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Summary We determined how ecophysiological charac-
teristics of two juniper species, Juniperus occidentalis Hook.
(western juniper) and Juniperus osteosperma (Torr.) Little
(Utah juniper), changed along altitudinal and regional environ-
mental gradientsin the Great Basin of western North America.
We obtained diurna measurements of leaf gas exchange and
xylem water potential (W) from plants at a low and a high
altitude site within each of six mountain ranges during fall
1994, spring, summer, and fall 1995, and summer 1996. We
aso determined carbon isotope composition (5*3C) of leaf
cellulose produced during the 1995 growing season. Overal,
leaf gas exchange, W and 3C did not differ significantly
between species. Differences in daily (Ay) and season-long
(As) carbon assimilation among mountain ranges suggested
two groupings—a group of northern ranges and a group of
southern ranges. Each group contained one mountain range
with J. occidentalis and two with J. osteosperma. Differences
in carbon assimilation based on this grouping were associated
with two findings. (1) conductance of CO, from substomatal
cavities to the site of carboxylation (g,) for junipers in the
northern ranges averaged almost twice that of junipersin the
southern ranges; and (2) physiol ogical shiftsoccurred such that
Ay of junipers in the northern ranges was influenced more by
Woq, Wheress Aq of junipers in the southern ranges was influ-
enced more by leaf temperature. Mean 5°C over all treesat a
site was significantly correlated with annual precipitation.
Significant differences in Ay occurred between altitudes, but
thesedifferenceswere associated with differencesinthetiming
of optimum leaf temperature for photosynthesis rather than
with physiological acclimation to temperature, irradiance, or
Y. Most gas exchange parameters (e.g., assimilation, transpi-
ration, stomatal conductance, and water use efficiency) varied
seasonally, and the seasond differences were strongly influ-
enced by water stress.

Keywords. carbon isotope composition, daily carbon gain,
daily water use, leaf nitrogen, mesophyll conductance, plant
water potential, stcomatal conductance, Utah juniper, western
juniper.

Introduction

Some plant species have sufficient genetic variation to enable
them to adapt or acclimate to climate change (Holt 1990). One
method to examine the effects of climate change on speciesis
to study plant responses across environmental gradients in
natural settings and use the contrasting environments as away
to simulate response to climate change (DeL ucia et a. 1994).
These types of studies often provide insights into how plants
function in contrasting environments (Slatyer and Morrow
1977, Schulze and Hall 1982, L gjtha and Barnes 1991, Padien
and Lajtha 1992, Lajtha and Getz 1993, Nowak et al. 1998).
For example, Slatyer and Morrow (1977) investigated the
ability of plantsto acclimate to temperature by studying Euca-
lyptus pauciflora Sieber ex A. Spreng. along an dtitudina
gradient. They found that the optimum temperature for net
photosynthesis decreased asaltitude increased, suggesting that
temperature acclimation may help E. pauciflora persist over a
relatively large environmental gradient.

JuniperusoccidentalisHook. (western juniper) and J. osteo-
sperma (Torr.) Little (Utah juniper) grow in different, but
overlapping ranges of environmental conditions in western
North America (Tueller et a. 1979). Relative to J. osteo-
sperma, J. occidentalis is found in areas with a cooler, wetter
climate. The main geographic distribution of J. occidentalisis
along the Sierra Nevada mountains and the Columbia Plateau
of western North America, whereas that for J. osteospermais
the Great Basin. Hybrids of these two juniper species appear
to occupy climatically intermediate areas (Vasek 1966). Miller
et al. (1992) measured diurnal changes in net photosynthesis
and xylem water potentials of J. occidentalis during the grow-
ing season and found that assimilation and conductance de-
creased as ambient temperature increased and soil
water availability decreased. However, similar studies of
J. osteosperma are lacking. Furthermore, no studies have in-
vestigated the diurna patterns of ecophysiological charac-
teristics of both species along both spatia and temporal
environmental gradients.

