a rco b a tu s v e m i ia d a tu s ) , 
m ay th em se lv e s  s lio w  zonation  d u e  to d e g r e e s  
o f  to lera n ce . T h ey  ten d  to  occu r  in c lo se  prox
im ity, h ow ever, on  th e  e d g e s  o f  salt playas, sa line  
flats w ith  shallow  w ater  tab les, and near sa line  
se ep s  over a w id e  range o f  e lev a tio n s, tem p era 
tures, and  seasonal rainfall pattern s in both  the  
G reat Basin and  sou th ern  w arm  d eserts  
(M acM ah on  19S8). T h is relative in d e p e n d e n c e  
oi d istribution  from  p revailin g  c lim a te  is a sp e 
cia l characteristic  o f  strongly h a lop h ytic  p lant 
co m m u n itie s  th rou gh ou t the world, and re flec ts  
th e  overrid in g  im p o rta n ce  o f  such ex trem e  
ed a p h ic  con d ition s. S p ec ie s  foun d  o n  better- 
drained , m o d era te ly  saline so ils, w h ere  grou n d 
w a ter  is n ot fo u n d  w ith in  th e  rooting z o n e , 
in c lu d e  w in ter fat (C e ra to id e s  la n a ta )  and  
sh ad scale (A trip !ex  co n fer tifo lia ). T h e se  sp ec ie s  
are, in turn, rep laced  at h igh er  e lev a tio n s and on  
m oister, n onsalin e soils by big sagebrush  (A r te - 
m is ia  tr id e n ta ta ) ,  rabbit brash (C  h ry  so th a m n u s  
sp .), b itterbrush  (P u rsh ia  sp .), and  sp in y  h o p -  
sage [G ra y ia  sp in o sa ). S h ad sca le  is o fte n  foun d  
in areas w h e r e  soils are notab ly  sa lin e  in  th e  
lo w er  h a lf o f  th e  roo tin g  zo n e , bu t not in th e  
u p p er soil layers. Such  a to lera n ce  o f  m o d er
ately  sa line soils se e m s to  con tro l its d istr ib u tion  
around  playas, e sp ec ia lly  in  the w etter, eastern  
oortion o f  th e  G reat Basin (w estern  U tah ) and  
ov'er e leva tion s in  th e  w arm  M ojave D e se r t. In  

the m ore arid reg ion s o f  w estern  and central 
N evada, how ever, the sh ad scale co m m u n ity  
occurs w id e ly  on n o n sa lin e  s lo p es lo w er  in e le 
vation , w arm er, and  d rier  than th ose d o m in a ted  
by big sagebrush . T h e se  h ig h er  bands o f  
sh ad sca le  have b e e n  variously in terp reted  in  
term s o f  aridity to leran ce and c lim ate  (B illings  
1949) or an association  w ith  lim esto n e-d er iv ed  
ca lcareou s soiis (B ea tley  1975). T h e  latter  
author p o in ts o u t that ev en  on n o n sa lin e  soils  
p ercen t co v er  in the sh ad scale co m m u n ity  is 
low er than e x p e c te d  for th e  lev e l o f  p rec ip ita 
tion, and argues that th is in d ica tes stress from  
ed ap h ic  factors. T h u s, sh ad sca le  d istribu tion  is 
m ost co rre la ted  w ith  salin ity to leran ce in  so m e  
regions and  o th er  ed a p h ic  and c lim atic  to leran 
ce s  in o th er  regions.

W h ere  th e  h igh er  e lev a tio n s o f  th e  G reat 
Basin c o m e  in co n ta ct w ith  th e  lower-elevafcion, 
g en era lly  drier, and w arm er M oj ave D eser t  
region , co m m u n ities  d o m in a ted  by creo so te  
(.L a tr e a  tr id e n ta ta )  rep lace sagebrush  c o m m u 
n ities on n o n sa lin e  s lo p es and  bajadas.
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S h ad sca le  can b e  fo u n d  b oth  on  sa lin e  so ils at 
very lo w  e lev a tio n s in th e  M ojave and as a tran
sitional band  at h igh  e lev a tio n s b e tw e e n  c r e o 
so te  and  sagebrush . E lem e n ts  o f  th e  co ld  d esert  
shrub  com m  u n ities, ad a p ted  to co n tin en ta l w in 
ters and  a co o l sp rin g  grow in g  season , can b e  
fou n d  th rou gh ou t th e  w in ter-ra in -d om in ated

O  ■

Mqj ave D eser t region  as a  h ig h -e lev a tio n  band  
on arid m ou n ta in  ranges. T h ey  also ex ten d  to  the  
so u th ea st at h igh  e lev a tio n s in to  th e  strongly  
bitnodal p recip ita tion  reg im e  or th e  C olorad o  
P lateau , and northw ard at low  e lev a tio n s into  
Id ah o, W ash in gton , and  ev en  B ritish  C olu m b ia . 
M ovin g  up from bajadas ot the sou th ern  warm  
d eserts , th e r e  appears to  b e  n o  su ita b le  coin  b i
nation  o i tem p era tu re  and p recip ita tion  at any  
e lev a tio n  to  su p p ort floristic e le m e n ts  o f  th e  
co ld  d esert. As p recip ita tion  in creases w ith  alti
tu d e , zo n es  w ith  eq u iv a len t total p recip ita tion  
d o  not yet have co ld  w in ters and are o c c u p ie d  
by w arm  d ese r t sh ru b  co m m u n itie s  grad ing  in to  
chaparral c o m p o se d  o f  u n re la ted  taxa. H igh er  
e lev a tio n s  w ith  co ld  w in ters have su ffic ien t p re
cip itation  to  support forests. O th er  e le m e n ts  
c o m m o n  in  sh ad sca le  and m ixed-shrub  c o m m u 
n itie s  o f  th e  G reat B asin , such  as w in terfa t and  
b u d sa g e  [A rtem is ia  sp in o sa ), are o ften  fo u n d  
o u ts id e  th e  G reat Basin in  co ld -w in ter  but 
largely  sum m er-ra in fa ll grasslands.

F rom  th ese  pattern s o f  co m m u n ity  d istribu
tion  w ith in  th e  G reat B asin  a n d  C olorad o  P la
teau , and a lso  from  a co n sid era tio n  o i th e  m ore  
ex ten siv e  ranges an d  a ffin ities o l th e  c o m p o n e n t  
sp ec ie s , w e  can  iso la te  a few  k ey  f ea tu res o f  th e  
en v iro n m en t that are largely  resp o n sib le  for th e  
u n iq u e  p lant fea tu res s e e n  in  th e  G reat B asin . 
T h e  m ost ob v iou s fea tu res are related  to  th e  
p a tte  rns o f  soil sa lin ity  and textu re g en era ted  b y  
th e  overall arid ity co m b in ed  w ith  e ith er  in tern al 
d ra in age b asins or  th e  in  situ w ea th er in g  of 
sp e c ific  rock typ es. T h e  m ost im p ortan t c lim atic  
variab les are slightly  m ore su b tle . T h ere  is 
clearly  not a req u irem en t lor exc lu sive ly  w in ter  
rainfall, but th e r e  is a req u irem en t for at least a 
substantia l portion  ot th e  annual rainfall to c o m e  
d u rin g  a co n tin en ta l w inter. T h is p erm its w in ter  
a c c u m u la tio n  o f  p recip ita tion  to  a g r e a te r  d e p th  
in  the so il p rofile  than w ill o ccu r  in  re sp o n se  to  
less p red ic ta b le  su m m er  rep len ish m en t o f  
drying  soil m oistu re reserves. U n d er  an overall 
arid c lim a te , w in ter  rech arge m ain tains a p re
d ictab ly  favorab le an d  d om in an t spring grow in g  
season  ev en  in m an y  areas o f  strongly  bi m odal 
rainfall. M ost o f  th e  p h ysio log ica l, m o rp h o lo g i

ca l, and phenologic& l traits fo u n d  in th e  d o m i
nant shrubs re flec t the p r im a iy  im p o rta n ce  of 
such  a coo l spring grow in g  season .

P h o t o s  y n t i ik  s i s

Ph o t o s y n t h e t i c  p a t h w a y s .— T h e p ro 
c e s s  o f  p h o to sy n th esis  in p lan ts re lies  on  th e  
acq u isition  o f  C O a from  th e  a tm osp h ere , w h ich , 
w h en  co u p led  w ith  solar energy, is tran sform ed  
in to  organ ic m o lecu les  to  m ake sugars and  pro
v id e  tor p lant g ro w th . In  m oist c lim ates p lan t 
co m m u n itie s  o ften  a ch iev e  c lo sed  ca n o p ies  and  
100%  co v er  o f  th e  grou n d  su r fa ce . U n d er  th ese  
co n d itio n s co m p etitio n  for light m ay b e  am on g  
t lie  m ost im portant p lan t-p lan t in teraction s. In  
th e  d eserts total p lant co v er  is m uch  less  than  
100% , and in th e  G reat B asin  c lo ser  to  25%'. 
P h o to sy n th esis  is not greatly  lim ited  b y  available  
light, but rather by w ater, m in era l nutrients  
n e e d e d  to  sy n th esize  en zy m es and m aintain  
m eta b o lism , and  m axim um  can op y  leaf-area  
d ev e lo p m en t.

T h ree  b io ch em ica l pathw ays o f p h o to sy n 
th esis  h ave b e e n  d escr ib ed  in p lants that d iffer  
in  th e  first ch em ica l reactions a ssocia ted  w ith  
th e  capture o f  COa from  th e  a tm o sp h ere . T h e  
m ost co m m o n  and  m o st fu n d am en ta l ol th e se  
pathw ays is re ferred  to as the Ca pathw ay  
because the first p rod u ct o f  p h o to sy n th esis  is a 
3-carbori m o lecu le . T h e  o th er  tw o  pathw ays, C 4  

and C A M , are basica lly  m od ifica tion s o f  th e  
prim ary C 3  pathw ay (O sm on d  e t  al. 1982), T h e  
C 4  p ath w ay  (first p rod u ct is a  4 -carb on  m o le 
cu le ) is a m orp h olog ica l and  b io ch em ica l 
arran gem en t that o v erco m es p h o to  resp iration , 
a p ro cess that results in red u ced  p h o to sy n th etic  
rates in C 3  p lants. T h e  C 4 p ath w ay can  co n fer  a 
m u ch  h ig h er  tem p era tu re  op tim u m  for p h o to 
syn th esis and a greater w a ter-u se  effic ien cy . As 
w ater-u se e ffic ien cy  is th e  ratio o f  p h o to sy n 
th etic  carbon  gain to  transp irational w ater  loss,
C 4  p lan ts h ave a  m etab o lic  ad van tage in  h ot, dry
en v iro n m en ts  w h en  soil m o istu re  is available. In  
grasslands C 4  grasses b e c o m e  d om in an t at low  
e lev a tio n s an d  lo w  latitudes w h ere  annual te m 
p eratu res are w arm est. In in terp retin g  p lan t 
distribution  in d eserts , the season a l pattern  o f  
rainfall usually restricts th e  p eriod s of p lan t  
grow th , and th e  tem p eratu re  d u rin g  th e  rainy  
season  is thu s m ore im p ortan t than m ean  annual 
tem p eratu re . T h e  C 4  p ath w ay i s o ften  a sso c ia ted  
w ith  su m m er-active  sp ec ie s  and also  w ith  p lants  
o f  saline soils. W h ile  C's grasses p red o m in a te  in
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m ost o f th e  G reat B asin , C* grasses b e c o m e  
in creasin g ly  im p ortan t as su m m er  rain in creases  
to  th e  sou th , and  e sp e c ia lly  on th e  C olorad o  
P lateau . H alop h ytic  p lants are o ften  C*. su ch  as 
saKbush (A tr ip le x  spp .) and salt grass (EHstichlis 
sp p .)f a n d  this m ay g ive the plants a co m p etitiv e  
ad vantage from  in crea sed  w a ter-u se  e ff ic ien c y  
on  sa lin e  soils.

T h e  th ird  p h o to sy n th e tic  pathw ay is C A M  
photosynthesis (C rassulacean A cid M etabolism ), 
C A M  plants op en  their stom ata  at n ight, cap ture  
C O 2  and  sto re  it as m alate in th e  ce ll vacuole, 
and k eep  their  stom ata  c lo se d  during the day  
(O sm on d  e t a l .  1982). 'i'he CO s is th en  re lea se d  
from  th e  v a cu o le  and u sed  for p h o to sy n th esis  
the fo llo w in g  day. B eca u se  the stom ata  are o p en  
on ly  at n igh t w h e n  it is coo l, w ater loss a sso c i
a ted  w ith  C A M  p h o to sy n th esis  is greatly  
red u ced . T his p ath w ay is o ften  found  in  su ccu 
len ts su ch  as cacti an d  agave. an d ? a lth ou gh  
C A M  p lan ts are p resen t in the G reat Basin, th ey  
are a relatively m inor com ponent o f  d ie  vegetation .

P h otosyn d ietic  rates o f  p lants, like m ost m et
abolic  p ro cesses , sh ow  a  stron g  tem p era tu re  
d e p e n d e n c e , U sually, p h o to sy n th etic  rates are 
red u ced  at low  tem p era tu res b eca u se  o f  the  
tem p era tu re  d e p e n d e n c e  o f  en zy m e-ca ta ly zed  
reaction  rates, in crea se  w ith  tem p era tu re  until 
so m e  m axim um  valu e (w h ich  d e lin e s  th e  ‘te m 
perature o p tim u m  ), and th en  d ecrea se  again  at 
ligjher tem p era tu res. T h e  tem p eratu re op tim a  
and m axim um  p h o to sy n th etic  rates o f  p lants  
sh ow  co n sid era b le  variation, and th ey  gen era lly  
re flec t the grow ing co n d itio n s o f  th e ir  natural 
en v iron m en ts.

