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ABSTRACT 

High-elevation phreatophytes were studied to  identify environmental 

The water parameters influencing daily and seasonal water consumption. 

re la t ions of Salix p l a n i f o l i a ,  - S. wolfii ,  and Betula occidentalis a t  2865 m 

were similar t h r o u g h o u t  the day. Transpiration was reduced before 1000 h a s  

a resu l t  of  dew on the leaves, b u t  h i g h  stomatal conductances t o  water vapor 

diffusion ( 4 5  mm so l )  and transpiration f l u x  densities ( 4 0 0  mg m 

occurred from 1000 t o  1600 h ,  resulting i n  a d a i l y  water loss per u n i t  leaf 

area of  4.5, 5.2, and 4.0 Kg IT?, respectively. Seasonal trends revealed a 

decrease i n  maximum stomatal conductance a f t e r  1 September, occurring i n  

conjunction w i t h  m i n i m u m  a i r  temperatures consistently below O°C and increased 

leaf senescence. 

10 July t h r o u g h  20 September. 
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The period of  significant water consumption was from 

For comparison, a s i t e  a t  lower elevation (2255 m )  was examined. 

Diurnal variations of  - S.  exigua and - S. amygdaloides a t  t h i s  s i t e  were similar 

t o  the high-elevation s i t e ,  b u t  maximum stomatal conductances were only 51% 

of the high-elevation Salix species. However, transpiration occurred from 

sunrise to  sunset a t  lower elevations, resulting i n  a daily water loss of 3.7 

end 3.4 Kg ino2 of  leaf area, respectively. A midday depression i n  leaf 

conductance a t  the lower s i t e  may have been i n  response t o  xylem pressure 

potentials below -1 - 7  MPa. Seasonally, conductances were constant u n t i l  a 

decrease occurred a f t e r  15 September, probably due t o  low temperatures and 

the onset of senescence. 

estimated t o  be from 15 June to  30 September. 

The growth  season a t  the low-elevation s i t e  was 

i i  



Although differences between the two s i t e s  occurred with respect t o  

maximum rates ,  microclimate and  length of  growth season, the d a t a  suggest 

t h a t  for b o t h  s i t e s  and  a l l  species examined, a stomata1 conductance and 

seasonal water use were most influenced by solar irradiance, dew on leaves, 

minimum a i r  temperatures i n  spring and f a l l ,  and phenology. 
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A t  h igh  e leva t i ons  throughout t h e  western Uni ted States, species o f  S a l i x  

o f t e n  form dense t h i c k e t s  a long streams. A1 though temperatures a r e  r e l a t i v e l y  

coo l  i n  these r i p a r i a n  communities, many h igh-e leva t ion  Sal i x  species a r e  v e r y  

t o l e r a n t  t o  low a i r  (Sakai, 1970, 1974) and soil  temperatures (Anderson and 

McNaughton, 1973), i n d i c a t i n g  a poss ib l y  prolonged growth season and cont inued 

water consumption when compared t o  o t h e r  sympatr ic shrub species. 

s i g n i f i c a n t  water consumption has been imp l i ed  for S a l i x  dominated communities 

based on est imates o f  evapot ransp i ra t ion  from environmental data (VanKlaveren 

e t  a1 .) 1975). However, l i t t l e  i n fo rma t ion  e x i s t s  concerning the  e f f e c t s  o f  

environmental f a c t o r s  on t h e  water r e l a t i o n s  of h fgh-e levat ion phreatophytes, 

especia l  l y  Sal i x .  

