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S E E D L I N G  S I Z E  A N D  S U R V IV A L  F O R  C H B J S O T H A M N U S  N A U S E O S U S

Lisa A. Donovan^ James Mausberg^, and James R. Ehleringer®

Abstract.—Seedling size- and survival! in relation to summer drought were examined for Chrysothamnus nauscorns 
growing under field and greenhouse conditions. In the field, summer survival rates were less than 2% annually tor the 
three years monitored. The effect of initial seedling height on subsequent survival was examined in both the field and 
greenhouse by grouping seedlings into live and dead categories on each census date and comparing the initial heights 
for seedlings in these categories. For a majority of the census dates, the initial height of surviving seedlings was greater 
than die initial height of those that subsequently died (significant differences ranged from 1 to # mm), indicating that 
seedlings that were taller at the initiation of the drought period had a higher probability of survival In the greenhouse, 
taller seedlings had greater shoot and root biomass and rooting depth. Seedlings that are larger (i.e., taller and have 
greater aboveground biomass) in late spring appear to have a higher probability of surviving the summer drought due 
to greater rooting depth and hence increased access to moisture in deeper soil layers. Seed availability and safe sites for 
germination were probably not limiting since large numbers of seedlings successfully germinated in a patchy pattern 
during the study period. Seedling size and probability of survival were not related to either seedling density or the dis
tance to nearest seedling neighbor. Survival through summer drought appears to be tlie main (imitation to seedling 
recruitment in this population.
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S e e d l in g  r e c r u it m e n t  is  c r u c ia l  fo r  th e  
m a in ten a n ce  o f  m o st p la n t p op u la tion s. H o w 
ever, h ig h  m orta lity  rates are o ften  a ssoc ia ted  
w ith  th e  s e e d lin g  life  h is to ry  sta g e , a n d  th e  
p attern s o f  rep ro d u ctiv e ly  m atu re in d iv id u a ls  
in a  co m m u n ity  m ay re flec t prim arily  the h is 
torical e ffec ts  o f  m ortality  d u rin g  th e  se e d lin g  
stage. M an y se e d lin g  d ea th s are a ttr ib u ted  to  
w a te r  stress  th o u g h  o th e r  a b io tic  a n d  b io t ic  
factors are o ften  in v o lv e d  (H arper 1977, C ook  
1979, Ffenner 1985). T h e  sm all s iz e  o f  a n ew ly  
g e r m in a te d  s e e d l in g  p la c e s  it  n e a r  th e  s o il  
su rfa ce  w h e r e  th e  largest flu c tu a tio n s in so il 
te m p e r a tu r e  an d  so il m o is tu r e  o c c u r  (D r e w
1979 , C a ld w e ll 1985). W h en  so il m o istu re  is 
lo s t  from  sh a llo w  layers th ro u g h  evap oration  
and  transpiration., a sm all root sy stem  has lim 
ited  a c c e ss  to w a ter  in  d e e p e r  so il layers, and  
th e  s e e d l in g  is s u s c e p t ib le  to  w a te r  s tr e s s  
(H a r p e r  1 9 7 7 , A n g e v in e  a n d  C h a b o t 1 9 7 9 , 
C o o k  .1979). E v e n  th o u g h  g e r m in a t io n  an d  
s e e d l in g  g r o w th  m ay b e  t im e d  to  m in im iz e  
th e  im p a ct o f  th e  d rou gh t (B ea tley  1974, W en t
1 9 7 9 ), n e w  r e c r u its  o f  p e r e n n ia l s p e c ie s  in  
sem iarid  en v iro n m en ts  m u st b e  ab le  to p ersist  
th ro u g h  a d ro u g h t d u rin g  their first year.

T h e  c lim a te  o f  th e  G reat B asin  is ch aracter
iz e d  b y  c o ld  (b e lo w  fr e e z in g )  w in te r s  a n d  
w a rm  s u m m e r s  w h e r e  te m p e r a tu r e s  o f te n

ex cee d  40  °C . S o il m o istu re  rech arge  occu rs in  
la te  w in ter  and early  sp rin g  w h e n  evap oration  
is low , and th en  th e  lo w e s t  m o n th ly  p rec ip ita 
t io n  ra te s  c o - o c c u r  w ith  th e  h ig h  s u m m e r  
te m p e r a tu r e s . S u m m e r  p r e c ip ita t io n  e v e n ts  
are u su a lly  o f  high, in te n s ity  and sh ort dura
tion, so that m o istu re  g en era lly  d o es n ot p e n e 
tra te  d e e p  in to  t h e  s o i l .  H e n c e ,  th e  G r e a t  
B a sin  g e n e r a lly  h as a  h o t , d ry  p e r io d  from  
J u n e  th r o u g h  A u g u st w h e n  so il m o is tu r e  is  
p ro g ress iv e ly  d e p le te d  from  su rface so il layers  
(C a m p b ell and  H arris 1977 , C a ld w e ll 1985). 
The pattern s o f  p rec ip ita tion  an d  soil m o istu re  
r e c h a r g e , c o m b in e d  w ith  th e  t e n d e n c y  to  
h a v e  f in e  so ils , lea d  to th e  p r e d o m in a n c e  o f  
grassland  and shrub  co m m u n itie s  in  th e  lo w er  
e lev a tio n s o f  th e  G reat B asin  (W est 1988).