P h o t o s y n t h e t ic  a d a p t a t io n .— In the
spring th e  p h o to sy n th etic  tem p era tu re  op tim a  
o f  th e  d o m in a n t shrub sp e c ie s  are typ ica lly  as 
low  as 15 C  {40 F ) (C a ld w ell 19S5), co rresp on d 
ing  to  th e  p reva ilin g  en v iro n m en ta l tem p era 
tures (m idday m axim a gen era lly  less  than  2 0  C). 
As a m b ien t tem p eratu res rise 1 0 -1 5  C in the  
sum m er, th ere  is an upw ard shift o f  on ly  5—10 C  
in  the p h o to sy n th e tic  tem p era tu re  op tim a o f  
m ost shrubs, co u p led  w ith  a slow er d e c lin e  o f  
p h o to sy n th esis  at h igh  tem p era tu res. T h e  m ax
im u m  p h o to sy n th etic  rates m easu red  in  m ost 
G reat Basin shrubs under e ith er  natural or irri
g a ted  co n d itio n s  range from  14 to 19 p,moI C O 2  

nV;’ s ' ; {D eP u it-a n d  C a ld w ell 1975, C ald w ell e t  
al. 1977, E vans 1 9 9 0 ). T h e se  rates are q u ite  
m o d est co m p a red  to th e  h igh  m axim a o f  25  to  
45  p.mo] C O 2  m  s " o b serv ed  in m any w arm ' 
d esert sp ec ies  ad ap ted  to rapid grow th  at h igher

tem p eratu res (E h ler in g er  and Bjorkm an 1978, 
M o o n ey  e t  al, 197S, C o m sto ck  an d  E h ler in g er  
1 9 8 4 ,1 9 8 8 , E h ler in g er  1985). T h is p resu m ab ly  
re f lee ts  the sp ec ia liza tion  o f  d ie se  G reat B asin  
shrubs tow ards utilization  o f  th e  c o o l spring  
grow in g  season . P ositive p h o to sy n th etic  rates  
are m ain ta ined  ev en  w h e n  le a f  tem p eratu res  
are n ear freez in g , w h ich  perm its p h o to sy n th etic  
activity to  b eg in  in th e  very  early spring ( D eP u it
and C a ld w elf 1973 , C a ld w ell 1985).

U n usu ally  h igh  m axim um  p h o to sy n th e tic  
rates o f  4 6  jim ol C O 2  m "s'1 have b een  rep orted  
for o n e  irrigated  G reat Basin  shrub, rabbitbrush  
(C h ry so th a m n u s  n o u seo m s)  'D a v is  et al. 1955). 
T his sp ec ie s  is also u n u su a l in h avin g  a d e e p  tap  
root that o fte n  taps grou n dw ater, u nu su ally  h igh  
leve ls o f  su m m er  le a f  re ten tio n  (B ranson et al. 
1976), and co n tin u ed  p h o to sy n th e tic  activity  
th rou gh ou t th e  su m m er d rou gh t (D o n o v a n  and  
E h ler in g er  1991). All o f  th ese  characters su g 
g est g rea ter  p h o to sy n th etic  activ ity  during th e  
warm  su m m er m o n th s than  is  fou n d  in m ost  
G reat B asin  shrub  sp ec ies .

Sh o o t  activity a n d  p h e n o l o g y .— G e n e r 
ally speak ing , th ere  is a d istin ct d rou gh t in early  
su m m er (Ju n e-Ju ly ) in th e  G reat Basin C old  
D e se r t , th e  M ojave D e se r t , and th e  S on oran  
D esert, A ll o f  th e se  d eserts h ave a  substantial 
w in ter  p rec ip ita tion  season , but th ey  d iffer  in. 
d ie  im p o rta n ce  o f  th e  su m m er and  early  fall 
rainy season  (J u ly -O cto b er) in su p p ortin g  a d is
tin ctive  p er io d  o f  p lant grow th and activ ity  
(M acM ah on  1988), T h e  rela tion sh ip  b e tw een  
clim ate  and  p lant grow in g  sea so n  is co m p lex  and  
in c lu d es total rainfall, season a l d istrib u tion  o f  
rainfall, and p red ictab ility  o f  rainfall in d ifferen t  
season s as im p ortan t variables. F u rth erm ore, in  
very  arid areas th e  season a lity  o f  tem p eratu res  
m ay b e  as im p ortan t as that o f  rainfall. In the  
G reat B asin , c o ld  w in ters  a llow  th e  m oistu re  
from low  lev e ls  o f  p rec ip ita tion  to  a ccu m u la te  
in  th e  soil for spring u se , w h ile  hot su m m er  
tem p eratu res ca u se  rapid evap oration  from  
plants and soil. H ig h  tem p eratu res can  p reven t  
w e ttin g  o f  th e  soil p ro file  b ey o n d  a fe w  c e n tim e 
ters d ep th  in resp o n se  to  su m m er  rain, e v e n  
w h en  su m m er rain accou n ts for a la rg e  fraction  
o f  th e  annual total (C a ld w ell e t  al. 1 9 7 7 ). As total 
annual rainfali d ecrea ses , th e  relative im p or
tan ce o f  th e  coo l spring grow in g  season  
in creases as th e  o n ly  p oten tia l grow in g  p eriod  in 
w h ich  availab le soil m oisture ap p roach es th e  
evap orative d em a n d  (T hom thw 'aite 1948 , C o m 
stock  and E h ler in g er  1992). F inally , reliab ility
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of m o istu re  is im p ortan t to p eren n ia ls , and as 
average total p recip ita tion  d ecrea ses , th e  \ ari- 
an ce  b e tw e e n  vears in creases (E h ler in g er
1985); variab ility  o f  annual p rec ip ita tion  is d is
cu ssed  in m o re  deta il later in  th e  sectio n  on  
annuals and  life -h is to n  diversity. S u m m er rain 
is m ore lik e ly  to b e  co n cen tra ted  in a te w  h igh- 
in ten sity  storm s that m ay  not h a p p en  every year  
at a g iven  site  and m ay cau se  m ore runof f  w h en  
th ey  d o  occur. T h e  ab ility  o f  m o istu re  from  
w in ter  rain to  a ccu m u la te  o v er  severa l m on th s  
greatly  en h a n ces  its reliability as a m o istu re  
resou rce. T h u s, m ost p lants in th e  G reat Basin  
have their  prim ary grow in g  season  in  th e  spring  
and early  sum m er. S o m e  sp ec ies  a ch iev e  an 
ev erg reen  ca n o p y  bv ro o tin g  d e e p ly  but few  
sp ec ie s  o ccu r  that sp ec ia lize  o n  grow th  in  th e  
h ot su m m er  season  (B ranson  e t  a l  1976 . C ald 
w e ll e t  a l  1977 . E v ere tt et al. 19501  E h ler in g er  
et al. (1 9 9 1 ) m ea su red  th e  ab ility  o f  co m m o n  
p eren n ia l sp ec ie s  in the C o lorad o  P lateau  to use 
m oistu re from  su m m er  co n v ec tio n  storm s. 
T h ey  o b serv ed  that less than h a lf o f  the w a ter  
uptake b y  w o o d y  p eren n ia l sp ec ies  w as from  
su rface so il layers satu rated  b y  su m m er rains. 
P reva len ce  o f  su m m er-active  sp ec ie s  increases  
a lon g  th e  b ord er b e tw e e n  h ig h er  basins and the  
sou th east M ojave D e se r t  w h ere  su m m er  rain is 
m ore ex ten siv e , and esp ec ia lly  o n  th e  C olorad o  
! la tea u  w h er e  su m m er  rain is greatest. S u m m er  
tem p era tu res are a lso  lo w er  on  th e  C olorad o  
P lateau  than in th e  eastern  M ojave (T able 1), 
a llow in g  m ore e ffe c tiv e  u se  o f  th e  m o istu re .

M ost p h en o lo g y  stu d ies, e sp e c ia lly  from  the  
m ore northern  areas, em p h a size  th e  d irection a l, 
seq u en tia l n atu re  o f  the p h en o lo g ica l p hases  

B ranson  e t  al. 1976 , S auer and L resk 1976 , 
C a m b ell an d  H arris 1977, W est and G astro  
1978, P itt and W ik e e m  1990). A s in g le  p er io d  o f  
sp rin g  v eg e ta tiv e  grow th  is usually  fo llo w ed  b y  
a sin g le  p er io d  o f  flow er in g  and  rep rod u ctive  
grow th . M an y sp e c ie s  p ro d u ce  a d istin ct cohort 
of ep h e m e r a l spring leaves and a later' coh ort o f  
ev e rg r een  leaves (D a u b e n m ir e  1975, M iller  and  
S ch u ltz  1987), F o r  m ost sp ec ie s , m u ltip le  
grow th  e p iso d e s  assoc ia ted  w ith  in term itten t  
spring and su m m er rainfall ev en ts  d o  not occur. 
I ll vears w ith  u m isu ailv  he a w  A ugust and S e p 
tem b er  rains, a d istinct seco n d  p er io d  o f  v e g e ta 
tive grow th  m av o ccu r  in so m e  sp ec ie s  (W est  
and G astro 1978). C lim atic  variations from  year  
to  y ea r  do n ot ch a n g e  th e  prim ary im p ortan ce  
o f  spring g ro w th  or th e  ord er  o f  p h en o log ica l 
even ts. In particu lar vears, th ey  m a y  cau se

exp an sion  or con traction  o f  v eg e ta tiv e  p h a ses  
and e v e n  th e  o m issio n  o f  rep rod u ctive p h ases.

M ost sp ec ie s  in itiate grow th  in early  spring  
; M arch) w h e n  m axim um  d a y tim e tem p era tu res  
are 5 - 1 5  C  and w h ile  n ig h ttim e  tem p eratu res  
are still freezin g . D e la y e d  in itia tion  o f  spring  
grow th  is gen era lly  associa ted  w ith  grea ter  
su m m er activity and m ay b e  rela ted  to an ev er 
green  habit, a p h reatop h ytic  habit, or o ccu p a 
tion  o f  habitats w ith  greater su m m er  m oistu re  
availability' from  reg ion al rainfall p attern s, 
ru n off, or groundw ater. H igh er-th an -average  
w in ter  and sp rin g  p rec ip ita tion  tends to p ro lon g  
v eg eta tiv e  grow th  and  d e la y  rep rod u ctive  
grow th  till later in  the su m m er  (S a u er  and U resk  
1976 , C a m b ell and H arris 1977;. S trong v eg e ta 
tive d orm an cy  m ay be d isp layed  in m id -su m m er  
(E v erett e t  al. 19S0, E vans .1990), a lth ou gh  root 
grow th  ' H od gk in son  et al. 197S! and in crea sed  
rep rod u ction  (W est and  G astro  1978, E vans, 
Blcick, and I^ink 1991,. mav still o ccu r  in  
resp o n se  to  rain at that tim e. In vears w ith
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b e lo w -a v era g e  spring and su m m er p recip ita 
tion , le a f  s e n e sc e n c e  is a cce lera ted  and flo w er
in g  m ay not o ccu r  in  m any sp ec ie s ,

T h e  tim e taken  to c o m p le te  th e  fu ll annual 
grow th  cy c le  in c lu d in g  both v eg eta tiv e  and  
rep rod u ctive  stages is strongly  re la ted  to rootin g  
d ep th  in  m ost o f  th e se  co m m u n itie s , w ith  d eep -  
rooted  sp ec ie s  p ro lo n g in g  activ ity  further in to  
the su m m er  d rou gh t (P itt and W ik eem  1990). 
T h e  exact ti mi ng o f  flo w er in g  and  fruit s e t  sh o w s  
co n sid era b le  variation a m o n g  d ifferen t shrub  
sp ec ies . S om e, e sp ec ia lly  th o se  that are  
d ro u g h t-d ec id u o u s, flo w er  in  late spring and  
early  su m m er just prior to  or co n cu rren t w ith  
the o n se t  o f  su m m er  drought. M an y ev er g re en  
shrub  sp ec ie s  b eg in  flow erin g  in  m id su m m er  
(A r te m is ia 1 or  in the fall (G u tle r re z ia  and  
C h n jso th a m n u s), T h e se  la te -flo w er in g  sp e c ie s  
g en era lly  do not ap p ear to  u tilize  stored  reserves  
for flow erin g , but rely on  current p h o to sy n th e 
sis d u rin g  this lea st favorable p eriod , ln  the case  
o f  Artem;is?a tr id e n ta ta ,  it has b e e n  show n that 
carbohydrates u se d  to fill fruits are d er iv ed  
ex c lu siv e ly  from  th e  in flo re scen ces  th em se lv es , 
w h ile  p h otosyn th ate  from  v eg eta tiv e  b ran ch es  
p resu m a b ly  co n tin u es  to  su p p ort root grow th . 
S u m m er rain d urin g  th is t im e  p er io d  d o es not 
p ro m o te  v eg e ta tiv e  sh o o t grow th  b u t d o es  
in crease  w ater  u se  bv an d  th e  u ltim ate  s ize  o f

w

in flo rescen ces (E vans 1990). E van s, B lack, and  
Link (1 9 9 1 ) have argu ed  that th is pattern  o f  
flow erin g , b a sed  o n  residual d e e p  soil m oistu re



202 G r e a t  B asin  N a t u r a l ist [V olum e 52

and th e  u n reliab le  su m m er rains, m ay co n tr ib 
u te  to co m p etitiv e  d o m in a n ce  w ith in  th ese  
com  m uni ties . T h e  m ore favorable and m uch  
m ore re lia b le  spring grow in g  season  is u sed  for  
v eg e ta tiv e  grow th  an d  co m p e tit iv e  exp lo ita tion  
o f  th e  soil v o lu m e , w h ile  rep rod u ctive  grow th  is 
d ela y ed  until th e  .less favorable season , a n d  m ay  
be su ccessfu l o n ly  in years w ith  a d eq u a te  
su m m er p recip ita tion .