Indeed, 

Using potorneters, S l i s s  (1 960) compared t r a n s p i r a t i o n  r a t e s  o f  a r c t i c  

and a l p i n e  S a l i x  species, and found s i g n i f i c a n t l y  g rea ter  r a t e s  i n  the  a l p i n e  

p lan ts .  Al though t r a n s p i r a t i o n  was r e l a t e d  t o  windspeed, a i r  temperature, and 

water vapor d e f i c i t  o f  t h e  atmosphere, measurements were n o t  conducted through- 

o u t  t h e  growth season. 

prov ided more in-depth evaluat ions o f  t h e  water r e l a t i o n s  o f  Salix species on 

a seasonal basis,  bu t  t h e i r  research was r e s t r i c t e d  t o  species o f  t h e  wet 

coas ta l  tundra o f  Alaska. 

d a f l y  and seasonal pa t te rns  i n  the  water r e l a t i o n s  o f  h igh-e leva t ion  phreato- 

phytes. We present data on f a c t o r s  a f f e c t i n g  stomata1 conductance and 

t r a n s p i r a t i o n  i n  f i v e  species o f  S a l i x  and another common shrub, Betula 

occ iden ta l i s ,  t h a t  occur above 2200 rn i n  southeastern Iiyoming. 

Stoner and M i l l e r  (1975) and M i l l e r  e t  a l ,  (1978) 

The o b j e c t i v e  o f  t h e  present study was t o  examine 

This report has been reviewed and has been accepted for publication in 
the American Midland Naturalist. 
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STUDY AREA AND METHODS 

To quantify the  water r e l a t i o n s  o f  high-elevation phreatophytes, 

intensive measurements were focused on a r ipar ian  s h r u b  community a t  2865 m 

elevat ion along S a l l y  Creek i n  the ifedicine Bow Mountains of southeastern 

Wyoming (41° 21' t4 1060 11' W ) .  The s i te  was Q 2 ha i n  area w i t h  no apparent 

slope and obviously poor drainage, and It was surrounded by a mesic f o r e s t  of  

P i n u s  conts r ta ,  Abies lasiocarpa,  and Picea engelmannii. Two species of 

Sa l ix  were selected for  study, both being common throughout 1Jyoming (Dorn, 

1977). 

(Table l ) ,  while Sa l ix  planifol ia  P u r s h  i s  much t a l l e r  and has longer leaves. 

Betula occ identa l i s  Michx. was included a s  i t  is a l s o  common throughout 

mountainous a reas  of Lfyoming, being found i n  habi ta ts  s imilar  t o  those o f  

- S. wolf i i  (Dorn, 1977). I t  is s imi la r  i n  s t a t u r e  t o  - S. wolfi i ,  b u t  has almost 

c i r c u l a r  leaves i n  comparison t o  the long; narrow leaves of the Sal ix  species. 

These t h r e e  species provided 70% of the t o t a l  s h r u b  cover (49%) a t  this s i t e  

(Table 1 ) .  

Sa l ix  wolf i i  Bebb i s  a small s h r u b  w i t h  r e l a t i v e l y  small leaves 

k'ater Relations Measurements 

IJater r e l a t i o n s  were monitored biweekly a t  2 h i n t e r v a l s  from dawn t o  

d u s k  d u r i n g  the  summer growth period of 1983. 

conductance t o  water vapor loss  f o r  sunlit and shaded leaves on 5 shrubs, 

considered representat ive i n  terms o f  locat ion,  s i z e ,  and canopy s t ruc ture ,  

were measured w i t h  a diffusion porometer (Lambda Instruments Corporation 

model LI-700). Values f o r  both adaxial and abaxial l eaf  surfaces were summed 

t o  determine t o t a l  stomatal conductance f o r  the leaf  (Nobel 1983). Corres- 

ponding leaf  temperatures were measured w i t h  an infrared f ie ld  thermometer 

(Barnes Engineering model 14-2204) . Changes i n  xylem pressure potential  

Diurnal var ia t ions i n  stomatal 
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Table 1 .  Shrub and community c h a r a c t e r i s t i c s  a t  t h e  h i g h - e l e v a t i o n  

s i t e .  Values represent  means - + standard e r r o r s  and d i f f e r e n t  l e t t e r s  

(a,b,c) i n d i c a t e  s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  ( a  = 0.05) 

between species.  