C h r ijso th a n m u s  n a u se o su s  (P a lla s) B r itt ., 
co m m o n ly  ca lled  ru b b er rabb itbrush , is a w in 
ter -d ec id u o u s shrub  co m m o n  th rou gh ou t th e  
G reat B asin . R ep ro d u ctiv e ly  m atu re in d iv id u 
als a re  d e e p  r o o te d  in  c o m p a r iso n  to o th e r  
w o o d y  p lan ts in  tlie  co m m u n itie s  and d e p e n d  
m a in ly  on  so il m o istu re  rech a rg ed  b y  w in ter  
and sp rin g  p rec ip ita tion  (B ranson  e t  al. 1976, 
K lep p er  e t  a l  1985, F lanagan  and E h ler in g er  
1 9 9 1 , F la n a g a n  e t  a l. 1 9 9 2 , D o n o v a n  a n d  
E h le r in g e r  In p ress). S e e d s  g en er a lly  g e r m i
n a te  in th e  sp r in g  a fter  sn o w m e lt , an d  b o th
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s e e d lin g s  and  ju v e n i le s  o f  C. n a u seo su s  are  
m o re w a ter  stressed  than larger, rep ro d u ctiv e 
ly m ature in d iv id u a ls d u rin g  drier parts of th e  
g r o w in g  s e a s o n  (D o n o v a n  a n d  E h le r in g e r  
1 9 9 1 , 1 9 9 2 , in p r e s s ) . T h e  p a tte rn  o f  sm a ll 
p lan ts b e in g  m o re  w a ter  s tr e sse d  is p re su m 
ab ly  a fu n ction  o f  h a v in g  sh a llow  roots and is 
c o n s is te n t w ith  rece n t stu d ie s  in o th er  w ater- 
l im ite d  h a b ita ts  (D e L u c ia  a n d  S c h le s s in g e r  
1 9 9 0 , K n ap p  and  F a h n esto ck  1990 , C u i and  
Sm ith  1991). I f  se ed lin g s  are d y in g  as a resu lt  
o f  w a te r  s tr e s s  b e c a u s e  th e y  h a v e  s h a l lo w  
roots, th en  larger se e d lin g s  w ith  d e e p e r  roots  
at th e  b e g in n in g  o f  a d ro u g h t sh o u ld  h ave an 
in c r e a s e d  p r o b a b i l i t y  o f  d r o u g h t  s u r v iv a l  
(C ook 1980).

T h e  o b jec tiv es  o f  th e  stu d y  w e r e  to in v e s t i
g a te  c h a r a c te r is t ic s  r e la te d  to  C. n -auseosus  
s e e d lin g  survival: {1 } th e  tim in g  and ex ten t o f  
se e d lin g  m orta lity  in  a natural p op u la tion , (2 ) 
the e ffec t o f  se e d lin g  s iz e  o n  subsequent, sur
v iv a l d u r in g  a d ro u g h t, a n d  (3) th e  e f fe c t  o f  
se e d lin g  d en sity  and d ista n ce  to m atu re in d i
v iduals on  b oth  g erm in a tio n  and survival.

M e t h o d s

F ie ld  S ite  a n d  F ie ld  S tu d ie s

T h e  R a n g e  E x p e r im e n t  F ie ld  S ta t io n  at 
T in tic , U tah  (39° 55' N , 122° 0 3 ’ W, e le v a tio n  
1 7 7 5  m ), w as th e  s ite  for th e  f ie ld  stu d ies  as 
w e ll as th e  so u rce  s ite  for se e d s  u sed  in  th e  
g re en h o u se  stu d ies . A rte m is ia  tr id e n ta ta  N utt, 
and  ] u n ip e r m  o s ie o sp e rm a  (Torr.) .Little d o m i
n a te d  th e  s ite  u n til it w a s c le a r e d  and d isc -  
p lo w e d  in  th e  early  1950s. S in c e  th en  th e  site  
has re co v e red , w ith  ca ttle  g ra z in g  lim ite d  to 
ap p ro x im a te ly  tw o  w e e k s  ea ch  sp rin g  e x c e p t  
for th e  stu d y  years, d u rin g  w h ich  ca ttle  w ere  
ex c lu d ed . T h e  site , cu rren tly  o c c u p ie d  by A. 
tr id e n ta ta ,  C. n a u seo su s  ssp . h o lo leu cu s, and  
p eren n ia l b u n ch g ra sses , is m ost c lo se ly  a sso c i
a ted  w ith  th e  h ig h e r  e le v a tio n s  o f  th e  S a g e 
b r u sh  S te p p e  v e g e ta t io n  ty p e  (W est 1 9 8 8 ). 
S o ils  are san d y  loam s (Jen sen  1.983), an d  th e  
area r e c e iv e s  an a v era g e  o i 3 7 4  m m  oi p rec ip 
ita tion  an n u a lly  (O w en s 1987). M o n th ly  p re 
c ip ita tio n  am ou n ts for th e  stu d y  p er io d  w e r e  
r e c o r d e d  b y  w e a t h e r  m o n i t o r in g  s ta t io n s  
m a in ta in ed  at th e  T in tic  Station  by  U tah  S tate  
U n iv e r s ity  p e r s o n n e l .  S o il m o is tu r e  v a lu e s  
w e re  d e te r m in e d  gravim etrically . P ercen t soil 
m o istu re  w as co n v er ted  to so il w a ter  p o ten tia l 
on  th e  basis of a so il m o istu re  re ten tio n  cu rve

d e v e lo p e d  u sin g  so il p sy ch ro m eters  (W escor  
P R -55).

S e e d lin g  p lo ts  w e r e  lo ca ted  in  a naturally  
e s ta b lish e d  p o p u la t io n  o f  C. n a tis e o s m .  F or  
1 9 8 9 -9 1  se ed lin g s  w e r e  m o n ito red  in sq u are  
p lo ts 0 .3  m  to a s id e  and lo ca ted  w ith in  0 .5  m  
o f  la rg e , r e p r o d u c tiv e ly  m atu re  shrubs; four  
p lo ts w e re  estab lished , in 1989 , an d  tw o m ore  
w e re  ad d ed  in 1990 . Forty add itional se ed lin g  
p lo ts  (d e s ig n a te d  1 9 9 1 -4 0 )  w e r e  e s ta b lish e d  
in  1 9 9 1 , e a c h  0 .2 S  x  0 .4 3  rn. W ith in  p lo ts , 
s e e d lin g  lo c a tio n s  w e r e  m a rk ed  w ith  to o th 
p ic k s , an d  p lo ts  w e r e  c e n s u s e d  at in te r v a ls  
th rou gh ou t th e  grow in g  sea so n s for n u m b er  o f  
s u r v iv in g  s e e d l in g s .  Y early  c o m p a r iso n s  o f  
s e e d lin g  d e n s ity  in c lu d e  o n ly  th e  four p lo ts  
e sta b lish ed  in  1989 and m o n ito red  c o n s is te n t
ly th rou gh ou t th e  th ree  years.