M ost grasses in th e  n orth ern  part o f  th e  
G reat Basin u tilize  th e  C§ pathw ay and  b eg in  
grow th  very early in the spring. T h ese  sp ec ie s  
c o m p le te  fruit m aturation  b y  early  or  m id
sum m er, o ften  b e c o m in g  at least partially d or
m ant thereafter. O n th e  C olorad o  P lateau, w ith  
m u ch  greater  am oun ts o i su m m er p rec ip ita tion , 
th ere  is a large in crea se  in sp ec ie s  n u m b er  and  
cov er  by C 4  grasses such  as b lu estem  
{A n d ro p o g o n )  and gram a (B o u te to u a ), e s p e 
cially  at w arm er, low er e lev a tio n s and on  d e e p  
sandy so ils. M any o f  th e se  sp e c ie s  o ccu r  in  
m ixed  stands w ith  th e  C 3  sp ec ie s  b u t d e lay  in i
tiation o f  grow th  u n til M a y o r  June; th ey  can  b e  
co n sid ered  su m m er-active  rather th an  spring- 
active. In  contrast, so m e  C 4  grasses such  as sand  
drop se e d  (S p o ro b o lu s  c r y p ta n d r u s ), gall eta  
grass (H ila ria  jcim esiii), and  th ree-aw n  [A nsitda- 
p u rp u re a )  are w id esp rea d  in th e  G reat B asin  
w h e r e  su m m er rain is on ly  m o d era te  in lon g 
term  averages an d  very  in co n sisten t year to y ea r  
Spring grow th  o f  th e se  w id esp rea d  sp ec ie s  
te n d s  to  b e  sligh tly  or  m o d era te ly  d e la y ed  c o m 
p ared  to  co -occu rr in g  Cu grasses, but they  are 
Still ab le  to  c o m p le te  all p h en o lo g ica l stages  
b a sed  on  th e  spring m oistu re  recharge, T h ey  
sh o w  a greater ab ility  than th e  C 3  sp ec ies  to  
resp o n d  to la te  spring and su m m er rain w ith  
ren e w ed  grow th  (E v erett e t al. 1980), h ow ever, 
w h ich  co m p en sa te s  in so m e  years f or th e ir  la ter  
d e v e lo p m e n t. O th er  C 4  grasses in th e  G reat 
B asin  p a y  b e  a ssocia ted  w ith  seep s, 
stream sid es, or sa lt-m arsh es, and sh ow  a 
su m m er  activ ity  pattern . C  ̂ shrubs su ch  as salt
bush {A tr ip lex )  sh ow  sim ilar, sp rin g-active  
grow th  p attern s to th e  C 3  shrubs, but m ay sh ow  
slightly  grea ter  to lera n ce  o l su m m er  drought 
(C a ld w ell e t  al. .1977),

P h en o lo g y  in th e  M ojave D e se r t  sh ow s b o th  
sim ilarities an d  stron g  con trasts to  th e  G reat 
Basin. A lth ou gh  rainfall is largely  b im od a l in the  
eastern  M ojave, ab so lu te  am ou n ts are very  low. 
The su m m er  is so  hot that little  grow th  norm ally  

occu rs at that tim e u n less m o re  than 25  m m  (j 
in ch ) co m e s  in a s in g le  storm  (A ckerm an et al.

1980). Fail and w in ter  p recip ita tion  is th e  m ost 
im portan t in p ro m o tin g  g o o d  spring grow th  o f  
p eren n ia ls (B ea tley  1974). C o m sto ck  et al. 
(1 9 8 8 ), lo o k in g  at o n e  y ea rs  grow th  in  19 
M ojave sp ec ies , d escr ib ed  an  im p ortan t coh ort  
of tw igs in itia ted  d u rin g  th e  w in ter  p eriod  that 
a cco u n ted  for  m ost v eg e ta tiv e  grow th  d urin g  
th e  Following spring. A lthough  n ew  lea v es w e r e  
p ro d u ced  tn resp o n se  to su m m er rain, su m m er  
grow th  in m an y of th e  sp ec ies  w as largely  a 
further ram ification  o f  sp rin g-in itia ted  lloral 
branches. In m ost sp ec ie s  su m m er  grow th  m ad e  
little  con trib u tion  to  p eren n ia l stem s. D e sp ite  
th e  p referred  win ter-spring orien  tation o l m any  
shrubs, w in ter  recharge is m uch  less  e ffe c tiv e  
and re lia b le  in  th e  M ojave D eser t than  in  th e  
G reat Basin. D u e  to  w arm er tem p eratu res, 
w in ter  dorm ancy  m ay be less  c o m p le te , but 
vigorous grow th  rarely occu rs until tem p era 
tures rise further in  the early spring. R apid  
grow th  m ay b e  tr iggered  b y  rising  sp rin g  te m 
peratures or m ay b e  d elayed  until m ajor spring  
rains p rovide su ffic ien t m oisture ( B eatley  1974, 
A ckerm an e t  al. 1980). F u rth erm o re , a shal
low er soil m oistu re rech arge o ften  results in  
fluctu ating  p lant w ater  status and m u ltip le  
ep iso d es  o f  grow th and flow erin g  during  th e  
spring and eariy  tall. S o m e G reat B asin  sp ec ie s  
that also o ccu r in th e  M ojave, su ch  as w in terfat  
and sh ad sca le , co m m o n ly  sh o w  m u ltip le  grow th  
and rep rod u ctive  ep iso d e s  p er  y ea r  u n d er  that  
clim ate  (A ckerm an  e t  al. 1980) but not in the  
G reat Basin (W est and G astro  1978). T h e  
d eg ree  to  w h ich  this d ifferen ce  is d u e  en tire ly  
to en  v iron m en ta l d ifferen ces  as o p p o sed  to e c o -  
typ ic  d ifferen tia tion  d o es  not ap p ear to have  
b e e n  stu d ied .

W a t e r  R e  l a t i o  n s

A d a p t a t io n  t o  l i m i t e d  w a t e r . — S tom a
ta! p o res p rov id e th e  p ath w ay by w h ich  a tm o 
sp h eric  COa d iffu ses in to  the le a f  rep lac in g  th e  
C O 2  in corp orated  in to  sugar m o lecu le s  d urin g  
p h o to sy n th esis . B e c a u se  w a ter  vapor is p re se n t  
at v e iy  high co n cen tra tio n s in sid e th e  leaf, 
o p en in g  stom ata  to  cap tu re  C 0 2  in ev itab ly  
resu lts in  transpirational w ater  loss from  th e  
plant; thus, lea f w ater  co n ten t is d ecrea sed , 
resu ltin g  in a d ecr ea se  in  p lant w a ter  p oten tia l 
(A[/ ), T hus, p lan t w ater  status, transpiration, and  
acq u isition  o f  w ater  trom  tlie  so ils  h ave a tre 
m en d o u s im pact on  p h o to sy n th etic  rat.es and  
overall p lant grow th .
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M an y so ils in  th e  G reat Basin  are fin e  tex- 
tu red , w h ich  has b oth  advantages and  d isadvan
tages for p lan t g ro w th . In filtration  of w ater is 
slo w er  in fin e -tex tu red  soils, in crea sin g  the like
lih o o d  o f  ru n off an d  red u ced  spring rech arge, 
esp e c ia lly  on  s te ep er  s lop es. T h e y  are also  m ore  
p ro n e  to w ater-logg in g  and  anoxic co n d itio n s. 
T h e  d e e p  root system s o f  G reat Basin shrubs are  
very  sen sitiv e  to  anoxia, and th is can b e  a strong  
d eterm in in g  factor in  sp ec ie s  d istr ib u tion s  
'L u n t e t  al. 1973, G ro en ev e ld  and C row ley
1988). U rm sually  w e t years m ay ev e n  ca u se  root 
d ie  back, esp ec ia lly  at d ep th . O n c e  w a ter  en ters  
th e  soil p ro file , th e  ex trem ely  h ig h  surface areas 
o f  fin e -tex tu red  so ils w ith  h ig h  c lay  and  silt 
c o n te n t g ive th em  a m u ch  h ig h erw a ter -h o ld in g  
cap acity  than  that Pound in sandy, coarse-tex -  
tu red  soils. M u ch  o f this w a ter  is tigh tly  b ou n d  
to  th e  en o rm o u s su rface area of th e  sm all 
p artic les, h ow ever, and is re lea sed  on ly  at very  
n eg a tiv e  n iatric p o ten tia ls . P lants m ust be ab le  
to to lera te  lo w  tissu e  w a ter  p o ten tia ls to  m ake  
u se  o f  it.

As soil w a ter  is d e p le te d  d u rin g  sum m er, 
p lan ts red u ce  w ater  co n su m p tio n  b y  c lo s in g  sto 
m ata (D e P u it  and  C a ld w ell .1.975, C a m b ell and  
H arris 1977 , C a ld w ell 1985 , M iller  1988) and  
red u cing  total ca n o p y  le a f  area to a m in im um  
(B ran son  et til. 1976). E v erg reen  sp ec ies  sh ed  
on ly  a  p ortion  o f  the total canopy, how ever, 
m ain ta in in g  the y o u n g est le a f  coh orts th rou gh 
out th e  d rou gh t (M iller  and S ch u lz  1987). 
A lth ou gh  p h ysio log ica l activ ity  is greatly  
red u ced  by w a ter  stress, ev erg reen s such  as 
sagebrush  can still h a v e  p ositive  p h o to sy n th etic  
rates at leaf w ater  p o ten tia ls  as lo w  as — 5 0  bars 
(E van s 1990) and  m ay survive ev en  grea ter  
lev e ls  o f  stress. In contrast, crop  p lan ts can  
rarely siu'vi ve p ro lo n g ed  ol less than  —15 b ars. 
R em a in in g  fu n ction a l at lo w  w ater p o ten tia ls  
req u ires the co n cen tra tio n  o f  so lu tes  in th e  ce ll 
sap, and this ap p ears to  b e  a cco m p lish ed  by  
severa l m ech a n ism s. In m any m esie  sp ec ie s , 
in crea ses  in  organ ic so lu tes  m ay acco u n t for 
m o st of th e  ch a n g e  in o sm o tic  p oten tia l. In o th er  
sp e c ie s , and esp ec ia lly  th o se  th a t ex p er ien ce  
v ery  low  le a f  w a ter  p o ten tia ls , a large fraction  o f  
th e  so lu tes  is a cq u ired  b y  th e  uptake o f  in o r
gan ic  io n s such  as K +  fW yn jo n es  an d  G orham
1986). H igh  co n cen tra tio n s o f  in organ ic ions  
m ay b e  toxic to en zy m e  m eta b o lism , h ow ever, 
and th e y  are w id e ly  th o u g h t to  be se q u e s te r e d  
largely  in th e  cen tra l vacu o le , w h ich  accou n ts  
for 90%  o f  th e  tota l c e ll  v o lu m e , ev en  th o u g h

m u ch  o f  th e  e v id e n c e  for tin's is q u ite  ind irect. 
N o n eth e le ss , th e  o sm o tic  p o ten tia l o f  th e  cy to 
p lasm  m u st a lso  b e  b a lan ced  or su ffer d eh y d ra 
tion . T h e  cy top lasm ic  so lu tes m ust have th e  
sp ec ia l property  o f  lo w er in g  t h e  o sm o tic  p o te n 
tial of th e  cell sap w ith o u t d isru p tin g  en zy m e  
fu n ction  or ce llu lar  m eta b o lism , an d  are h e n c e  
term ed  '‘co m p a tib le” so lu tes  (W yn [on es an d  
G orham  1986). T h e  u se  o i sp e c if ic  m o lecu le s  
sh ow s co n sid era b le  variation  across sp ec ie s  
ap p aren tly  d u e  to  b oth  sp e c ie s -sp e c if ic  varia
tions in  cel! m etab o lism  and taxon om ic re la tion 
sh ips. S o m e freq u en tly  en c o u n te r e d  m o le c u le s  
th o u g h t to  function  in  th is m a n n er  in c lu d e  
am in o  acids such  as p ro lin e  and also  sp ecia l 
sugar-alcohol s. S o m e p lan ts appear to  g en era te  
lo w  o sm o tic  p o ten tia ls  by active ly  m anufacture  
in g  larger q u an tities o f  d isso lved  organ ic  m o le 
cu le s  p er  ce ll in resp o n se  to  w ater  stress, a 
p rocess referred  to  as ‘o sm o tic  ad ju stm en t.'’ 
T h is p ro cess  m ay b e  costly , h ow ever, requ iring  
th e  in v estm en t o f  large am ou n ts o f  m aterials  
(new  so lu tes) at a t im e  w h en  w ater stress is 
largely in h ib itin g  p h o to sy n th e tic  activity. An  
altern ative m eth o d  se e m s to  involve dram atic  
ch a n g es in c e ll  w a ter  v o lu m e, Several d ese r t  
sp e c ie s  have b e e n  ob served  to  red u ce  ce ll w a ter  
v o lu m e by as m u ch  as 80%  w ith o u t w iltin g  w h en  
su b jected  to  ex trem ely  lo w  so il w ater p oten tia ls  
{M oore et al. 1972, M e in zer  e t  al. 1988 , E vans  
e t  al. 1991). T h is  a llo w ed  th e  leaf c e lls  to  have  
su ffic ien tly  low  o sm o tic  p o ten tia ls  for w ater  
u p tak e even  th ou gh  so lu te  c o n te n t  p er ce ll w as 
actually  red u ced . A lthough  total so lu tes p e r le a f  
(and p resu m ab ly  p er  ce ll)  d ecrea sed , th e  re la 
tive co n cen tra tio n s o f  sp ec ific  so lu tes  ch a n g ed  
(E vans e t al. 1991) such  that ’ co m p a tib le ' 
so lu tes  m a d e  larger co n tr ib u tio n s to th e  o sm o tic  
p oten tia l u n d er stress. T hus, to lera n ce  o f  lo w  
lea f w ater  p o ten tia ls  w as a ch iev e d  by a c o m b i
nation  o f  an atom ica l and p h ysio log ica l sp ec ia l
izations. T h e  anatom ical m ech a n ism s in vo lved  
in this m agn itu d e o f  v o lu m e  red u ction  and  the  
im p lie d  ce ll e lastic ity  have n o t b e e n  stu d ied , but 
th e  process has b een  show n to  b e  fully reversible.