Pa ram e te  r 

Leaf length (cm) 

Leaf w i d t h  (cm) 

Shrub height (m) 

Shrub diameter (m) 

Shrub projected a rea  (m ) 

Shrub l ea f  area (m2) 

Shrub l ea f  area index 

Cover (%I* 

Leaf area/hectare  ( m 2 )  

2 - 

Salix wolf i i  

3.5 2 0.2a 

0.6 - + O . l a  

0.51 - + 0.03a 

0.84 - + O.0!ia 

0.57 - + 0.06a 

1 . l o  2 0.34a 

1.93 - + O.4Oa 

14.1 - + 1.4a 

2721.3 

Sal i x  planifol ia 

5.8 2 0.4 b .  

b 0.8 + 0.1 

2.04 - + 0.1gb 

1.62 - + 0,1Zb 

2.16 - + 0,32b 

4.48 - + O X b  

2.07 - + 0.31a 

- 

4.6 + 2.7 b - 
952.2 

- 

Betula occidental  is  

1.5 - + 0 . P  

2.0 - + 0.lC 

0.84 - + 0.08‘ 

0.97 - + O.lla 

0.82 - + 0.16a 

1.33 - + 0.27a 

1.62 - + 0.32” 

14.9 - + 2.4‘ 

2413.8 

* 
Other Sal ix  species comprised an addi t ional  15.7% cover such t h a t  t o t a l  s h r u b  
cover was 49.3%. 
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throughout a day were monitored by per idical ly  excising 5 branches (40 cm i n  

l e n g t h )  of each species, and placing t h e m  i n  a moist, opaque plast ic  bag u n t i l  

measurement ($10 m i n )  w i t h  a pressure chamber ( P M  model 1000). Transpiration 

f l u x  density was calculated from measurements o f  water vapor de f i c i t s  of the 

atmosphere, leaf temperature, and stornatal conductance. 

Microcl imatic measurements included the continuous recording of a i r  temper- 

a ture  and re la t ive  humidity (Science Associates model 61 0 hygrothermograph) 

which were used t o  calculate the water vapor de f i c i t  o f  the atmosphere. In 

addition, incident solar irradiance was determined a t  the time o f  conductance 

measurements, us ing  a pyranometer (lambda Instruments LI-135A 1 i g h t  meter 

equipped w i t h  a LI-ZOOS sensor). Soil temperature and water potential a t  20 cm 

depth were recorded biweekly a t  5 locations (Wescor PT51-10 soil  thermocouple 

psychrometers). 

Low Elevation Comparison 

To determine i f  measurements a t  the high-elevation s i t e  were representative 

o f  Sal i x  communities a t  somewhat lower elevations, l ess  intensive measurements 

were conducted a t  a 2255 m s i t e  (610 m lower). The s i te  was located along the 

l i t t l e  Laramie River (41' 18' N 105' 50' U), w i t h i n  a narrow r i p a r i a n  zone 

($150 m wide) surrounded by a re la t ively a r i d  short-grass prairie.  

t o  the high-elevation s i t e ,  i t  was well drained and shrub cover was only $20%. 

Salix exigua N u t t .  and S a l i x  amygdaloides Anderss were monitored a s  described 

previously, b u t  community character is t ics  and dai ly  nicrocl imatic variations 

were not  quantified. In comparison to the high-elevation species (Table l ) ,  

these shrubs were over 3 m t a l l  and the i r  leaves were larger (leaves o f  - S. ex7gua 

averaged 11.0 - + 0.5 cm i n  length and 0.8 - + 0.1 cm i n  w id th ;  leaves of - S.  

amygdaloides averaged 9.1 - + 0.3 cm long and 1.8 - + 0.1 cm wide). 

In contrast 

4 



RESULTS 

High-El evation Site 

Leaf expansion for a l l  three species began the f i r s t  week of July a t  the 

high-elevatfon site, w i t h  sensecence occurring by 20 September. Flowering 

and leaf expansion were completed i n  a l l  three high-elevation species by 

24 July and no senescence was evident before September 1. Stomata1 conductance 

could not be measured on any day before 1000 h,  a s  leaves o f  a l l  species were 

consistently covered w i t h  dew u n t i l  tha t  time. Transpiration was considered 

to be a t  o r  near zero u n t i l  a f t e r  0800 h because of the dew and a low atmos- 

pheric vapor pressure de f i c i t  (~0.3 KPa) (Larsson, 1981). 