O f  th e  1 9 9 1 - 4 0  p io ts , 2 0  w e r e  ra n d o m ly  
lo ca ted  th rou gh ou t th e  p op u la tion , ex c e p t for 
a v o id in g  th e  s te m s  o f  la r g e  s h r u b s  a n d /o r  
c lu m p s o f  p eren n ia l grasses. T h e  d ista n ce  w as  
m ea su red  from  th e  s e e d lin g  p lo ts  to n ea re st  
la rg e  shrub  o f  C. n a u seo su s  o r  o th e r  w o o d y  
shrub. T h e  rem a in in g  2 0  p lo ts w e re  arranged  
arou n d  five  m atu re C. n au seosu s  shrubs, o n e  
at ea ch  o f  th e  four com p ass d irection s an d  0 .5  
m  d is ta n c e  from  th e  b a se  o f  th e  sh ru b . T h e  
1 9 9 1 -4 0  p lots w e re  ch a ra cter ized  v isu a lly  for 
p e r c en t g ro u n d co v er  oi sm all h erb s and a n n u 
al g r a sse s . S e e d lin g s  in  e a c h  o f  th e s e  p lo ts  
w e re  in itia lly  m a p p ed  on a grid , and  in d iv id 
ual s e e d lin g s  m e a su r e d  for h e ig h t  (to top  o f  
lo n g e st  leaf) at ea ch  cen su s date. P lants w ere  
d e c la r e d  d ea d  w h e n  th e y  a p p e a r e d  to la ck  
ch lorop h y ll and w ere  b rittle .

G r e e n h o u s e  S tu d ie s

Two stu d ies  w e r e  c o n d u c te d  w ith  C. n au 
seo su s  p lan ts grow in g  in p o ts , u s in g  th e  T in tic  
p o p u la t io n  as th e  s e e d  so u r c e . For th e  first  
stu d y , d e s ig n a te d  G S 1 , p la n ts  w e r e  g r o w n  
o u ts id e  th e  g r e e n h o u se  d u r in g  th e  su m m er, 
co n cu rren tly  w ith  th e  m o n ito r in g  o f  se e d lin g s  
at th e  T in t ic  s i t e  d u r in g  t h e  1 9 9 1  s e a s o n .  
S eed lin g s  w e re  grow n in  1-m -tall p o ts o f  15- 
c m -d ia m e te r  P V C  (p o ly v in y l c h lo r id e )  p ip e  
w ith  b ottom  caps and  d rainage h o le s . T h e  so il 
m ixtu re co n sis ted  o f  o n e -th ird  sand, o n e-th ird  
p e r l i t e ,  a n d  o n e - t h ir d  m ix tu r e  o f  to p so .il, 
organ ic m aterial, and  v erm icu lite . .Plants w e r e  
sta r ted  from  s e e d  an d  th in n e d  to tw o  trea t
m en t d en sitie s  after e m e r g e n c e  o f  co ty led o n s:  
13 p o ts  w ith  5  s e e d lin g s  p er  p o t (d e n s ity  o f
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ap p rox im ately  8 9 2  se e d lin g s /m -)  and 2 6  p ots  
w ith  15 se e d lin g s  p e r  p ot (d en sity  o f  approxi
m ate ly  2 6 7 0  seed lin gs/m ^ ), sim ilar to approxi
m a te  d e n s it ie s  p r e v io u s ly  o b s e r v e d  in  f ie ld  
p lo ts . Prior to th e  ap p earan ce  o f  the first true 
le a v e s  o n  th e  s e e d lin g s , th e  so il  in th e  p o ts  
w as w a te r e d  to  f ie ld  c a p a c ity  d a ily . S u b s e 
q u e n tly , w a te r in g  w a s  r e d u c e d  to  s im u la te  
fie ld  d rou ght, and so ils  w e re  w a tered  to Held 
ca p a c ity  e v e r y  th r ee  to fiv e  d ays. S o il m o is 
tu re  co n ten t or so il w ater p o ten tia l m ea su re 
m en ts w ere  n o t m ade. T h e  w ater in g  sc h e d u le  
w as b ased  on visual ob servation s that the soil 
w as d ry in g  out to at lea st 8 -cm  d ep th  b e tw een  
w aterin g- and  that so m e  se e d lin g  m ortality  w as 
occu rrin g . S eed lin g s  in each  p o t w e re  m app ed  
on  a grid , m ea su red  for s ize , a n d  sc o r e d  for  
survival at ea ch  cen su s.

T h e  seco n d  g r e e n h o u se  study; d es ig n a te d  
G S 2 , w a s c o n d u c te d  to d e te r m in e  r e la t io n 
s h ip s  b e tw e e n , h e i g h t ,  a b o v e g r o u n d  a n d  
b e lo w g r o u n d  b io m a s s , a n d  r o o t in g  d e p th .  
P la n ts  w e r e  g ro w n  in s id e  th e  U n iv e r s ity  of 
U ta h  g r e e n h o u s e ,  d u r in g  th e  w in te r , u s in g  
m etal h a lid e  lam ps to  s im u la te  su m m er lig h t  
r e g im e s . P ots o f  I S -c m -d ia m e te r  PV C  p ip e  
w e r e  3 1 , 6 1 , or  9 2  cm  in h e ig h t  for ro o tin g  
d e p th  trea tm en ts , w ith  12, 13, and 2 8  r e p li
ca te  pots, resp ective ly , for th e  treatm en ts. T h e  
b o tto m  o f  e a c h  p o t  w a s  c a p p e d  w ith  c le a r  
p le x ig la s  so  th a t ro o t g r o w th  a t th e  b o tto m  
co u ld  b e  o b serv ed . Soil m ix  w as the sam e as 
in G S 1 , and  h o le s  at th e  b ottom  o f  each  p ot  
p r o v id e d  d ra in age . P lan ts w e r e  started  from  
se e d  and w e re  grow n  o n e  to a p o t u n d er  w e ll-  
w a te r e d  c o n d it io n s  w ith  no a d d ed  n u tr ien ts. 
Plants w e re  h a rv ested  if roots w e re  o b serv ed  
at th e  b ottom  o l a p ot on o n e  o f  the th ree  har
v e s t  d a te s .  A t h a r v e s t ,  p la n t  h e ig h t s  w e r e  
reco rd ed  a n d  sh o o t and  roots w e r e  d r ied  for 
d eterm in a tio n  o f  b iom ass.