Soil tex tu re  is a lso  an im portan t factor in  
d eterm in in g  th e  ability of p lant co m m u n itie s  in  
a co ld -w in ter  c lim a te  to  resp o n d  to  su m m er  
rain, in  areas w ith  m o d era te  lev e ls  o l p rec ip ita 
tio n , sandy so ils, b e c a u se  of th e ir  low  w ater- 
b o ld in g  capacity, u sually  h o ld  a sparser, m ore  
d ro u g h t-a d a p ted  v eg eta tio n  than finer-textured  
on es, In w arm , arid areas, h ow ever, w h at has 
b een  ca lled  th e  reverse tex tu re e ffec t  resu lts
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in  the m ore lush v eg eta tio n  occu rrin g  in the  
co a rse -textu red soils. T h is occurs b e c a u se  the  
high w ater-h o ld in g  cap acity  o f  fin e-tex tu red  
soils a llow s th em  to  h o ld  all th e  m oistu re  
d er iv ed  from  a sin g le  rainfall ev en t in th e  u p p er
m ost layers o f  th e  soil p ro file , w h ere  it is h ig h ly  
su b ject to  d irec t evaporation  from  th e  soil. T h e  
sa m e am ou n t o f  rainfall en ter in g  a sandy soil, 
p rec ise ly  b eca u se  o f  its low  w ater-h o ld in g  
capacity, w ill p en etra te  lo  a m uch  grea ter  d ep th . 
It is also less likely  to return  to  the drying surface  
by capillary action . L ess  o f the rain w ill ev a p o 
rate from  the so il surface, and  a greater fraction  
o f  it w ill await extraction  an d  use by p lants. T h is  
in v erse-tex tu re  e f fe c t  fiirth er restricts th e  e f fe c 
tiv en ess  o f  su m m er rains in th e  fine soils ol th e  
G reat Basin. T h e  e ffe c t  is less op erative  in 
resp ect to  w in ter  p recip ita tion  in  th e  Great 
Basin, how ever, b eca u se  o f  the gradual recharge  
o f  th e  soil p rofile  to co n sid era b le  d ep th  u n d er  
co n d itio n s w h ere  su rface evap oration  is m in i
m ized  b y  co ld  tem p era tu res . T h e co m b in a tio n  
o f  m uch  sand ier so ils and greater a m o u n ts o f  
su m m er rainfall in th e  reg ion  of the C olorad o  
Plateau is largely resp o n sib le  lor th e  m ajor flo- 
ristic an d  eco lo g ica l d ifferen ces  b e tw e en  th e  
tw o regions. At lo w er  e lev a tio n s on  th e  so u th 
east e d g e  o f  th e  p lateau , sh ru b -d om in ated  
d esert scrub  m ay be rep laced  by grassland  d o m 
inated  b y  a mix o f  sp rin g-active  Ca and su m m er-  
a ctive  C_i sp ec ies .

Ro o t in g  d e p t h , m o r p h o l o g y , a n d  p h e

NOLOCY.— O n e  o f  the u n iq u e and eco lo g ica lly  
m ost im portant featu res of the G reat Basin  
shrub co m m u n itie s  is not ap paren t to a b o v e
grou n d  ob servers. T h is is th e  in v estm en t o f  the  
vast m ajority o f  p lant reso u rces in  th e  grow th , 
m a in ten a n ce , and  turnover o f  a n  en o rm o u s root 
system . T h e  d om in an t shrubs o f  th e  G reat Basin  
usually  root to  th e  fill I d ep th  o f  the w inter-spri ng  
soil m oistu re recharge. D e p e n d in g  on soil tex 
ture, s lo p e  a sp ect, and e lev a tio n , th is is g e n e r 
ally b e tw e e n  .1.0 and  3 .0  in (D ob row olsk i e t al, 
1990). A lthough  this rep resen ts a w id e  range o f  
ab so lu te  d ep th s, m any o f th e  qualita tive pat
terns o f  rooting  b eh av ior are sim ilar o n  m ost o f  
th ese  sites. R atios of root:shoot stan d in g  b io 
m ass range from  4 to 7, and estim a tes  of 
root:shoot an nu al carb on  in v estm en t are as high  
as 3 .5 . M ost o f  th e  shrubs h ave a flex ib le , g e n 
era lized  root system  w ith d e v e lo p m e n t of both  
d e e p  taproots an d  laterals near th e  surface. 
M oreover, it is th e  category  of fin e  roots <  3 .0  
mm in d ia m eter  that co n stitu tes  5 0 -9 5 %  (C ald 

w ell e t  al. 1977, S h irges 1977; o f  the total root 
biom ass. T h e very  large annual root invest
m en ts. th erefore , are not prim arily  rela ted  to 
large storage co m p a rtm en ts, but to th e  tu rn over  
o f  fine roots and root respiration  n ecessa ry  for  
th e  acq u isition  of w ater  a n d  m ineral n u trien ts.

T h e fine root n etw ork  th orou gh ly  p erm ea tes  
th e  soil v o lu m e. R o o t d en sitie s  are g en era lly  
q u ite  h igh  th rou gh ou t the u p p er 0 .5  m eters  o f  
the p rofile , but d ep th  o f  m axim um  root d e v e l
o p m en t varies w ith d ep th  o f  spring so il-m o is
ture rech arge, sp e c ie s , and lateral d ista n ce  from  
the trunk or crow n, A particularly high d e n s ity  
in the first 0 . 1 rn m ay o ften  occur, e sp ec ia lly  
im m ed ia te ly  u n d er the slirub can op y  {B ranson  
1976 , C akhvell e t al. 1977, D ob row olsk i e t al. 
1990). A lternatively, m axim al d en sity  m ay o ccu r  
at d ep th s  b e tw e e n  0 .2  m  and 0 .5  m  (S tu rges  
19 SO), and so m etim es  a seco n d  zo n e  o f  high root 
d en sity  is rep orted  at d ep th s of 0 .8  m 
(D a u b e n m ire  1975) to  1.5 m  (R eyn o ld s and  
F raley 1 9 8 9 ). R egard less o f  th e  p rec ise  < lep th  o f  
m axim um  rooting , shrub root d en sity  is usually  
high through ou t th e  u p p er  0 .5  m  and  th en  
tapers off, but m ay c o n tin u e  at red u ced  d en si
ties to m uch  greater d ep th . T h e  radius o f  lateral 
spread is usually m u ch  greater for roots ( 1 - 2  m ) 
than for ca n o p ies  (0 .1 -0 .5  m ). P ercen t p lant 
co v er  ab ovegrou n d  is of ten  in th e  n e ig h b o rh o o d  
o f  25%  w ith 75% hare ground, b u t b elow grou rid  
the in tersp a ces  are filled  w ith  roots th ro u g h o u t  
the p rofile , and root system s o f  ad jacen t p lan ts  
w ill overlap. T h e p eren n ia l grasses that are 
p oten tia lly  co -d o m in a n t w ith  sh ru b s in m any o f  
th e se  co m m u n itie s , su ch  as w heatgrass  
(A g rp p tfm n  sp .), w ildrve (.E ly m u s  sp .), 
squirreltail {S itan ion  h is tr ix ), Indian ricegrass  
(O r y z o p s is  h tjn u 'noides). and  gal le t a grass 
(H ila r id ja tn e s  ii), g en era lly  h a v e  so m ew h a t shal
low er root sy stem s than  the sh ru b s (B ran son  et  
al. 1976, R eyn o ld s and F raley 19S9, D o b ro -  
w'olski et al. 1990). R oot d en sitie s  o f  grasses are 
o ften  as h igh as or h igher than th o se  o f  shrubs  
in  the u p p er  0 .5  m  but tap er  o f f  m ore rapidly  
such  that sh ru b s usually  have greater d en sity  at 
d ep th  and  greater m axim um  p en etra tion .

T h e  m oistu re  resou rce su p p ortin g  th e  great
e s t  am ou n t o l p lan t grow th  is u sually  the w ater  
stored  in  th e  so il p ro file  d urin g  th e  w inter. T his  
profile u sually  has a p o sitiv e  b a lan ce, w ith  m ore  
w a ter  b e in g  ad ded  bv p recip ita tion  th an  is w ith 
draw n  by evapotransp iration  b e tw e e n  O cto b er  
and  M arch. As tem p eratu res w arm  in M arch, 
ev erg reen  sp e c ie s  m ay b eg in  d raw in g  on  this
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m oistu re  reserve , and  m ost sp e c ie s  b eg in  active  
grow th  in M arch o r  April, D u e  to  b oth  p lant 
w ater  u se  and so il-su rfa ce  evap oration , soil 
m oistu re is d e p le te d  first in th e  sh a llow  soil 
layers. As th e  upper layers dry, p lan ts w ithdraw  
m o istu re  from  su ccessiv e ly  d e e p e r  soil layers, a 
p ro cess that co n tin u es  in  ev erg reen  sp ec ie s  
th ro u g h o u t th e  su m m er  u n til so il m o istu re  is 
d e p le te d  th rou gh ou t th e  p rofile . T h is p rogres
sion  o f  sea so n a l w a ter  u se  beginning; in  su p erfi
cia l layers an d  p r o c e e d in g  to  d e e p e r  soil layers  
is facilita ted  by  th e  pattern  o f  fin e  root grow th , 
w h ich  sh o w s a sim ilar spatial and  tem p ora l p a t
tern  (F e r n a n d e z  and  C a ld w ell 1975 . C a ld w ell 
1 9 7 6 ). R oot grow th  g en era lly  p r e c e d e s  sh oot  
grow th  in  th e  early  spring and  co n tin u es  
th rou gh ou t th e  su m m er in  ev erg reen  sp ec ies , 
w h ich  m ay ap p ear q u ie sce n t ab ovegrou n d . In  
annual b u d g ets  o f  u n d istu rb ed  co m m u n ities , 
soil m o istu re  w ithdraw al a lm ost always 
a p p ro a ch es m ea su red  p rec ip ita tion  over a w id e  
range o f  annual flu ctu ation s in total p rec ip ita 
tion , and very  little  m oistu re  is lost to  runoff or  
d e e p  d ra in age b en ea th  th e  roo tin g  z o n e  
(D a u b e n m ir e  1975, C a ld w ell e t  al, 1977 , 
C a m b ell and H arris 1977 , S tu rges 1977). C a lcu 
lations o f  th e  portion  o f  evap o  transpiration  actu 
ally u sed  b y  p lants in  transpiration are q u ite  h igh  
for a d eser t en v iro n m en t w id i lo w  p ercen t  
cover; th ey  range from  5 0  to  75%  (C ald w ell e t  
al. 1.977, C am bell and Harris 1977, Sturges 1977).

C o m p etit io n  for so il m o istu re  is n o t n e c e s 
sarily lim ited  to any s in g le  season . P lant w ater  
stress is h ig h est in la te  sum m er, a n d  survival is 
m ost likely to be in flu en ced  at th is t im e , e s p e 
cially  i f  o n e  plant can d e p le te  resid u a l soil m o is
tu re  b e lo w  th e  to lera n ce  range o f  another. T his  
has b e e n  sh ow n  in severa l ca ses  w ith  regard to  
seed lin g  e sta b lish m en t {H arris 1977 , D e L u c ia  
and S ch les in g er  1990. R e ich en b erg er  and Pyke
1990). G row th  a n d  p rod u ctiv ity  are m ore lik ely  
to b e  a ife c te d  in th e  spring and early  su m m er  
g ro w in g  season . T h is is b e c a u se  m ost o f  the  
year s w a ter  reso u rce  is already sto red  in th e  soil 
in  early  sp rin g , and all p lan ts are draw ing o n  a 
d w in d lin g  reserve w h ich  u ltim ately  d eterm in es  
grow in g  se a so n  len gth . C o m p etitiv e  ab ility  is 
o ften  foun d  to b e  a sso c ia ted  with an ab ility  to  
b eg in  using  th e  lim itin g  w ater  reso u rce  earlier  
in  th e  sp rin g  (E issen sta t and C a ld w ell 19SS, 
M iller  1988), but spatia l p artition ing  is also  
im p ortan t. C o m p etit io n  m ay b e  m ost in ten se  in 
sh a llo w er  so il layers b eca u se  grasses and  
d ro u g h t-d ec id u o u s shrubs, w h ich  are active

o n ly  in the spring, are sh a llo w er  ro o ted , and  
lateral root sp read  o f  th e  ev e rg r een  sp ec ie s  is  
g rea test in th e  sh a llow er  so il layers. T h e m ore  
d om in an t p eren n ia ls  u sually  u se  m ore w ater  
over th e  w h o le  season  by tap p in g  d e e p e r  soil 
layers (C lin e e t  al. 1 9 7 7 , S tu rges 1980; and are  
ch aracterized  b y  h igh er w ater-u se  e ff ic ie n c ie s  
(D e L u c ia  and  S ch lesin g er  1 9 9 0 , Srned ley  e t  al.
1991).