Maximum and minimum a i r  temperatures were variable, w i t h  maxima being 

greater than 20°C on 40% of  the days ( F i g .  2) and minimum a i r  temperatures 

being below O°C on 22% of the days ( F i g .  1 ) .  However, throughout the en t i re  

month of August a i r  temperatures never dropped below O°C i n  1983 ( F i g .  1 ) .  

After the f i rs t  week of September, and corresponding t o  the onset of  

senescence, maximum a i r  temperatures were below 20°C consistently and minima 

were below O°C w i t h  an absolute m i n i m u m  o f  -lO°C occurring on 19 September 

( F i g .  1 ) .  The maximum vapor pressure de f i c i t  o f  the atmosphere ranged from 

0.3 KPa on 18 July to 1.8 KPa on 21 June ( F i g .  1 ) .  

Maximum stomata1 conductances o f  a l l  three species increased d u r i n g  the 

summer until 16 August,  w i t h  a gradual decrease thereafter to  the lowest 

values measured on 15 September. 

lower a i r  temperatures and increased senescence ( F i g .  1 ) .  

pressure potentials of a l l  three species remained above -0.3 tlPa u n t i l  a f t e r  

1 September, and on 15 September minima of -0.6, -0.7, and -1.3 MPa were 

measured for, planifol ia ,  - B.  occidentalis, and - S. wolfii ,  respectively ( F i g .  1 ) .  

The decreases i n  conductance coincided w i t h  

Early morning xylem 
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Figure 1-  Seasonal variations i n  maximum and mfnimum air temperature, 

vapor pressure deficit  of the atmosphere ( V P D ) ,  maximum stomata1 conductance, 

and maximum and minimum xylem pressure potential (shaded and open symbols, 

respectively) for Salix planifolia (a), 5. wolfii ( A ) ,  and Betula 

occidentalis (0)  a t  the high-elevation s i t e .  Vertical bars indicate 

representative standard errors 
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. 

By comparison, soi l  water potential remained >-0.2 HPa d u r i n g  the ent i re  

measurement period from early July t i l l  l a t e  September. tlidday xylem pressure 

potentials decreased d u r i n g  the summer from near -1.0 MPa on 12 July t o  

4 . 5  ;1Pa on 16 August.  After this date, the minimum xylem pressure 

potential increased i n  a l l  three species and approached early morning maxima 

(15 September) a s  the leaves of the species senesced’(Fig. 1 ) .  

Stomata1 conductance varied seasonally a s  well as w i t h  time of day for 

each o f  the three species. 

for sunlit leaves, w i t h  reductions due t o  shading being 28%, 43%, and 10% for 

- S .  wolfid, - S .  planifol ia ,  and - B. occidentalis, respectively (Table 2 ) .  ?Further, 

senescent leaves ( L e o ,  leaves differing i n  color from healthy green leaves), 

when compared t o  healthy sunl i t  leaves, showed reductions i n  stomata1 con- 

ductance o f  >90% fo r  a l l  three species (Table 2) .  

For a l l  three species maximum conductance occurred 

Eiaximurn stomatal conductances were recorded on 16 Augus t ,  when skies were 

clear throughout the day and the solar irradiance was 1050 W mo2 a t  solar noon 

( F i g .  2) .  Dur ing  that  day a i r  temperature rose from a low o f  4OC a t  9600 h t o  

a maximum of 2 2 O C  a t  1300 h ( F i g .  2). 

similar stomatal conductances of about 21.5 mm so’, b u t  maximum stomatal 

conductances for  Betula occidentalis, 2. planifolia and - S .  wolfii were a t  

1000 h (22  mm so’), 1400 h (25 mm so’), and 1600 h (28 mm S O ’ ) ,  respectively 