For th e  1 9 9 1 -4 0  a n d  G S 1  s tu d ie s , in itia l 
se e d lin g  h e ig h ts  w ere  com pared, for d ea d  v er 
sus live  ca teg o r ies  at each  date. A ratio o f  vari
a n c e s  and  an F max te s t  w e r e  u s e d  to  d e te r 
m in e  w h e th e r  v a r ia n ces  w e r e  h o m o g e n e o u s  
for  th e  f ie ld  s tu d y  an d  g r e e n h o u s e  s tu d ie s  
(Sok al a n d  RohVf 1 9 8 1 ). For c o m p a r iso n s  o f  
tw o  m ean s, S tu d en t’s t  tests w e re  u sed  w h en  
variances w e re  n o t d ifferen t, an d  approxim ate  
S tu d e n t’s t  te s ts  w e r e  u s e d  w h e n  v a r ia n ces  
w e r e  s ig n ifica n tly  d ifferen t (Sokal and R oh lf  
1981). For th e  com p arison  o f  se e d lin g  h e ig h t  
and  ro o t b io m a ss  as a fu n c tio n  o f  th e  th r ee

rootin g  d ep th  c la sses  in G S 2 , varian ces w ere  
u n eq u a l, and a K ruskal-W allis test w as u sed  to  
d e te r m in e  d if fe r e n c e s  a m o n g  m ea n s  (Sok al 
an d  H o h lf 1981). C om p arison s oi n u m b ers of 
se ed lin g s  across years w e re  m ad e w ith  S p ear
m an’s rank correla tion  te sts  (Sokal and R ohlf 
1981).

R e su l t s

Field Studies

M o n t h ly  p r e c ip i t a t io n  p a t t e r n s  v a r ie d  
b e tw e e n  years, and o f  the years stu d ied , on ly  
1991 ap p roach ed  a  pattern  sim ilar to th e  2 3 -  
y e a r  m ea n  (F ig . 1). H o w e v e r , so il m o is tu r e  
p attern s for the stu d y  years w e r e  m ore c o n s is 
ten t, w ith  a r e d u c t io n  in  so il m o is tu r e  th a t  
g en era lly  b eg a n  no later than  June. Soil m o is
ture w as lea st ava ilab le  in J u n e -J u ly  and  th en  
in crea sed  in  A ugust and  S ep tem b er. T h e  shal
lo w  soil layer (0 -3 5  cm ) had a greater season al 
r e d u c t io n  o f  so il m o is tu r e  th an  th e  d e e p e r  
soils (3 5 -7 0  cm ) (Fig. 1).

Survival o f  C. n a u se o m s  se ed lin g s  w as low  
for all th r e e  years m o n ito r e d , w ith  0 .3 , 1 .9 , 
an d  1.4%  for 1 9 8 9 , 1990 , a n d  1 9 9 1 , r e s p e c 
tively, su rv iv in g  th e  su m m er (Fig. 1 ). S e e d lin g  
c e n su se s  s ta ile d  at d ifferen t tim es for ea ch  o f  
th e  th ree  years (M arch until early  June), and  
su rv iv a l is p r e s e n te d  as a  p e r c e n ta g e  o f  th e  
m a x im u m  n u m b e r  o l s e e d lin g s  m a rk ed  in  a 
g iv en  year. For 1991, se e d lin g s  w e r e  m arked  
as th ey  g erm in a ted  in  M arch and  A pril, and  
se e d lin g  n u m b ers w e r e  g rea test in  April w h en  
m o s t  s e e d l in g s  s t i l l  h a d  o n ly  c o t y le d o n s .  
S e e d lin g  m ortality  that o ccu rred  prior to m id 
M ay  a p p e a r e d  to  b e  a s s o c ia te d  w ith  e ith e r  
d a m p in g  oft, fr e e z in g  d a m a g e , or im p r o p e r  
roo tin g  (i.e ., se e d lin g s  that w ere  not secu re ly  
a n c h o r e d  in  th e  g ro u n d  a n d  h ad  >  2  cm  of 
root grow th  v is ib le  ab ovegrou n d ). A fter m id 
M ay, w h e n  m o st s e e d lin g s  h ad  fo rm ed  tru e  
lea v es , se e d lin g  m orta lity  a p p ea red  to  b e  p re 
d o m in a n tly  d u e  to d r o u g h t s in c e  s e e d lin g s  
d ried  in p la ce  and b eca m e  b r ittle  and ach loro- 
p h y llo u s , w ith  n o  e v id e n c e  o f  h e r b iv o r y  or  
n u trien t lim itation .

In  th e  1 9 9 1 - 4 0  p lo t s ,  s e e d l in g  s iz e  w a s  
m on itored  th rou gh ou t the season , and th ou gh  
m a n y  s e e d lin g s  s u c c u m b e d  to  th e  d r o u g h t, 
th e  su rv iv in g  s e e d lin g s  g r e w  la rg er  th rou gh  
th e  se a so n  (F ig. 2), For ea c h  sa m p lin g  d a te , 
s e e d l in g s  w e r e  g r o u p e d  in to  l iv e  and  d ea d  
c a t e g o r i e s  to  c o m p a r e  in i t ia l  h e ig h t s  fo r
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Fig. 2, Height oHive seedlings (bars *= sd) and initial 
size of seedlings in alive and dead categories for the Tin
tic field study and for the greenhouse study. An * along 
the x axis indicates that initial size ior surviving seedlings 
is significantly greater than the initial sSze for dead 
seedlings at that date, P < .05, Numbers along x axis 
indicate number of seedlings dive at cach census date.