Shrubs appear to  b e  b e tter  than grasses at 
w ith d raw in g  w ater  from  d e e p  soil layers lor  
several reasons. In sh a llow  soils underlain  by  
fractured  or  porous b ed ro ck , th e  flex ib le , m ul
tip le taproot structure o f  a shrub  root system  
m ay b e  b e tter  su ited  than  th e  m o re  d iffu se , 
fibrous root sy stem  o f  grasses for fo llo w in g  
ch in k s an d  c lea v a g e  p lan es to  in d eterm in a te  
d ep th s. T h is  sh ou ld  a llow  shrubs to  b e tter  ca p 
ita lize  on  d eep , lo ca lized  p o ck ets  o f  m o istu re . 
U nfortunately; such  d ynam ics are rarely stu d ied  
q u an tita tively  b e c a u se  o f  th e  d ifficu lty  o f  m ea 
su rin g  soil m o istu re  b u d g ets  or root d istribu
tion s u n d er  su ch  co n d itio n s, but th ey  a re  
im p lica ted  by p lant d istribution  pattern s iri 
m any areas. In d eed , d e sp ite  th e  v isu a l au sterity  
o f  such  habitats, rootin g  in to  m ajor joints and  
cracks m  b ed ro ck  o u tcro p s can  crea te  su ch  a 
favorab le rn icrosite b y  co n cen tra tio n  o f  ru n o ff  
in lo ca lized  areas that e leva tion a l lim its o f  tree  
and  shrub  d istributions m ay b e  su b stan tia lly  
lo w er ed  as w o u ld  b e  e x p e c te d  a long  riparian  
corridors or o th er  unusually  m e s ic  habitats 
(L o o p e  1977). E ven  in d e e p  so ils, shrubs ten d  
to  h ave d e e p e r  root system s than  grasses, but, in  
addition  to  this, shrubs m ay b e  m ore e ffic ien t

J

than  grasses at extracting d e e p  water, S \i m b s are  
so m e tim e s  aj)le to  draw  on  d e e p  soil m o istu re  
to  a greater  ex ten t than w o u ld  b e  p red ic ted  from  
root b iom ass d istribu tion  a lo n e  (S tu rg es 1980 ), 
an d  this is d u e  in part to  an in tr igu in g  p h e n o m 
en o n  rep o rted  by R ichards and C a ld w ell (1 9 5 7 ), 
and n a m ed  b y  them  “hydraulic lift .” D u r in g  th e  
la te  sp rin g  and early  su m m er m ost o f  th e  
rem ain in g  soil m oistu re is p resen t in  d e e p e r  soil 
layers w h er e  rooting d en sity  m ay b e  relatively  
low. D u e  to lo w  d en sitie s , d e e p  roots a lo n e  m ay  
b e  unable to absorb  w ater  as q u ick ly  as it is lost 
by th e  transp iring sh oot. D u r in g  th e  n igh t, w a ter  
is actually  red istr ib u ted  w ith in  th e  so il, flow ing  
from  d e e p  so il layers th ro u g h  th e  roots and back  
ou t in to  sh a llow er soil layers. T his is th e  p h e 
n o m en o n  n a m ed  "hydraulic lift ,” an d  th e  
advantage to  the p lant is th o u g h t to  b e  a red u c
tion  in  th e  rootin g  d ensity  n ecessary  to  fu lly
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exp lo it th e  resou rces o f  th e  d e e p e s t  soii layers. 
D u rin g  the day, rates o f  w ater m o v e m e n t from  
th e  soil in to  the roots can  b e  lim itin g  to sh oot  
activity. M o isten in g  the u p p er  soil layers b y  n o c 
turnal h yd rau lic  lift in crea ses th e  root surface  
area for ab sorp tion  during th e  p er io d s o f  h igh  
transpiration . D a y tim e  w a ter  u se  can b e  su p 
p o rted  by th e  en tire  root system  and n ot just by  
th e  lo w -d en sity  d e e p  roots {C ald w ell and R ich 
ards 1989).

T h e  root sv stem s o f  G reat Basin sh ru b s and
j

M ojave )esert sh ju b s d iffer  strong!v in  several 
w ays. (1) M ojave D e se r t  shrubs o ften  have m ax
im a l rootin g  d en sit ie s  at so il d ep th s o f  0 .1 -0 .3  
m , and  m axim um  root p en etra tio n  o f  0 .4 -0 .5  m  
(W allace e t  al. 198Q). T h ese  sh a llow er roots are 
d u e  to  low er rainfall and w arm er w in ter  te m p e r 
atures resu ltin g  in shallow er w e ttin g  fronts in

o  o

th e  soil, an d  the d ev e lo p m en t o f  sh a llow  ca lich e
layers. (2) Greaf B asin  sp e c ie s  have m ore roots  
in th e  sh a llow est 0,1 m soil layer (W allace e t al.
1980 , D o b ro w o lsk i e t al. 1990). D iffe r e n c e s  in 
soil tem p era tu res h ave b een  u sed  to  explain  
th e se  p attern s, but th e  link b e tw e e n  ca u se  and  
e ffe c t  is less obvious in  this case , and  c o n je c 
tures sh o u ld  b e  v iew ed  ca u tio u s ly  M uch h o tter  
soil tem p eratu res in  th e  M ojave m ay b e  d etr i
m en ta l to  roots in th e  u p p erm o st fe w  c e n t im e 
ters d u rin g  su m m er, and  the rapidly drying soil 
surface m ay be to o  ep h em era l a m oistu re  
resou rce  to favor large in v estm en ts in roots. In  
con trast, sn o iv m elt and co o le r  spring  tem p er a 
tures m ay result in less rapid evaporation  from  
th e  so il surf ace  in the G reat Basin and thus favor  
m ore rootin g  b y  p eren n ia ls in that zo n e . (3) 
B eca u se  o f  th e  grea ter  so il v o lu m e exp lo ited , as 
w ell as th e  high root d en sity  o f  G reat Basin  
sp e c ie s , th e ir  ratios o f  rooL sh oot b io m a ss are 
ab ou t tw ice  that o f  M ojave D e se r t  sp ec ie s  
(B a m b erg  et al, 19S0, D ob row olsld  e t  al. 1990). 

Ad a p t a t io n  t o  s a l in it y .— W h en  annual
p recip ita tion  levels are m uch  lo w er  than p o te n 
tial evaporation , salts are n ot lea ch ed  to  anv  
great d ep th , and th ey  can  accu m u la te  w ith in  th e  
root z o n e  T his is e sp e c ia lly  im p ortan t in  a sso c i
ation  w ith  particular b ed rock  ou tcrop s, su ch  as 
the M an cos and C h in le  sh ales, w h ich  re lea se  
high  co n cen tra tio n s o f  salts during  w ea th er in g  
{ P otter  e t al. 1985). P rec ip ita tion  in creases w ith  
e lev a tio n , and. fo llo w in g  m ajor storm s o r  spring  
snow.'m elt, th ere  m ay b e  su rface ru n off and  
rech arge o f  g rou n d w ater  system s that transport 
w a ter  from  h igh  e lev a tio n s in to  c lo sed  basins. 
Stream s in th e  G reat Basin usually  term in ate in

evap orative pans w h ere  salin ities reach ex trem e  
lev e ls  and salts p rec ip ita te  form in g  a surface  
crust. T h e w ater  tab le  n ear th e se  evap orative  
pans is o tten  at o rv erv  near the su rface th rou gh 
ou t the year, but, it th ere  is n o  grou n d w ater flo w  
o u t o f  the basin, it to o  is o ften  q u ite  sa lin e  
(D o b ro w o lsk i e t  al. 1990). Salin ities are low est  
on slo p es an d  at h igh er  e leva tion s w h ere  p rec ip 
itation ex c ee d s  evaporative loss, and th ev  
in crea se  on  m ore leve l terrain and in iow er-e le-  
vation basins w h er e  evaporation  ex ceed s  p re 
c ip ita tion . S a lin ities m ay also  b e  h igh er  in areas 
w h ere  w in d -b o rn e  m aterials are transported  
from  sa lin e  plavas to su rrou n d in g  s lo p es (Y oung  
and E vans 1986V T h e se  p attern s o f  soil sa lin ity  
are im p ortan t in d e term in in g  p lant d istrib u 
tions, w ith  m ore sp ec ia lized  sa lt-to leran t sp e 
c ie s  (h a lop h vtes) rep lacin g  less-to lera n t sp e c ie s  
rep ea ted ly  a long  grad ien ts o f  in crea sin g  salinity', 
ln  g en era l, sp ec ie s  d iversity  is low' on sa lin e  
soils. T h e  vast m ajority o f  to leran t shrub  sp ec ie s  
in ou r d eserts , and all the shrubs sp ecifica lly  
m e n tio n e d  in  th is sectio n , b e lo n g  to  a s in g le  
plant fam ily, th e  C h en o p o d ia ce a e  (g o o se fo o t  
fam ily), M ost o th er  im portant taxa in th e  sa lin e  
co m m u n itie s  are grasses.

In  the m ost ex trem e case  o f  h yp ersa lin e  salt 
flats and  pans th ere  m ay b e  stan d in g  w a te r  in  
the w e t  season  w ith  saturating salt co n c e n tr a 
tions. U n d e r  su ch  co n d itio n s, o n ly  rnicroflora  
co n sis tin g  o f  a few' sp ec ies  o f  p h o to sy n th etic  
flagella tes, cyanobacteria , find h a lob acteria  are 
c o m m o n ly  fo u n d . T h e  h a lob acteria  ap p ear to b e  
u n iq u e  in having ad ap ted  in  an  ob liga te  m an n er  
to  th e  h igh  sa lin ities o f  th e se  en v iro n m en ts . 
T h e y  not on ly  to lera te , but req u ire , h igh  
cy to p la sm ic  sa lin ities for  m em b ra n e  stab ility  
and p ro p er  en zy m a tic  fu n ction  (B row n  1982). 
In strong contrast to this, a lgae and all h igh er  
p lan ts grow in g  in h \p e r -sa £ n e  en v iro n m en ts  
show  sev ere  in h ib ition  o f  en z v m e  fu n ction  at 
h igh  salinity, and  they  m u st co m p a rtm en ta lize  
sa lt-sen sitiv e  m eta b o lic  p ro cesse s  in  ce llu la r  
regions o f  low  ionic strength (M unns e t al. I9S2).

T h e  b est  d efin itio n  o f  a h a lop h yte  is sim p ly  
a plant to leran t o f  so il sa lin ities that w'ould  
red u ce the growth o f  unspecia lized  sp ecies. This 
is so m ew h a t circular, and  that reflects our lim 
ited  u n d ersta n d in g  o f  howr h a lop h vtes do  w’hat 
thev  do. H alop h ytes are m o re  likely  to  u se  N a +  
in th e ir  tissu es for  o sm o tic  ad ju stm en t, w^hile 
g ly co p h y tes are m ore lik e ly  to  h ave high K+
(H e lle b u s t  1976, F lo w ers  e t al. 1 9 7 7 ), but th ere  
are n u m ero u s excep tion s, O th er d ifferen ces
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m a y b e  m ore q u an tita tive than qualitative. Var
io u s a sp ec ts  o f  m ineral n u tr ition  in  h a lop h ytes  
are less sen sitive  to h ig h  so il sa lin ities, but 
u n iq u e  m ech a n ism s to  a ch iev e  th is to leran ce  
h ave rareiv lie e n  id en tified . It is w id e lv  h e ld  that

■■ -p1 

th e  ab ility  to  co m p a rtm en ta lize  salts a n d  restrict 
high Na™ co n cen tra tio n s to  th e  v a cu o le  is o f  
crucial im p o rta n ce  (C a ld w ell 1 9 7 4 r F low ers et 
al. 1977 , B riens a n d L a r h e r  19S2). T h is c o n c lu 
sion  is b a sed  p rim arily  on  in d irec t e v id e n c e  o l 
lo w  e n z y m e  to lera n ce  o f  salinity, h ow ever, 
rather than d irect m ea su rem en ts  o f  actual salt 
com  part m en ta liza tion  (M a n n s et al. 1952, 
J effer ies  an d  R u d m ik  1984].

i Ia lop h)’te s  d iffer in w h ich  ions reach  high  
tissu e  c o n c e n t  ratio (is w h en  all p lants are grow n  
on  th e  sa m e  m ed iu m  (C a ld w ell 1974). S o m e  
w ill co n cen tra te  C l—, for in sta n ce , w h ile  o th ers  
co n cen tra te  S O , '. T h e se  d iffer en ce s  d o  n o t  
n ecessa r ily  d e term in e  p la n t d istribu tion s, su ch  
as o ccu rren ce  in soils d o m in a ted  b v  N aC l versus  
N aS O j, b u t rather seem  to  r e fle c t  d ifferen  t reg 
ulatory sp ec ia liza tion s in p lant m etab o lism  
(M o o re  e t  al. 1972). A strong req u irem en t for a 
u n iq u e  co m p o sitio n  o f  soil salts is th e  ex cep tio n  
rather than th e  ru le, and the m ost im portant 
e ffe c t  o f  so il salini ty se em s to b e  a d isruption  o f  
plant w a ter  relations from  lo w  soil o sm o tic  
p o ten tia ls  rather than toxic e ffe c ts  o f  sp ec ific  
ions. H a lo p h y tes  to lera te  th e se  co n d itio n s  b y  
h a v in g  b etter  regulatory control over ion  m o v e 
m en t w ith in  th e  p lant, ion com  p a rtm en ta liza 
tion at b oth  tissu e  a n d  su b cellu lar  leve ls , and  
b e tte r  h o m eo sta s is  o f  o th e r  a sp ects o f  m ineral 
nutrition  in th e  p resen ce  of very  h igh  N a + .