( F i g .  2). Diurnal variations i n  transpiration for a l l  three species followed 

changes i n  stomatal conductance, a s  leaf temperatures were w i t h i n  2 2 degrees 

of a i r  temperature. Tiaximum transpiration f l u x  densities occurred a t  1400 h 

for a l l  species, when the vapor pressure de f i c i t  o f  the atmosphere was greatest, 

being 1.2 KPa ( F i g .  1 ) .  Total water losses f o r  the day were 4.0, 4.5, and 

5.2 Kg me2 of leaf area for - B.  occidentalis, 5. planifolia,  and - S.  wolfti,  

A t  1000 h a l l  three species exhibited 

8 



Table 2. 

shaded ( 4 0 0  W 

the high-elevation s i t e .  

and are means - + standard errors. For each species, differences among values 

were s t a t i s t i c a l l y  significant w i t h  CL = 0.05. 

Comparison of stomata1 conductances (m s”.) for sunlit (750 W f2), 

and senescent leaves o f  three phreatophytic shrubs  a t  

Values were determfned a t  1400 h,  1 September 1983, 

Species Sun1 i t  Shaded Senescent 

Salix wolfii -- 10.7 2 0.5 7.7 - + 1.2 0.4 - + 0.1 

- Sal i x  planifol i a  71.2 2 0.4 6.4 - + 0.6 < 0.1 

. Betula occidentalis 7.7 2 0.2 6 . 9  + 0.7 0.8 - + 0.4 
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respectively. The xylem pressure potentials o f  a l l  three phreatophytes were 

similar throughout the day ( F i g .  2 ) .  Early morning values o f  >-0.3 Elpa 

reflected the moisture available i n  the saturated so i l s ;  however, when stomata1 

conductance and transpiration increased, xylem pressure potential quickly 

dropped to 4 . 3  NPa a t  1000 h. Xylem pressure potential remained relat ively 

constant thereafter,  w i t h  a gradual rise occurring for - B. occidentalis 

( F i g .  2) .  

Low-El evation Site 

A t  the low-elevation s i t e ,  leaves were f u l l y  expanded i n  early July and 

were not yet  senescent on 15 September ( the  l a s t  day o f  measurements). 

F igure  3 i l l u s t r a t e s  diurnal variations i n  microclimate and water relations 

for  - S. exigua and 2. anygdaloides a t  the low-elevation s i te ,  on a clear day. 

Solar irradiance a t  midday was 900 W mm2 and a i r  temperature varied from 9OC 

a t  0600 h t o  22OC a t  1200 h. 

decreased from about 10 mm so’ a t  1000 h to 5 m so’ a t  1400 h; however, a t  

1600 h - S.  exigua a t t a i n e d  a maximum of  16.2 mm so’ and - S. amygdaloides 

10.9 nun so’ ( F i g .  3). 

temperatures were consistently w i t h i n  - + 2OC of a i r  temperature and the vapor 

pressure d e f i c i t  changed gradually as  well. Hater losses for the ent i re  day 

were 3.7 and 3.4 Kg mo2 o f  leaf area for  2. exlgua and - S .  amygdaloides, 

For both species, stomatal conductance gradually 

Transpiration followed a similar pattern since leaf 

respectively. Xylem pressure potentials of both species were very similar 
. .  

throughout the day, being -0.5 tlPa a t  0600 h and decreasing to  4 . 5  MPa 

throughout the r e s t  o f  the day u n t i l  a f t e r  1600 h when a s l igh t  increase 

occurred ( F i g .  3).  

Seasonally, a i r  temperatures were near 21°C on measurement days and the 

maximum vapor pressure de f i c i t  of  the atmosphere was above 1 KPa (Table 3). 
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Figure 3. Clear day changes (September 5 ,  1983) i n  solar irradiance, 

air temperature, stomata1 conductance to water vapor, transpiration flux 

density, and xylem pressure potential for Salix exigua ( 0 )  and S, 

amyqdaloides (0) a t  the low-elevation s i te ,  Vertical bars indicate 

representatfve standard errors. 
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Table 3. Seasonal v a r i a t i o n s  In environmental and water r e l a t i o n s  parameters 

a t  the low-elevation si te,  For p lan t  data ,  upper  and lower values are f o r  

S a l l x  exiqua and 5, amygdaloides, respect ively,  and a r e  means 2 standard 

e r r o r s  . 