se e d lin g s  in th e se  ca teg o r ies . For m o st o f  th e  
sa m p lin g  d a tes su rv iv in g  se e d lin g s  had b e e n  
in itia lly  larger  (in  M ay) than  th o se  that d ie d  
(F ig . 2). T h o u g h  th e  s ig n if ic a n t  d if fe r e n c e s  
b e tw e e n  th e  m ea n  in itia l h e ig h ts  (for s u b se 
q u e n t  s u r v iv in g  a n d  d ea d  c la s s e s )  w e r e  as  
sm a ll as o n ly  0 .1  cm  o n  s o m e  d a te s , th e  5  
se e d lin g s  a liv e  at th e  en d  o f  th e  stu dy  h ad  an 
in itia l m ea n  h e ig h t o f  2 .7  cm , w h ich  w as 0 . 8  

cm  taller than th e  m ean  for the 3 6 5  se ed lin g s  
that had d ie d  d u rin g  th e  co u rse  o f  th e  study. 
To a n a ly z e  'th e  e f f e c t  o f  s e e d l i n g  fee i g h t

th rou gh ou t th e  season , w e  ca teg o r ized  h e ig h ts  
o f  seed lin g s  a live  on  each  d ate by  w h e th er  or 
n o t th ey  w ere  a liv e  on th e  next .sam pling date. 
T  t e s t s  ( o n e - t a i i e d )  i n d i c a t e  t h a t  t a l l e r  
se ed lin g s  at any d ate te n d e d  to b e  m ore lik e ly  
to su rv ive until th e  fo llo w in g  c e n su s  d a te  (P ~  
.07, .001 , .04 , .18 , .11, and .09 for th e  last six  
f ie ld  sam p lin g  dates).

Spatial d istr ib u tion  o f  se ed lin g s  w as exam 
in e d  for th e  1 9 9 .1 -4 0  p lo ts . For th e  2 0  ran 
d o m ly  d is tr ib u te d  p lo t s ,  s e e d l in g  n u m b e r s  
w ith in  p lo ts  a v e r a g e d  1 1 .8  ±  1 7 .5 , w ith  a 
range o f  0 - 7 5  (m axim um  o f  6 2 5  se ed lin g s  An3). 
T h e  d is t a n c e  o f  s e e d l in g  p lo t s  to  n e a r e s t  
rep ro d u ctiv e!y  m ature n e ig h b o r  averaged  1 . 1  

±  0 .2 5  in, w ith  a range o f  0 .3 -5 .0  m . For th ese  
r a n d o m ly  d is tr ib u te d  p lo ts , th e  n u m b e r  o f  
se ed lin g s  p e r  p lo t w as n o t s ig n ifica n tly  co rre
la ted  w ith  the d ista n ce  from  th e  p lo t to n ear
e s t  m atu re n e ig h b o r  (n — 2 0 , r  =  .1 7 3 , P >  
.05), For th e  2 0  p lo ts sy stem a tica lly  o r ie n te d  
w ith in  0 .5  m o f  m a tu re  sh ru b s, n u m b ers  o f  
se ed lin g s  averaged  7.8 ±  11.4, w ith  a range o f  
0 - 4 1 ,  w h ic h  w as n o t s ig n if ic a n t ly  d if fe r e n t  
from  the n u m b ers o f  se e d lin g s  in  th e  random  
p lo ts  (t =  0 .8 5 , d f  =  3 8 , P  =  ,4). H o w ev er , 
w h en  th e  n on ran d om ly  lo ca ted  p lo ts w e re  cat
eg o r ized  on  the basis o f  com p a ss orien tation , 
p lo ts lo c a te d  on th e  north  s id e  o f  th e  sh ru b  
h ad  s ig n if ic a n tly  m o re  s e e d lin g s  (2 1 .8 ) than  
plots lo ca ted  to the east (5.0), w e s t  (2,8), and  
so u th  (1 .8) o f  the large , m atu re  sh ru b s (F  — 
6 .0 7 , d f  =  3, P  =  .006).

T h e d ista n ce  to n earest s e e d lin g  n e ig h b o r  
averaged  3 .6  ± 3 . 8  cm  and ran ged  from  0 .1  to  
2 9 .3  cm  for 1 9 9 1 -4 0  p lo ts  that c o n ta in e d  at 
le a s t  tw o  s e e d l in g s .  T h e  in it ia l  d is ta n c e  to  
n e a r e s t  n e ig h b o r  w a s  n o t  c o r r e la t e d  w ith  
se e d lin g  h e ig h t at th e  in itia tion  o f  th e  stu d y  or 
at an y  s u b s e q u e n t  c e n s u s  d a te  d u r in g  th e  
stu d y  (P >  .05 for all correla tion  coeffic ien ts). 
W h en  se e d lin g s  w ere  ca teg o r ized  b y  liv e  and  
d ea d  on  e a c h  date, th ere w ere  no d ifferen ces  
in  in it ia l  d is t a n c e  to n e a r e s t  n e ig h b o r  for  
th e se  ca teg o r ies  (P >  .05 for all if-test com p ar
iso n s) , in d ic a t in g  th a t s e e d lin g s  w ith  c lo s e r  
n eigh b ors w ere  n ot m ore lik e ly  to d ie  on  su b 
s e q u e n t  d a te s . H e n c e ,  d is ta n c e  to  n e a r e s t  
se e d lin g  n e ig h b o r  had no e ffec t on  s ize  or sur
vival in th e  f ie ld  p lots.

T h e  four p lo ts m o n ito red  co n tin u o u sly  for 
th ree years w e r e  ranked  for total n u m b ers o f  
se ed lin g s  and  for n u m b er o f  se ed lin g s  a live on  
6  ju n e  (to red u ce  the e ffec t o f  h a v in g  started
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th e  c e n su se s  at d ifferen t tim es each  year), For 
b oth  total se e d lin g  n u m b er  and n u m b er  a live  
in early  Ju n e, th e  ranking o f  th e  four p lo ts w as  
n ot c o n s is te n t across years (Table 1). T h e  total 
n u m b er o f  se ed lin g s  in th e se  four p lo ts  ranged
from  a lo w  o f  131 in  1991 to  a h ig h  o f  4 0 6  in
1990 .