Salin ity  p oses th ree m ajor p ro b lem s for  
h ig h er  p lan ts. F irst, salts in th e  soil so lu tio n  
co n tr ib u te  an  o sm o tic  p o ten tia l d ep ressin g  th e  
soil w ater  p o ten tia l, an d  this m ay b e  aggravated  
as salts b e c o m e  co n cen tra ted  With soil drying. 
E v en  w h en  substantia l m oistu re is p resen t, 
plant tissu es m ust en d u re  verv low  w ater  p o te n 
tials to  take it up . and th is requ ires a sp ec ia lized  
m eta b o lism . S eco n d , any salts en ter in g  th e  plant 
w ith the transp iration  stream  w ill b e  le ft b eh in d  
in th e  le a f  in terce llu la r  fluids as w ater  ev a p o 
rates from  tlie  leaf. T h is can  resu lt in salt 
b u ild u p  in th e  in terce llu la r  so lu tio n  cau sin g  
w a ter  m o v em en t o u t of the ce lls  and lead in g  to  
ce llu la r  d eh yd ration . T h ird , salts e n te r in g  th e  
cytop lasm  in h igh  co n cen tra tio n  w ill d isrupt 
e n zy m e  fu n c tio n . H a lo p h y tes  are ab le  to  deal 
w ith  all o f  th e se  factors o v er  a w id e  range o f  soil 
sa lin ities. H a lo p h y tes sh o w  a greater capacity

for o sm o tic  ad ju stm en t, an d  p ositive  p h o to sy n 
th etic  rates ca n  be m ea su red  in  th e  leaves of 
m any h a lop h ytes at lea f w ater  p o ten tia ls  as lo w  
as - ( ) 0  to - 1 2 0  bars (C a ld w ell 1 9 7 4 ), w ell b e lo w  
th e  range that w o u ld  resu lt in  d eath  o f  ev en  
d esert -ad ap ted  g lycop h ytes. T h is is a c c o m 
p lish ed  in part by  transform ing th e  availab le  
salts in  the en v iro n m en t in to  a resou rce an d  
u sin g  th em  for o sm o tica  in plant tissu es (M oore  
e t  al. 1972. B en n ert and S ch m id t 1984). M an y  
h a lop h ytes actually  sh ow  stim u lation  of grow th  
rates at m od era te  en v iro n m en ta l salt levels.

H a lo p h y tes too  m u st d ea l w ith  the p rob lem  
o f  sa lt b u ild u p  in the lea v es, and they  d o  so  by a 
w id e  variety  o f  p ro ce sse s . T h e r e  is a  threat deal 
o f in te r sp e c ific  variation  in w h ich  m eth o d (s )  are  
u sed . All th e  m eth o d s appear to  incur su b stan 
tia' e n e r g e tic  co sts  a sso c ia ted  w ith  m ain ta in in g  
high ion co n cen tra tio n  grad ien ts across key  
m em b ra n es (K ram er 1 9 8 3 ). E xclusion  o f  salts at 
th e  root is possib le: th is is th e  m e th o d  m ost 
em p lo y ed  by w interfat (C era to u k 's  la n a ia ) , Salt
bush  (A tr ip lex  spp .) has sp ec ia lized  hair-b lad
ders on  th e  leaf' surface in to  w h ich  excess salts 
are actively  p u m p ed . T h e  hairs ev en tu a lly  rup
ture. excretin g  the salts to  th e  o u ts id e . O th er  
plants m ay transport salts back  to  th e  root via  
th e  p h loem . M any p lan ts exh ib it in c rea sed  lea f  
su c c u le n c e  w h en  grow n u n d er high salinity, and  
th is in crease  in  cell v o lu m e can crea te  a sink for 
salts w ith in  th e  leaf w ith o u t raising .salt c o n c e n 
trations or further low ering le a f  osm otic  potential.

Jn stron g  con trast to  the ev id en t im p ortan ce  
o f  tem p era tu re  and rainfall pattern in  favoring  
C.i versu s C j grasses, C 4 shrubs ten d  to b e lo n g  
to  etlap h ic  co m m u n itie s  a ssocia ted  w ith  sa lin e  
so ils, T h e  sam e sp e c ie s  m ay o c c u r  in both  w arm  
and co ld  d eserts , and in  areas w ith  both  w in ter  
a n d  su m m e r  rainfall patterns. T h is is an intri
g u in g  d ifferen ce , but th e  p h ysio log ica l ba.sis 
lin k in g  C | shrubs w ith  h ig h  sa lin ity  is less w ell 
u n d erstood  than th e  trad eoffs a ssocia ted  w ith  
tem p eratu re and co n tro llin g  C 3  and C.A grass 
d istribu tion s. S p ec ies  n u m b er  and p ercen t  
co v er  by  shrubs su ch  as saltbush (A tr ip le x  spp .) 
and in k w eed  {S uedti spp  J , w h ich  p o sse ss  the C 4  

pathw ay, usually  in crease  d ram atica lly  w ith  
in crea sin g  salin ity on  w e ll-d ra in ed  soils. In 
m arshy habitats or  soils w ith  a shallow , sa line  
w ater  table, how ever, h a lo p liy ticQ ? sp ec ie s  su ch  
as p ic k lew ee d s  {A ilcn ro lfia  spp, and S a lico rn ia  
sp p .) and  g rea sew o o d  {S a rc o b a tm  ve r-  
m icu to id es)  regain d o m in a n ce . It has b een  su g 
g ested  that h igher w ater-u se  e ff ic ie n c y  by C.i
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sp ec ies  m ay b e  ad van tageou s on  sa lin e  so ils to  
heJp avoid  salt b u ild u p  in th e  lea f tissu es. H o w 
ever, it has n ot b een  show n that transpiration  
rate is an im p ortan t factor con tro llin g  salt 
b u ild u p  in th e  leaves o f  h a lop h ytes w h en  c o in 
p ared  w ith  o th er  regu latory  m ech a n ism s  
(O sm o n d  e t  al. 1982), nor d o es  this h y p oth esis  
explain  the d o m in a n ce  o! C 3  sp ec ies  in  w e t  
sa lin e  soils. In  th e  grease  w o o d  and  p ic k lew ce d  
co m m u n itie s , soil sa lin ities are ex trem e, b u t  
soils rem ain  w et th rou gh ou t th e  grow in g  season , 
or e lse  g rou n d w ater  is availab le w ith in  th e  root
ing  z o n e  (D e ll in g  1969 . H esla  1984). As a co n 
se q u e n c e , p lant w ater  p o ten tia ls  d o  n ot reach  
th e  ex trem e low  values o f  th e  saltbush c o m m u 
n ities . O ver a  w id e  range o f  soil .salinities, p lants  
su ch  as grease w ood  appear to draw  on  readily  
availab le d e e p  so il m oistu re, and h igh  lea f c o n 
d u cta n ces are m a in ta in ed  th rou gh ou t th e  
su m m er  (H esla  19S4. R om o and H afercam p
1 9 8 9 ). T h e  h ig h e s t  w h o le-p la n t w a ter-u se  rates 
m ay o ccu r in u te  p r e se n c e  o f  h igh  soil sa lin ity  in 
m id -su m m er (H es la  19S 4). T h e  co m m u n itie s  in  
w h ich  C 4 shrubs are m ost p revalen t have  
su m m er  stress (rom  both high soil salin ity and  
m id -su m m er so il w a ter  d ep le tio n  co m b in ed . 
T h e s e  sp ec ie s  reach m u ch  lo w er  p lant w ater  
p oten tia ls during  su m m er  than e ith er  n o n sa lin e  
co m m u n itie s  or w e t-sa lin e  co m m u n itie s . T h e  
role o f  C 4  p h o to sy n th esis  in  to leratin g  th e se  
co n d itio n s rem ain s to  b e  d eterm in ed , bu t it 
co u ld  b e  related  to  avo id in g  ex cessiv e ly  low- le a f  
w ater  p o ten tia ls  e ith er  b y  ( 1 ) retard ing soil 
m oistu re  d ep le tio n , w h ich  b oth  lo w ers th e  soil 
m atrix p oten tia l and co n cen tra tes so il salts, or
( 2 ) avoid ing  exacerb ation  o f  lo w  soil w a te r  
p o ten tia ls  d u e  to  h igh  flux rates an d  targe w a ter  
p oten tia l grad ien ts b e tw e en  th e  le a f  and root. 
W ater m o v em en t in  th e  xylem  occurs u n d er  
ten sion , and anatom ical fea tu res that avoid cav
itation  in th e  xylem  at ex trem ely  low  w ater  
p o ten tia ls  u sually  r e d u ce  th e  hydraulic c o n d u c 
tivity o f  th e  xylem  p er  unit cro ss-sec tio n a l area  
(D a v is  e t al. 1990 , Sperry and T yree 1990). L o w  
sp e c ific  co n d u ctiv ity  o f  the xy lem  w ill, in turn, 
p red isp o se  th e  p lan t system  to  large w ater  
p o ten tia l grad ien ts b e tw e e n  roots and sh oots, 
ca u sin g  an ev e n  grea ter  d ep ressio n  o f  le a f  w ater  
p oten tia l. T h is p ro b lem  co u ld  b e  a m elio ra ted  
e ith er  by in crea sed  cross-section a l area o f  the  
xylem  by in creased  a llocation  to w o o d  grow th , 
or by fea tu res such  as C 4  p h o tosyn th esis  that 
red u ce  th e  flux rate o f  w a ter  assoc ia ted  w ith  
p h o to sy n th e tic  activ ity  under w arm  con d ition s.

N u t r i e n t  R e l a t i o n s

A c q u i s i t i o n  o f  m i n e r a l  n u t r i e n t s . —
A part from  th e  very h igh  e lev a tio n  m on tan e  
zon es, w a ter  appears to  b e  th e  m ost lim itin g  
resou rce in th e  G reat Basin and C olorad o  Pla
teau  co m m u n itie s . P rod uctiv ity  is usually  w ell 
correla ted  w ith  yearly flu ctu ation s in p rec ip ita 
tion  and spring m oistu re  rech arge over a w id e  
range o f  va lu es (D a u b e n m ire  1975 . K indschy  
19S 2), and  co m p etitiv e  su ccess has m ore o ften  
b e e n  associa ted  w ith  soil w a ter  use patterns  
than nutrient b u d g ets. N o n e th e le s s , ad d ition  o f  
m ineral fertilizer so m etim es  d o es  resu lt in  
m o d est in creases in productivity , an d  stu d ies  
have sh ow n  strong e ffe c ts  o f  n e ig h b o rin g  p lants  
on n u trien t uptake rates (C aldw ell et: ai. 1987). 
T h e se  d ynam ics h ave b een  less s tu d ied  than  
have p lan t w ater  b u d g ets , and broad  eco lo g ic a l  
relationsh ips are just n ow  b e in g  w o rk ed  out in  
detail. N u tr ien t acq u isition  has b een  sh ow n  to  
b e  a m ajor factor d eterm in in g  co m m u n ity  c o m 
position on ly  in very  sp ecia l habitat': su ch  as 
..arge san d  d u n es (B o w ers 1 9 8 2 ) o r  u nu su al b e d 
rock  (D e L u c ia  and S ch les in g er  1990),

MICRO PHYTIC CRUSTS.— T h ro u g h o u t th e  
G reat B asin  and  C olorad o  P lateau , it is co m m o n  
for th e  ex p o sed  soil su rface to b e  co v ered  b y  a 
co m p lex  co m m u n ity  o f  n on vascu lar p lan ts  
in c lu d in g  d o zen s o f sp ec ie s  o f  a lgae, lich en s , 
and m o sses (W est 1990). T h e se  organ ism s o ften  
form  a b iotic  crust in th e  u p p er  fe w  c e n tim e te r s  
o f  th e  soil and, w h en  u n d istu rb ed , m ay result in  
a very  co n v o lu ted  m icro topography o f  th e  sur
face. W h ile  a d eta iled  d iscu ssion  o f  th e  
m icrop h ytic  crusts is b ey o n d  th e  sco p e  o f  th is  
review--, it is im portant to rea lize  that p ercen t  
co v er  by such crusts o ften  ex c ee d s  that of th e  
vascular p lants, and their con trib u tion  to  total 
eco sy stem  p rod u ctiv ity  is co n sid ers  b le. Perhaps 
m ost im portant to co -occu rrin g  vascu lar p lants  
are th e  n u trien t in p u ts to  th e  so il by n itrogen -  
fixing crust organ ism s (cyan obacteria  and  
lich en s). T h e s e  inputs w ill be particularly  
im portan t in th e  co ld  d esert w h er e  te w  vascular  
p lan ts form  sym b io tic  re la tion sh ip s w ith  n itro 
gen -fix in g  bacteria.