Date 
Parameter a/ i 8/18 9/ 5 911 5 

Maximum Air 
Temperature (OC) 22 19 22 21 

Maximum VPD (KPa) 1.33 1.08 1.94 1.92 

Maximum Stomata1 10.1 + 0.9 17.2 + 1.1 16.2 + 0.9 4.8 + 0.5 
Conductance (mm 8 )  9.0 - +-0.7 72.5 T - 0.9 10.9 0.8 4.5 - T 0.4 

Maximum Xylem Pressure -3.0 2 0.3 -4.4 5 1.0 -6.2 + 0.7 -2.8 + 0.3 
Potent ia l  (:{Pa) -3.2 2 0.5 -3.5 - + 1.0 -5.2 - '7 0.8 -3.2 - T 0.2 

Minimum Xylem Pressure -13.2 + 0.6 -20.1 + 0.4 -19.5 + l . 0  -20.0 + 0.3 
Potent ia l  (f1Pa) -11 -8 - 0.6 -17.3 z 0.5 -20-5 - T 0.8 -20.5 - T 1.8 
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Maximum observed stomatal conductance f o r  both species occurred on 18 August 

and minima on 15 September (Table 3 ) .  tlaximun xylem pressure po ten t i a l s  f o r  

t h e  S a l i x  species were between -0.2 and -0.7 MPa, and minima var ied from -1.1 

t o  -2.1 MPa (Table 3 ) .  

DISCUSS I ON . 
Despite d i f ferences i n  growth form, the water r e l a t i o n s  o f  S a l i x  p l a n i f o l i a ,  

- S. w o l f i i ,  and Betula occ iden ta l i s  were s i m i l a r  throughout a day, as wel l  as 

seasonally, a t  the high-elevat ion s i t e .  On c l e a r  days a l l  three phreatophytes 

maintained r e l a t i v e l y  h igh stornatal conductance and t ransp i ra t i on  f l u x  densi ty  

from 1000 t o  1600 h, even though xylem pressure po ten t i a l s  were lowest dur lng 

t h i s  same t ime per iod (Fig. 1) .  Seasonal trends i n  conductance f o r  the three 

shrub species were s i m i l a r  as well ,  w i t h  a decrease occurr ing i n  conjunction 

w i t h  lower n igh t t ime  a i r  temperatures and the onset o f  senescence (Fig. 1). 

I n  con t ras t  t o  species a t  the high-elevat ion s i t e ,  - S. exigua and - S. 

amygdaloides exh ib i t ed  a decl ine i n  stomatal conductance throughout a day a t  

the low-elevatfon s i t e  (Fig. 3 ) .  Thls may have been due t o  d r i e r  s o i l s  and, 

consequently, lower minimum xylem pressure p o t e n t i a l s  throughout a day f o r  the 

low-elevation species. Although minimum values were o n l y  -0.4 MPa lower, t h i s  

may have been below the xylem pressure p o t e n t i a l  t h a t  i n i t i a t e s  stornatal 

closure,a threshold observed i n  several phreatophytes (Flilsen e t  a1 ., 1981; 

Anderson, 1982). Stoner and E W l e r  ( 1  975) found reductions i n  a r c t i c  S a l  i x  

stomatal conductance when xylem pressure po ten t i a l s  dropped below -1.4 MPa. 