G r e e n h o u s e  S tu d ie s

F or G S 1  th e  s o i l  d r y in g  r e s u lte d  in  th e  
sam e ty p e  o f  m ortality  pattern  as o b ser v ed  in  
th e  fie ld , th ou gh  it w as d isp la ced  b y  a m o n th  
s in ce  the G S 1  d ry in g  d id  n o t b e g in  u n til July  
(Fig, 2). For th is study, b e c a u se  se e d lin g  s iz e  
and p e r c e n ta g e  o f  se ed lin g s  d ea d  on any d a te  
d id  n o t  d if fe r  s ig n if ic a n t ly  for  th e  d e n s ity  
trea tm en ts, treatm en ts w ere  co m b in e d  for all 
su b se q u e n t an alyses. T h e  su rv iv in g  se ed lin g s  
(n — 97 ) g rew  to  a m ean  h e ig h t  o f  3 .9  ±  0 .4  
cm  b y  th e  en d  o f  th e  study. For m o st o f  the  
c e n su s  d a te s  a  com p a riso n  o f  in itia l s iz e s  for 
d e a d  v e r s u s  J iv e  s e e d l in g s  in d ic a t e d  th a t  
se e d lin g s  su rv iv in g  to that d a te  w e r e  in itia lly  
larger th an  th o se  th at d ied  (F ig. 2). T h e  d is 
ta n ce  to n ea rest s e e d lin g  n e ig h b o r  a v era g ed
1.7 ±  1.2 cm , w ith  a  range o f  0 .3 -8 .2  cm . S im 
ilar to the resu lts  o f  th e  fie ld  study, th ere  w ere  
n o  d if fe r e n c e s  in in it ia l d is ta n c e  to n e a r e s t  
n e ig h b o r  for se e d lin g s  ca teg o r ized  as liv e  and  
d ea d  on  ea ch  d a te  (P >  ,05 for all t - te s t  c o m 
p a r is o n s ) .  T h e  in i t ia l  d i s t a n c e  to  n e a r e s t  
s e e d l in g  n e ig h b o r  w a s  n o t  c o r r e la te d  w ith  
s e e d lin g  h e ig h t  at th e  in itia tio n  o f  th e  stu d y  
n or w ith  s e e d lin g  h e ig h t  on  an y  su b se q u e n t  
sa m p lin g  d ate (P >  .05  for all correla tion  c o e f
fic ien ts).

In  G S2 se e d lin g s  w e re  grow n  in d iv id u a lly  
in  p o ts  u n d er  w e ll-w a te r e d  co n d itio n s . P lan t  
h e ig h t in cre a sed  w ith  in crea sed  rootin g  d ep th  
(K r u sk a l-W a llis  s ta t is t ic  — 2 5 .6 , d f  '== 2 , P  
< , 0 0 1 ), th o u g h  th e r e  w a s  v a r ia t io n  w ith in  
ea ch  o f  th e  ro o tin g -d ep th  c la sses  (F ig / 3). For 
d ie  3 0 -, 60-, and 9 0 -c m  ro o tin g -d ep th  c la sses , 
th e  a v e r a g e  s e e d l in g  h e ig h ts  w e r e  5 .4 , 8 .2 , 
and 16 .7  cm , re sp ec tiv e ly , b u t  th e  m in im u m  
se e d lin g  h e ig h ts  w e r e  m u ch  m ore sim ilar, 2 ,5 , 
2 .0 , and  3 .5  cm , resp ectiv e ly . T h e  re la tio n sh ip  
b e tw e e n  p lan t h e ig h t  and ro o tin g  d ep th  w as  
m ed ia ted  th rou gh  th e  re la tio n sh ip s o f  roo tin g  
d ep th  and  root b io m a ss (Fig; 3, K ruskal-W allis 
sta tistic  =■ 2 0 .8 , d f  =  2 , P  <  .001), roo t b io 
m ass an d  sh o o t b io m a ss (Fig. 4 , r  — .89, n -  
53 , P  <  .001), and sh oot b iom ass and h e ig h t  
(F ig . 4 , r  =  .9 1 , n  — 5 3 , P  <  .001), D u e  to

TABLE 1. Number of Chrysottiam nui nauseosus 
seedlings alive in plots tor 1989 through 1991 at Tsn- 
tjc. Utah; maximum number marked and (number alive 
on 6 June).

Plot #
,1989 

#  seedlings
1890 

#  seedlings
1991

#  seedlings

1 96 (96) 387 (235) 43 (37)
2 50 (50) 0(0) 13(1)
3 44 (44) 29 (14) 20 (10)
4 139 (139) 48(6) 55 (29)

total 329 (329) 406 (225) 131 (77)

th e s e  s ig n if ic a n t a sso c ia t io n s  b e tw e e n  p la n t  
h eig h t, b iom ass, and  roo tin g  d ep th , sm all d if
f e r e n c e s  in  p la n t  h e ig h t  a n d  b io ra a ss  m a y  
h a v e  in d ic a t e d  la r g e  in c r e a s e s  in  r o o t in g  
d ep th .

D is c u s s io n

A nnual rates o f  se e d lin g  recru itm en t w ere  
lo w  for th e  C  n a tiseo sm  p o p u la tio n  at the Tin- 
tic  s tu d y  s ite . For e a c h  y ea r  m o n ito red , le ss  
th a n  2 % o f  th e  m a r k e d  s e e d l in g s  s u r v iv e d  
through th e  g ro w in g  season , and  th e  1989 and  
1 9 9 0  e s t im a te s  m ay h a v e  e r r e d  on  th e  h ig h  
s id e  s in c e  s e e d lin g s  w e r e  n o t  m a rk ed  u n til  
after so m e  m ortality  had a lready taken  p lace- 
In  all th ree  years se e d lin g  m ortality  c o in c id e d  
w ith  th e  p ro g ress iv e  d e c lin e s  in  soil m o istu re  
and  a p p e a r e d  to  b e  a r e su lt  o f  w a ter  stress . 
T h e s e  lo w  ra tes o f  s e e d lin g  su rv iv a l can b e  
co m p a red  to  e s t im a te s  o f  y ea r ly  su rv iv a l for 
o th er  life  h istory  c la sses  o f  C. n au seosu s  at th e  
sa m e s ite  d u r in g  th e  sa m e tim e  period: 83%  
for  1 -y e a r -o ld  ju v e n i le s ,  9 8 -1 0 0 %  for j u v e 
n ile s  g rea ter  than  2  years o ld , and  1 0 0 % for  
sm all and large rep ro d u ctiv e  p lan ts (D on ovan  
u n p u b lish e d ). T h e lo w  se e d lin g  survival an d  
th e  t im in g  o f  m o rta lity  for C. n a u seo su s  are  
co n sis te n t w ith  th o se  rep o rted  for A. tr id e n ta 
ta  at th is sam e fie ld  site  (O w en s 1987).