.Nu r s e  p l a n t s  a n d  f e r t il e  i s l a n d s ,— In
m any d eser t areas, in c lu d in g  b oth  th e  M ojave  
and the G reat B asin , esta b lish m en t o l n e w  in d i
viduals m ay occu r  p referen tia lly  u n d er the ex ist
ing  can o p ies o f  already esta b lish ed  ind ividuals. 
T h e se  prev iou sly  esta b lish ed  ind iv iduals m ay  
th en  b e  referred  to as nurse p lants. P referen tia l
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esta b lish m en t u n d er  n u rse  p lants m ay occu r  in 
sp ite  o f  the tact that 75%  or m o re  o f  th e  grou n d  
area m ay b e  bare in tersp a ces  b e tw e e n  p lan t  
ca n o p ies . T h e  p h e n o m e n o n  can b e  im p ortan t in  
b oth  stea d y -sta te  co m m u n ity  d ynam ics and also  
su ccess io n a l pattern s fo llo w in g  d istu rb an ce  
(W allace an d  R o m n ey  1980 , E v ere tt and  Ward
1984). T w o so m ew h a t d istin ct factors con tr ib u te  
to th e  n u rse-p la n t p h e n o m e n o n , T h e  first has to  
do th e  w ith  b en e fic ia l e ffe c ts  o f  partial sh ad in g  
and red u ced  w in d  u n d er ex istin g  ca n o p ies  
resu ltin g  in co o le r  tem p era tu res and  p o ssib ly  
m oister  so il co n d itio n s in  th e  su rface layers. 
T h e se  in teraction s d e p e n d  d irectly  on  th e  p res
e n c e  o f  th e  n u rse  p lan t in crea tin g  a favorable  
m icrosite , an d  have b e e n  studied, w ith  particular' 
re feren ce  to  p in y o n  and ju m p er  e sta b lish m en t  
in  th e  G reat Basin. A  se c o n d  factor in vo lves the  
creation  o f  fertile  islands b y  th e  p ro lo n g ed  o c c u 
p ation  o f  the sam e m icro site  by m any g en er a 
tio n s o f  plants; th is ca n  m ake th e  fertile  island  a 
p referred  site  e v e n  ii th e  p rev io u s o ccu p a n t is 
already d e c e a se d . T h is m icro site  im p ro v em en t  
occu rs d u e  to  p referen tia l litter  accu m u la tion  
a n d  m o re  ex ten s iv e  root grow th  d irectly  u n d er  
a p la n t canopy, an d  d ep o sitio n  o f  aeo lian  m a te 
rials u n d er r e d u c e d  w in d  sp eed s  in p lan t ca n o 
p ies. In tim e , so ils u n d er e a s t in g  p lan ts m ay  
c o m e  to  b e  sligh tly  ra ised  above th e  in tersp a ce  
leve l, h ave a  lighter, ioam ier  texture, h ig h er  
organ ic  m atter  co n ten t an d  b e tte r  soil structure, 
less su rface co m p a ctio n , b e tter  aeration  and  
m ore rapid w a ter  in filtration , an d /or  h ig h er  
lev e ls  o f  availab le m ineral n u trien ts than  
im m ed ia te ly  ad jacen t in tersp a ce  so il (V est 1962, 
W o o d  e t  al. 1978 , R o m n ey  e t  al. 1980 , H es la  
1984 , W est 1989 , D o b ro w o lsk i e t  al. 1990). 
D ir e c t  e ffe c ts  o f  n urse p lants and in d irect  
e ffe c ts  o f  fer tile  islands sh ou ld  c o m p le m e n t and  
re in force  each  o th er  in  m ain ta in in g  se lec tiv e  
spacial pattern s o f  se e d lin g  esta b lish m en t. Sur
face so il u n d er  h a io p h y tes m ay also sh o w  
in crea sed  sa lin ity  (Pdchard an d  C lin e  .1.965) due  
to excretion  o f  excess salts by th e  canopw or  
translocation  and re -ex cretio n  from  the roots.

D i v e r s i t y  o f  G r o w t h  F o r m s

O n e o f  th e  striking featu res o f  th e  co ld  desert, 
v eg e ta tio n  is th e  u n iform ly  lo w  stature o f  th e  
v eg eta tio n . T his is u n d o u b ted ly  d u e  to  several 
factors, and few  stu d ies h a v e  sp ecm ca lly

*■ j

a d d ressed  th e  role o f  p lan t stature in th e se  c o m 
m u n ities. S in ce  low  tem p era tu res m ay lim it

p h o to sy n th esis  in  th e  co o l spring, and earlier  
grow th  on  lim ited  soil m oisture reserves m ay b e  
co m p etitiv e ly  ad van tageou s, o ccu p y in g  w arm  
m icrosites m a y b e  favored . Substantia l in crea ses  
in air tem p era tu re  and red u ctio n s in  w in d  sp e e d  
w ill exist in  the lo w est m ete r  next to  th e  ground , 
and  esp ec ia lly  in  th e  lo w est d ec im eter . L ow  
cu sh io n  p lan ts or low , d e n se  shrub ca n o p ies  
sh o u ld  have w arm er sp rin g  le a f  tem p era tu res  by  
v irtu e o f  b e in g  short and b y  vi r tu e  o f  lea fin g  ou t  
first in  a d e n se  c lu m p  o f  o ld  d ead  lea v es and  
tw igs (S m ith  e t al. 1983 , W ilson  et al. 1987). T h is  
ad vantage m ay b e  partia lly  o ffse t b y  overly  h igh  
tem p era tu res in su m m er for sp ec ie s  rem ain ing  
active all sum m er. S tature is a lso  likely  to  a ffect  
aeolian  d ep o sit o f  m aterials u n d er the shrub  
can o p ies (W ood  e t  al. 1978 , Y oung and E van s
1986), sn o w  accu m u lation  (B ran son  et al. 1981 , 
W est and  C a ld w ell 1983), and  the lik elih ood  o f  
w in ter  d esicca tio n  u n d er  co ld , w in d y  co n d itio n s  
(N e lso n  and  T iem a n  1983). A ll o f  th e se  co u ld  
b e  im p ortan t factors, b u t fe w  d eta iled  stu d ies  
h ave b e e n  d o n e .

H avin g  co n sid ered  th e  re la tion sh ip s o f  th e  
d om in an t p lan t habits an d  p h e n o lo g ie s  to  c li
m ate , it is p erh ap s in stru ctive  to  co n sid er  w h y  
so m e  o f  the o th er  fam ou s d eser t life  form s are  
so p oorly  re p r esen ted  in  th is region . T h ree  life  
form s w h ich  are p ro m in en t featu res o f  th e  w arm  
d esert b u t in co n sp icu o u s e le m e n ts  o f  th e  co ld  
d esert are (1) large C A M  su ccu len ts  (e .g ., cacti 
and  agave), (2) op p ortu n istic  d ro u g h t-d ec id u 
ou s shrubs sp ec ia lized  for rapid lea f-flu sh in g , 
and  (3) annuals. D e fin it iv e  w ork  exp la in in g  th e  
structural u n iform ity  o f  the v eg e ta tio n  is not 
availab le, b u t th e  en v iro n m en t is w e ll e n o u g h  
u n d ersto o d  to  id en tify  at least so m e o f  th e  lik e ly  
cau ses.

CAM S UCCULENTS.— M ost o f  th e  large C A M  
su ccu len ts  are not to leran t o f  freez in g  te m p e r 
atures, and m o st extan t sp ec ie s  w o u ld  b e  
ex c lu d ed  from  th e  G reat B asin  by th is factor  
a lon e. T h ere  are, how ever, a su ffic ien t n u m b er  
o f  sp e c ie s  w h ich  h ave ad ap ted  to  to lera te  co ld  
tem p era tu res that w e  are ju stif ied  in  ask ing  w h y  
th ey  h ave not u n d erg o n e  m o re  ad aptive ra d ia 
tion, or c la im ed  a  m ore p ro m in en t role in th e se  
co m m u n itie s . T h e  m ost im p ortan t factor lim it
ing  th is life form  is p rob ab ly  th e  im p o rta n ce  oi 
th e  coo l spring grow in g  season . C A M  su ccu 
lents g en era lly  (1) a lloca te  very' little  b iom ass to  
root (ro o t/sh o o t ca. 0 .1 ), (2 ) are sh a llow  rooted .
(3) sto re  m o d era te -s ized  (co m p a red  to  soil 
w ater-h o ld in g  capacity) w ater  reserves in s id e
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their tissues w h en  w ater  is availab le in th e  sur
face  soil layers, an d  (4) u se  th eir  stored  w ater in  
p h o to sy n th esis  w ith  u n p ara lle led  w ater-u se  e ff i
c ie n c y  b y  o p e n in g  th e ir  stom ata  on ly  at n igh t 
when, tem p eratu res are coo l (N o b e l 1988). T h ey  
are favored  b y  (1) v ery  w arm  days (3 0 -4 0  C ). 
w hi ch a llow  th em  to  h a v e  h igh er p h o to sy n th etic  
rates an d  cau se  c o m p e tin g  sp ec ie s  to  h a v e  very  
low  w ater-u se e ffic ien c ie s; (2 ) large d iurnal te m 
p era tu re  flu ctu a tio n s a llow in g  for coo l nights 
( 1 0 -2 0  C ) w h ich  a llow  th em  to h ave h igh  rates 
o f  C 0 2  up take w ith  h ig h  w ater-use effic ien cy ;  
and  ( ! )  in term itten t rainfall, w h ich  on ly  w e ts  the  
u p p er  soil layers so  that th e  lim itations o f  th e ir  
.shallow roots and  w ater-hoard in g  strategy are 
c o m p e n sa te d  for by th e  ep h em era l nature o f  the  
soil w ater  resou rce. T h e se  co n d itio n s are so m e 
w hat p oorly  m et in th e  co ld  d esert. T h e  im p or
tant w a ter  resou rce is o n e  o f  d e e p  soil rech arge  
that favors d e e p -r o o te d  sp ec ie s  and con fers  
m uch  less  ad van tage o n  internal w a ter  hoarding. 
F reez in g  to lera n ce  in C A M  su ccu len ts  appears  
to  b e  a ssocia ted  w ith .lo w  tissu e  w ater  co n ten ts , 
and  th is m ay inh ib it uptake o f  w ater  w h e n  it is 
p len tifu l in th e  su rface layers in th e  th erm ally  
vacilla tin g  early spring  (L ittlejoh n  and  W illiam s  
1983), F u rth erm ore , w ater-use e ff ic ien c ie s  o f  
Cs an d  C 4  sp ec ie s  are q u ite  h igh in th e  coo l 
spring.

N o n e th e le s s , ev en  m o d era te  am ou n ts of 
su m m er  rain in th e  sou th ern  and eastern  p o r
tion s o f  th e  G reat B asin  resu lt in  n u m ero u s  
sp e c ie s  of cacti. D u e  to the op en  n ature o f  th e  
understory, m any o f  th e se  sp e c ie s  have a large  
elevation a l range, and th ey  are o fte n  m o re  
co m m o n  in th e  p in yon -ju n ip er  or ev en  th e  m o n 
ta n e  z o n e  than on  th e  d esert p ied m o n t slop es. 
A lm o st all o l th ese  cacti are sm all, usually 5—20  
cm  h igh , w ith  a  sm all, g lo b o se  (e .g ., P e d w c a c tm  
s im p so n ii) , prostrate (e .g ., O p u n tia  p o h j-  
c a n th a ), or low , ca esp ito se  hab it (e .g ., 
E ch in o cereu s tr ig lo c h id ia tu s ) . T h is a llow s th em  
to  take ad vantage ot the w arm er d aytim e te m 
p eratu res n ear th e  ground  in th e  sp rin g  and  
facilita tes an in su la tin g  sn o w co v er  d u rin g  th e  
co ld est  w in ter  p eriod s. T h e  n u m b er  o i and  total 
co v er  by cacti in crea se  con sid erab ly  w ith  
in crea sed  su m m er  rainfall on  the C olorad o  P la
teau , b u t on ly  in th e  eastern  M ojave w ith  b o th  
su m m er  rain and w arm  spring tem p era tu res d o  
w e  find  th e  larger b arrel-cactu s (e .g ., F erocw M is  
a c a n th o id e s ) and tall, shrubby ch o llas (e .g ., 
O p u n tia  a c a n th o c m y a ).

O p p o r t u n is t ic  d r o u g h t -d e c i d u o u s  / 
m u l t ip l e  l e a f -f l u s h i n g  s p e c i e s .— T his
habit, like that o f th e  .succulents, is favored b y  
( 1 ) in term itten t rainfall w e ttin g  on ly  sh a llow er  
soil layers, and (2 ) w arm  tem p eratu res a llow in g  
for rapid lea l expansion  in  resp o n se  to  ren ew ed  
soil m oisture. A gain , th e se  req u irem en ts are n o t  
w ell m et in  th e  G reat Basin. T h e  prim ary m o is
tu re  reso u rce  is a sin g le , d e e p  recharge in  the  
w ill ter. M ost shrub sp ec ie s  are d e e p  rooted , and  
rather than  ex p er ien c in g  vacilla tin g  w a ter  avail
ability, th e y  have a ctive  root grow th  sh iftin g  to  
d e e p e r  an d  d e e p e r  so il layers during th e  season , 
thus p rod u cin g  a gradual an d  co n tin u o u s  
ch a n g e  in  p lant w ater status. T h is allow s m any  
sp rin g-active shrubs to  rem ain  partially ev er 
g reen  th rou gh ou t th e  sum m er, and, in reg ions  
w h e r e  it occu  rs. th ey  are ab le  to m ake rapid u se  
o f  any m oistu re available from  su m m er  p rec ip 
itation  w ith o u t th e  n e e d  for re n e w e d  le a f  p ro
d u ction . T h e  on ly  shrub rep orted  to  h ave  
m u ltip le  leaf flu sh es in resp o n se  to la te  spring  
or su m m er rain in th e  G reat Basin is th e  d im in 
u tive and  sh a llo w -ro o ted  A rte m is ia  sp in escen s  
(E v ere tt  et al.. .1980). S o m e sp ec ie s  fou n d  in th e  
G reat Basin, are rep o rted  to  h ave m u ltip le  
grow th  cy c les/y ea r  w h er e  they occu r  in  th e  
M ojave (A ckerm an  e t  al. 1980).