Assuraing -1.4 WPa i s  appropr iate f o r  species invest igated i n  the present study, 

the minimum xylem pressure po ten t i a l s  f o r  species a t  the high-elevation s i t e  

were near o r  s l i g h t l y  above t h i s  value, wh i l e  

p o t e n t i a l s  o f  t h e  low-elevat ion phreatophytes 

the minimmi xylem pressure 

were below, r e s u l t i n g  i n  decreased 
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stomatal conductances. Furthermore, on clear days when leaves were f u l l y  

expanded, the average minimum stomatal conductance for  the low-elevation species 

was only 51% of the high-elevation - Salix species, being 13.G and 26.5. mm sml ,  

res pec t i v el y . 
Consistent w i t h  predictions o f  Smith and Geller (1979) based on biophysical 

differences w i t h  elevation, stomatal conductances and transpi r a t  i o n  rates were 

greater a t  the high-elevation s i t e .  

ances a t  the low-elevation s i t e ,  maximum transpiration rates  were only reduced 

by 31% on the average, due probably t o  a greater vapor def ic i t  throughout the 

day a t  the low-elevation s i t e  (1.92 versus 1.22 KPa). On a da i ly  basis, water 

However, despite the much lower conduct- 

loss from the - Salix phreatophytes a t  

of leaf area, compared to  4.8 Kg mD2 

a1 though transpiration may have been 

the low-elevation s i te  averaged 3.6 Kg m-* 

for the high-elevation species. Thus ,  

substantially reduced d u r i n g  the morning 

as a result o f  dew (larsson, 1981), the greater stornatal conductances dur ing  

the day led to greater water consumtpion on a dai ly  basis  when compared t o  

the 1 ow-el eva t ion. a 

During the growth season, stomatal conductances were greatest  a t  the h i g h -  

elevation s i t e  a f t e r  leaf expansion and before the onset of senescence. S imi la r  

t o  other studies (Raschke, 1975; Thimann and Sat ler ,  1979a, b; Kaufmann, 1982 b; 

Wardle and Short, 1983), leaf senescence resulted i n  more t h a n  a 90% reduction 

i n  stomatal conductance a s  compared to  healthy sunlit leaves (Table 2 ) .  A 

decrease i n  maximum xylem pressure potential for  the three species coincided 

w i t h  the increase i n  senescence, even though so i l  water potentials remained 

>-0.2 MPa. 

water uptake d u r i n g  cold hardening and the onset of dormancy (Larcher, 1980). 

In addition to  senescence, maximum conductances may have been reduced as  a 

T h i s  may have reflected possible increases i n  r o o t  resistance to  . .  
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result of previous n i g h t  minimum a i r  temperatures, which i n  September were a t  

or  below O°C on a l l  b u t  one n i g h t .  

t o  low n i g h t  a i r  temperatures have been demonstrated f o r  P i n u s  contorta 

(Fahey, 1979) as well as other possible phreatophytes, including Populus 

deltoldes (Drew and Bazzaz, 1979) and - P, trmuloides (Kaufmann, 1982a). 

season reductions i n  maximum stomatal conductances were a1 so measured a t  the 

low-elevation s i te ,  where low n i g h t  temperatures i n  September may have con- 

tr ibuted to  the decline. 

Reductions i n  stomatal opening i n  response 

Late- 

A l t h o u g h  low n i g h t  temperature may have contributed to  senescence and 

declines i n  maximum conductance, the three high-elevation species apparently 

to le ra te  a low temperature environment and a short  growth season ( 4 0  weeks). 

Indeed, throughout the sumner a i r  temperatures were a t  or  below O°C on 22% o f  

the n i g h t s .  S a k i  (1970, 1974) demonstrated tha t  - S a l i x  species a re  among the 

most tolerant t o  freezing temperatures of a l l  shrubs, w l t h  leaves capable o f  

s u r v i v i n g  -20°C and dormant plants withstanding -7OoC, and Anderson and 

McNaughton (1 973) found no significant reductions In ei ther  transpiration or 

photosynthesis when roots of alpine Salix species were chil led t o  3OC. T h u s ,  

even t h o u g h  the growth season i s  re la t ive ly  cool and short, these species 

may transpire appreciable amounts of water. 

In summary, stomatal conductance and transpiration rates  were notably 

higher  a t  the high-elevation si te;  however, other differences between species 

a t  the two s i t e s  were minor. 

conductance and water use were most influenced by so lar  irradiance, dew on 

leaves, m i n i m u m  a i r  temperatures i n  s p r i n g  and f a l l ,  and phenology, 

For both s i t e s  and a l l  species examined, stomatal 
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