For b oth  th e  fie ld  and tlie  g r e e n h o u se  stu d 
ie s , s e e d iin g s  that su rv iv ed  th e  d ro u g h t had  
in itia lly  b een  ta ller by  o n ly  a fe w  m illim eters. 
For th e  fie ld  stu d y  th ere w as a lso  a trend  for 
th e  ta lle st se ed lin g s  on any ce n su s  d ate  to b e  
m o re lik e ly  to b e  a live on th e  fo llo w in g  date, 
th o u g h  th is  w as n ot o b se r v e d  in  th e  g r e e n 
h o u s e  d r o u g h t  s tu d y , w h e r e  t h e  r a n g e  o f  
h e ig h ts  w as m uch  sm aller  an d  h e n c e  sta tisti
c a lly  s ig n if ic a n t  d if fe r e n c e s  w o u ld  b e  m o re  
d ifficu lt  to ob ta in . B a sed  o n  th e  g r e e n h o u se  
s tu d y  w h e r e  s e e d l in g s  w e r e  h a r v e s te d , th e
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Fig. 3. Plant height and root biomass (mean and sd) as 
a function of rooting depth for Chrysothammi-s nauseosus 
plants grown individually in pots under well watered 
conditions.

ta lle r  s e e d l in g s  h a d  m o r e  ro o t b io m a ss an d  
d e e p e r  roots, a n d  h e n c e  in c r e a se d  a cc e ss  to  
d e e p e r  so il m o istu re  r e se r v e s . W h ile  g r e e n 
h o u s e  s e e d l in g s  h a d  43%  o f  th e ir  b io m a s s  
b e lo w g r o u n d , th e r e  are n o  e q u iv a le n t  e s t i 
m a te s  lo r  s e e d l i n g s  o f  o t h e r  G r e a t  B a s in  
shrubs, M ature G reat B asin  shrubs are k n ow n  
to  h a v e  6 5 -9 0 %  o f  their b iom ass b e lo w g ro u n d  
(C a ld w e l l  1 9 8 5 , D o b r o w o J sk i e t  a l. 1 9 9 0 ) .  
S in c e  th e  g r e e n h o u se  b iom ass stu d y  w as c o n 
d u c ted  u n d er  w e ll-w a te r e d  co n d itio n s, it m ay  
h ave a ltered  th e  b io m a ss re la tio n sh ip s so m e 
w h a t  b e c a u s e  d r o u g h t  ca n  r e su lt  in  g r e a te r  
in v e stm e n t in  roots (K ozlowski. e t  al. 1991).

T h e  d is ta n c e  to n ea rest s e e d lin g  n e ig h b o r  
w as n ot re la ted  to survival in  e ith er  th e  fie ld  
o r  th e  g r e e n h o u se  study. It is p erh ap s su rp ris
in g  that h ig h e r  s e e d lin g  d e n s it ie s  and c lo ser  
s e e d lin g  n e ig h b o r s  d id  n o t r e su lt  in  g rea ter  
c o m p e t it io n - in d u c e d  w a ter  stress  a n d  h e n c e
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Fig. 4. Relationship of shoot biomass to root biomass (y 
= 0.07 + 0-5Ix, r  = .89, n — 53, P < ,001) and to plant 
height (y = 18.3 + (9.53*log(x)), r = ,91, n — 53, P < 
.001) for Chrysotkamnus nauseosus seedlings grown indi
vidually in pots under well-watered conditions (same 
plants as in Fig. 3).

h ave an  im p act on  survival, For the fie ld , the  
la ck  o f  an  e f fe c t  o f  d is ta n c e  to  n e ig h b o r  or  
d e n s ity , on  e ith e r  s e e d l in g  s iz e  or su rv iv a l, 
m ay h a v e  b een  a sso c ia ted  w ith  p a tch in ess  or  
a b io t ic  m ic r o s ite  c h a r a c te r is t ic s , as w e ll  as 
v a r ia b le  b io t ic  in te r a c t io n s  w ith  an n u al and  
p e r e n n ia l  g r a s s e s , fc r b s , a n d  la r g e  sh r u b s  
(F ow ler 1.984, 1986 , R e ic h e n b er g er  and  Fyke  
1990). In  th e  g r e e n h o u se  th ere  w e re  no o th er  
c o m p e tito r s  a n d  th e  m ic r o e n v ir o n m e n t  w a s  
uniform , b u t s e e d lin g  s ize  and  survival w e r e  
still n o t a ffec ted  b y  se e d lin g  d e n s ity  or in itia l 
d is ta n c e  to  n e a r e s t  s e e d l in g  n e ig h b o r . T h e  
g r e e n h o u se  d e n s it ie s  m ay h a v e  b e e n  in su ffi
c ie n t  to ca u se  a d e te c ta b le  e ffec t, or a lterna
t iv e ly , th e  e f f e c t s  m a y  h a v e  b e e n  fro m  th e  
in teraction  o f  m any n eigh b ors an d  n o t ju s t  th e  
c lo se s t  o n e  (F ow ler 1984).