An n u a l s  a n d  l i f e -h is t o r y  d i v e r s it y —
T h e  sp ectacu lar  w ild flo w er  sh ow s (lisp layed  in  
favorab le years in th e  M ojave D e se r t  d o  not 
o ccu r  in  th e  co ld  d ese r t o f  the G reat B asin  
(L u d w ig  e t  a l  1988). A nnual sp ec ies  are few  in 
num ber, and, excep t in early  su ccess io n  after  
fire in w ood lan d s 0 1 * on  very  d istu rb ed  sites , th ey  
rarely co n stitu te  a m ajor fraction  o f  total c o m 
m u n ity  b iom ass. T h is is u n d o u b ted ly  re la ted  to  
several co m p lex  factors, but various a sp ects  o f  
p recip ita tion  patterns are likely  to  b e  am on g  th e  
m o st im portant. To b eg in  w ith , th e  p au city  o f  
su m m er rain in so m e  parts o f  th e  G rea t B asin  
m ay largely  e lim in a te  an en tire  class o f  C 4  

su m m er annuals im portant, in  th e  floras of o th er  
reg ion s in c lu d in g  th e  C olorad o  P lateau. O th er  
asp ects than season a lity  are a lso  crucial, h o w 
ever. V ery low  m ea n s o f  annual p recip ita tion  are 
co m m o n ly  associa ted  w ith  large annual lloras, 
b u t correla ted  w ith  low  m ean  p recip ita tion  is 
high year-to-year variation in p recip ita tion  
w hich  so m e  authors have argu ed  is equal.))'' 
im portant. T h e  c o e ffic ie n t o f  variation (CV) in 
p recip ita tion  show s a re la tion sh ip  to m ean  p r e 
cip ita tion  in  th e  G reat B asin  and  C olorad o  P la
teau  (F ig . 2) very sim ilar to  that fo u n d  in w arm
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Fig. 2. The relationship between mean precipitation and 
the variability of rainfall between yeiirS as measured by the 
coefficient of variation in ®jiual precipitation. Hie data 
mdudc points scattered throughout I he C retd Basin in Utah 
and Nevada and the ColtiiMda Plateau m Utah and Arizona, 
Tlie line shown is tin* least squares best Si: for the data: CV 
= L27 - 0.40:3 * Iog(meun annual precipitation, mm) (fi = 
fi9 sites, p < .001).

d eserts  (E h ler in g er  1985). A lthough  m ean  pre- 
eip itation  has th e  greatest s in g le  e ffe c t , th ere  
are. additionally , im portant geo g ra p h ic  in flu 
e n c e s  on  d ie  C V  o f  p rec ip ita tion  w h ich  are  
in d e p e n d e n t of m ean  p recip ita tion . A m u ltip le  
regression  o f  th e  CV of p rec ip ita tio n  o n  
log (m ean  annual p rec ip ita tion ), la titu d e , and  
e lev a tio n  in th e  G rea t Basin has an r  of .81 an d  
in d ica tes  that e a c h  variable in th e  m o d e l is 
highly sign ifican t (p  <  .001 or b etter). For a 
g iven  m ea n  p rec ip ita tion , th e  C V  in crea ses w ith  
d ecrea s in g  a ltitu d e in th e  G reat Basil?, but an 
in d e p e n d e n t e f fe c t  o f  e lev a tio n  w as not sign ifi
can t in th e  C o lorad o  P lateau , T h e C V  also  
in crea ses  from  north to south  in the G reat Basin  
a n d  in crea ses from  south  to north  in th e  C o lo 
rado P lateau , w h ich  results in a latitudinal b an d  
of g rea test annual variability running through  
sou th ern  N ev a d a  and U tah. T h is band is rela ted  
to  tw o  m ajor asp ects o fr e g io n a l c lim ate . M oving  
sou th w ard  in th e  G reat B asin , tem p era tu res  
gradually  in crease , favoring m oister air m asses  
and m o re  in te n se  storm s, b u t sites are m ore  
rem o v ed  trom  th e  m ost co m m o n  w in ter  storm  
tracks, a n d  th e  n u m b er  o l rainy days p er  year  
d ecrea ses  (H o u g h to n  1969). M ovin g  northw ard  
from  A rizona an d  N e w  M exico , th e  sou thern  
N ev a d a  and U tah  band o f  h igh est p recip ita tion  
variabi lity a lso  co rresp o n d s to the n orth ern m ost  
ex ten t o f  su m m er storm s associa ted  w ith  th e
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Fig. 3, fhe relationship between reliability of annual 
precipitation and life-Hfetory strategy oJ her\?aa?Misp la n . 
The site with greatest rep resep tut ion of annuals is Death 
Willey in the Mojave Desert, the second highest f$ (Canyon 
lands in the Colorado Plateau ol southeastern Utah, and the. 
other diret" sites are Great Basin Cold Desert or shrub- 
steppe (ttata were collected by Kim Harper and previously 
published in Schaffer and G&dgii 1975).

A rizona m onsooiS, and  the reg ion  w h ere  th e  
fraction  o f  su m m er m in  in crea ses su b stan tia lly  
m ovin g  southw ard , T h is zo n e  also  has so m e  o f  
the m o st arid sites o f  th e  en tire  reg ion  lo ca ted  
a lo n g  th e  transition to the M ojave D esert in 
so u th ern  N ev a d a  and tlie  canyon  cou n try  oi 
sou th eastern  U tah , a n d  th e se  s ites  can b e  
e x p ec ted  to have the h ig h est variab ility  d u e  to  
b o th  low  m ean  rainfall and  g eo g ra p h ic  p osition  
co rre la ted  w ith  regional w ea th er  patterns. 
B eca u se  th e  G reat Basin and C o lorad o  P lateau  
are o n ly  sem iarid , th e  C V  o f  annual p recip ita -  
l ion  is n o t i usually as high as in  m any ot th e  m o re  
arid  warm  d eserts  (B ea tley  1975 . E h ler in g er
19 8 5 ) , b u t particu lar sites m ay b e  b o th  arid and  
high ly  u n p red ictab le .

H arper (c ite d  in  S ch affer  and G adgil 1975)  
fo u n d  that th e  p rev a len ce  o f  annuals w as p o s i
tively associa ted  w ith  th e  CV in annual p rec ip i
tation for five s ites  lo ca ted  in th e  G reat B asin , 
C olorad o  P lateau, and M ojave D eser t (F ig . 3). 
T h e  largest annual p op u la tion s occu rred  in 
D e a th  V alley (M ojave), fo llo w ed  by C an yon -  
lands (C olorado P lateau in so u th ea stern  U tah ). 
O n e in terp reta tion  o f  th is re la tion sh ip  is that 
high variability in  total p rec ip ita tion  b e tw e en  
years m ay lie  a ssoc ia ted  w ith  h igh  rates o f m or
tality and th erefo re  favor early  rep ro d u ctio n  and  
an annual habit (S ch a ffer  an d  G adgil 1975). 
M any d esert annuals are facu lta tively  p erenn ia l 
in b e t te  r-t h an -average years, and  so m e  have
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p eren n ia l races or sister  sp ec ie s  (E h ler in g er  
198*3) . T h e  d yn am ics and  d istributions o f  th e se  
c lo se ly  re la ted  annual and p eren n ia l taxa sh ou ld  
rece iv e  fu rth er study in regard to  their e x p e c te d  
life  span, rep rod u ctive  ou tp u t, and  rela tion sh ip s  
to  c lim atic  pred ictab ility . A n oth er p ersp ec tiv e  is 
to ask h o w  co m p etitio n  b e tw e e n  very  d istin ct  
shrub  and annual sp ec ie s  is a ffec ted  by p rec ip 
itation  variability. W h ile  in  m any resp ects  c o m 
p lem en ta ry  w ith  th e  op tim al life  h istory  
argum ents., th is approach  em p h a sizes  h o w  large  
d ifferen ces  in h ab it a ffect reso u rce  cap tu re and  
c o m p etit io n  rather th an  fo cu sin g  on  su b tler  d if
fer en ce s  in m ortality  and rep ro d u ctiv e  sc h e d 
u les. T h e  lo w er  variability o f  p rec ip ita tion  in  
m uch  o f  the G reat Basin co m p a red  to  th e  
M ojave and Sonoran d eserts, as w e ll as th e  m o re  
reliab le  accu m u lation  o f  m oistu re d u rin g  th e  
w in ter-rech arge season , m ay favor b oth  stab le  
d em o g ra p h ic  pattern s and. grow th  o f  p eren n ia ls . 
A nnuals te n d  to  be sh a llow  ro o ted  (m ost roots  
in  u p p er  0.1 m  d ep th ), and  th e y  are p oorly  
eq u ip p e d  to  c o m p e te  w ith  shrubs for d e e p  soil 
m oistu re. I f  shrub d en sity  is h igh , and  years o f  
u nu su ally  h igh  m ortality  are rare, th e n  shrubs  
m ay largely  p r e e m p t th e  critical w a ter  and  m in 
eral resou i'ces and su p p ress grow th  o f  annuals, 
T h e  d o m in a n t shrubs o f  th e  warm d eserts d o  n o t  
have h igh  root d en sitie s  in th e  u p p er 10 cm  o f  
th e  soil p ro file  (W allace e t  al. 1980), h ave lo w er  
total root d en sitie s , and. h ave lo w er  total co v er  
w h e n  co m p a red  w ith  G reat B asin  p eren n ia ls . 
A nnuals are th ere fo re  lik ely  to  ex p er ien ce  m ore  
in te n se  co m p etitio n  from  shrubs in  th e  G reat 
Basin. T h is co n jec tu re  is further su p p o rted  by  
co n sid er in g  that p eren n ia ls  in  th e  G reat Basin  
g en era lly  transp ire 50%  or m ore o f  th e  annual 
m oisture inp ut o v er  a w id e  range o i  yearly vari
ations. In th e  M ojave th is fraction  m ay average  
o n ly  27%  and vary b e tw e e n  years from  15 to  
50%  at th e  sa m e  site  (L an e e t  al. 1 9 8 4 ), or e v e n  
b e  as lo w  as 7% (Sam m is and G ay 1979). T h e  
red u ced  overlap  in  rootin g  p ro files and th e  
grea ter  availab ility  o f  u n u sed  m oistu re  
resou rces m ay h a v e  iavored  th e  d e v e lo p m e n t o i  
annual floras in th e  M ojave D e se r t  m ore than in  
th e  G reat B asin . W ith  se v er e  d isturban ce from  
grazin g  and  o th er  a n th ro p o g en ic  activ ities, 
exo tic  annual sp e c ie s  h ave invaded, m any G reat 
Basin co m m u n itie s . O n ce  esta b lish ed  fo llow in g  
d istu rb an ce, th e se  annuals are not alw ays easily  
d isp laced  by short-term  shrub succession . W h ile  
th is d iscu ssion  has b e e n  p resen ted  in  th e  co n 
text o f  annuals versus perenn ia ls, trad eoffs

b e tw e e n  short- and  lo n g -liv ed  p eren n ia ls m ay  
b e  in fluenced  by very similar clim atic param eters. 
som etim es operating over d ifferent tim e scales.

O th er factors that m ay b e  im p ortan t in th e  
e c o lo g y  o f  G reat B asin  annuals in c lu d e  th e  
e ffe c ts  o f  th e  v e iy  w ell d e v e lo p e d  cryptogam  
soil crusts or  vesicu lar horizon s on  se e d  p red a
tion (ab ility  o f  se ed s  to find  safe sites), s e e d  
germ in ation , and se e d lin g  esta b lish m en t, T h e  
restriction  o i w in ter  grow th  by cold  tem p era 
tures cou ld  a lso  b e  o f crucia l im p ortan ce , in h ib 
itin g  th e  p ro lo n g ed  esta b lish m en t p eriod  
en jo y ed  b y  w in ter  annuals in w arm  d eserts. F a ll 
germ in ation  fo llo w ed  b y  lo w  lev e ls  of p h o to sy n 
th esis th rou gh ou t the m ild  w in ter  is essen tia l for  
vigorou s spring grow th  o f  w in ter  ann uals in th e  
M ojave, and, w h ile  h eavy  spring rains m ay ca u se  
germ in ation , su ch  la te  coh orts rarely reach  
m aturity  (B ea tley  1974). A nnuals are c o m m o n  
in  transition  z o n e  sites o f  th e  e c o to n e  b e tw e en  
M ojave D e se r t  and  G reat B asin  p lant c o m m u 
n ities in south  era. N evada, bu t a sso c ia ted  w ith  
ch a n g es in p eren n ia l sp ec ies  co m p osition  a lo n g  
d ecrea sin g  m ean  tem p era tu re  grad ien ts in th at  
reg ion  are d ecrea ses in annual a b u n d a n ce  
(B ea tley  1975).
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