T h ou gh  th e  m ech a n ism s lea d in g  to th e  d if
fer en ces  in  s ize  w e re  n o t d irec tly  a sse sse d  in  
th is study, th e y  h a v e  im p o rta n t im p lic a tio n s
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for the p attern s resu ltin g  from  d ie  d ifferentia] 
m ortality. S e e d lin g  s ize  variation m ay be d u e  
to d iffe r e n c e s  in seed  s ize , t im e  o f  g erm in a 
tio n , m ic r o  s i t e  c h a r a c te r is t ic s  (a b io t ic  an d  
b io t ic ) , a n d  g e n o ty p ic a lly  c o n tr o lle d  d if fe r 
e n c e s  in. g r o w th  ra te s  (C o o k  1 9 8 0 , F o w le r  
1984, F enner 1985, M ey er  e t al, 1989). S in ce  
th e  g r e e n h o u s e  s tu d y  u sed  s e e d s  c o l le c te d  
from  m atu re in d iv id u a ls at th e  T in tic  s ite , th e  
g r e e n h o u s e  a n d  f i e ld  s t u d ie s  h a d  s im ila r  
ran ges of s e e d  s iz e s  and se e d lin g  g en o ty p e s . 
In th e  g r e e n h o u se  stu d ies , se e d s  w e re  p lan ted  
at th e  sa m e  t im e  u n d e r  c o m m o n  c o n d it io n s  
and varied  re la tiv e ly  litt le  in  se e d lin g  s ize  at 
th e  in itia tio n  o f  the stu d y  w h e n  m ost p lan ts  
had p rod u ced  th e  first tru e leaves. In co m p ar
is o n ,  th e  s e e d l in g s  in  t h e  f ie ld  e x h ib i t e d  
greater  variation in se e d lin g  s ize , and th is  may
b e  attribu ted  to greater  variation  in g erm in a 
tio n  t im e , a b io t ic  m ic r o s ite  c h a r a c te r is t ic s ,  
an d  b io tic  in tera ctio n s w ith  n e ig h b o rs  (C ook
1980, F ow ler 1984 , 1986 , O w en s 1987 , M ey er  
e t  al. 1 9 8 9 , R e ic h e n b e r g e r  a n d  F y k e  1990). 
R egard less o f  th e  sou rce  o f  variation in s ize , it 
a p p e a r s  th a t  g r e a t e r  s e e d l in g  s i z e  a t th e  
b e g in n in g  o i a d ro u g h t in crea ses  a ccess  to soil 
m o istu re  and h e n c e  th e  p rob ab ility  o f  su rv iv 
in g  through  th e  d rou gh t. T h e  s iz e -d e p e n d e n t  
m orta lity  found in  ou r stu dy  is co n s is te n t w ith  
th e  fin d in gs by C ook  (1980) that early  g e r m i
n a tin g  s e e d lin g s  o f  V iola  b la n d a  w e re  la rg er  
and m o re  lik e ly  to su rv ive  through th ree su c 
c e s s iv e  years, though  the ca u se  o f  m ortality  in 
that stu d y  w as n ot sp ec ified . T h e  h igh  rates o f  
m o rta lity  in d ic a te  stro n g  p o te n tia l s e le c t io n  
for traits a sso c ia ted  w ith  larger se e d lin g  -size 
(C ook  1979).

R e c r u itm e n t of s e e d lin g s  in to  th e  natural 
p op u la tion  o f  C. n au seosu s  d id  not appear to  
b e  lim ited  by se e d  availab ility  or safe s ites  for 
germ in ation , s in ce  large n u m b ers o f  se ed lin g s  
w e re  foun d  e v e n  in  th e  dry years o f  th e  study. 
T h e  variation in se e d lin g  d en sit ie s , b o th  sp a 
tia lly  and  b e tw e e n  years, seem s to  b e  a c o m 
m o n  fe a tu r e  of a r id  a n d  se rn ia r id  s y s te m s
(M o tt  1 9 7 9 , W e n t 1 9 7 9 , W e s t  e t  a l ’ 1 9 7 9 , 
O w en s .L987). T h e  pattern  of grea ter  n u m b ers  
o f  se e d lin g s  g erm in a tin g  on th e  north  s id e  o f  
m ature shrubs m ay b e  d u e  to  grea ter  n u m b ers  
o f  s e e d s  or  g r e a te r  a v a ila b ility  o f  sa fe  s ite s  
appropriate for germ in ation , S e e d lin g  survival 
m ay a lso  b e  e n h a n c e d  on  th e  n orth  s id e s  o f  
sh ru b s.-d u e  to  m o r e  a v a ila b le  so il m o is tu r e  
d u e  to  e ith er  in crea sed  w ater availab ility  from

la ter  sn o w m e lt  or d e c r e a se d  w a ter  lo ss  (i.e ., 
d e c r e a s e d  so la r  in p u t  a n d  in c r e a s e d  l i t t e r  
layer), b u t too  fe w  se e d lin g s  su rv iv ed  to te s t  
th is id ea . For se e d lin g s  in arid and  sem ia r id  
habitats, large n e ig h b o rs h ave b een  variou sly  
d esc r ib ed  as a ffectin g  the se e d lin g  survival as 
b en efic ia l n u rse  p lan ts or as d isad van tageou s  
co m p etito rs  (Jordan and N o b e l 1979 , O w en s
1987 , R e ich en b erg er  and F yke 1990).

O u r  s tu d ie s ,  c o n d u c te d  d u r in g  tw o  d ry  
y ea rs  (1 9 8 9  a n d  1 9 9 0 ) and  an  a v e r a g e  y ea r  
(1991), in d ica te  that se e d lin g  recru itm en t can  
b e  a c tiv e  in  a m ature p op u lation  o f  C. rw.useo- 
su s  d u r in g  m o s t  y e a r s . O f  c o u r s e , s e e d l in g  
recru itm en t w o u ld  b e  e x p ec ted  to  b e  greater  
in  w e tte r  years w h e n  fe w e r  se e d lin g s  are lost: 
to d rou gh t stress (A ckerm an 1979, W est e t  al.
1979, O w en s 1987), R ates o f  recru itm en t in to  
m ature p o p u la tion s m ay  also  d iffer from  th o se  
in to  n e w ly  d is tu r b e d  h a b ita ts , su ch  as p o s t 
fire or ch a in ed  areas (Young and E van s 1974). 
H o w ev er , g iv e n  that th e  su m m e r  d e c lin e  in  
soil m o istu re  is  an o v e r r id in g  fea tu re  in th e  
G r e a t B a s in , la r g e r  s e e d l in g s  w ith  d e e p e r  
roots m ay h a v e  a g rea ter  p ro b a b ility  o f  su r 
v ival in m ost years and  in m o st h a b ita ts ,
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