The primary god of this project was to determine how
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the ecophysiological characteristics of J. occidentalis and
J. osteosperma are related to environmental conditions. We
compared leaf gas exchange, xylem water potential, and 5°C
of the two species along loca dtitudina gradients as well as
along regional environmental gradients in the Great Basin
during the fall of 1994, spring, summer, fal of 1995 and
summer 1996. The null hypothesis tested was that ecophysi-
ologica patterns in juniper are independent of the environ-
mental conditionsin which the individuals are growing.

Materials and methods

In each of six mountain ranges (Figure 1), two study plotswere
established, one near the lowest and one near the highest
altitude that juniper occurs in that range. For Juniperus occi-
dentalis, datawere collected from 2000 and 2600 m on the east
side of Sonora Pass, in the central Sierra Nevada mountains.
Juniperus occidentalis was a so sampled on Juniper Mountain
in southeast Oregon at 1600 and 2000 m on the east side of the
mountain. For J. osteosperma, data were acquired from the
Spring Mountains in southern Nevada with plots at 1600 and
2400 m on the west side of the range; from the Virginia
Mountainsin western Nevada at 1600 and 2200 m on the east
side of therange; from the Monitor Rangein central Nevada at
2000 and 2400 m on the east side of the range; and from the
Snake Rangein eastern Nevadaat 2000 and 2400 m on the east
side of the range. The Monitor Range was not sampled in fall
1994 because of time constraints, and the 2000 m plot at
Juniper Mountain was inaccessible in spring 1995 because
roads were blocked by snow. Specific geographic and climatic
information on each plot are givenin Table 1.

Diurna changesin leaf gas exchange, predawn and midday
xylem water potentials (Wyy and W), and total leaf nitrogen
were measured on a set of twelve trees at each plot in: August
and September (fall) 1994; May (spring), July (summer), and
September (fall) 1995; and July (summer) 1996. Diurnal sam-
plings of |leaf gas exchange took place every 2 h between 0800
and 1800 h PDT and were made on the same day that W was
measured. Leaf gas exchange was measured with a 0.25-1 |eaf
chamber attached to an LI-6200 (Li-Cor, Inc., Lincoln, NE)
closed photosynthesis system. The same leaf tissue was used
throughout the day for gas exchange measurements. Measure-
ments were taken on south-facing limbs that were likely to be
in the sun all day. In addition, four of the twelve trees were
randomly chosen to determine how measurements varied
among different compass directions. These measurements
weretaken at al four cardina directions at onetime during the
day for fall 1994 and spring, summer and fall 1995. At theend
of the day, the leaf tissue that was used for gas exchange was
cut, then dried and weighed. The gas exchange parameters net
assimilation (A), conductance (g), transpiration (E) and substo-
matal CO, concentration (c;) were calculated based on the
equations of von Caemmerer and Farquhar (1981), and are
expressed on a dry mass basis.

Daily carbon assimilation (Aq) and daily transpiration (Eg)
were determined by integrating the diurna gas exchange
measurements for each tree. Daily water use efficiency
(WUE,) was calculated by dividing values of Ay by E4. Daily

mean conductance (gq), substomatal CO, concentration (cig),
leaf temperature (T,4), and photosynthetic photon flux density
(PPFDy) were computed by dividing the integration by 10 h.
The maximum assimilation rate that occurred under natural
diurna conditions (Anq) was aso determined. Because of
periodic rain events, complete diurnal curves were not always
possible. To avoid confounding effects of different lengths of
time on calculations of daily values, we applied the procedure
PROC MIXED of the SAS dtatistical software package (SAS
Institute, Cary, NC) and estimated missing values of instanta-
neousA, E, g, ¢;, T, and PPFD by analysisof variance based on
tree variation throughout all sampling periods. Calculations of
daily values were based on the measured data set combined
with estimated data. Seasonal gas exchange parameters, which
are subscripted by the letter ““s” in place of theletter “d”, were
calculated by integrating daily measurements over the 1995
growing season (i.e., spring 1995 through fall 1995).

Xylem water potential was measured in the field with a
pressure chamber (Turner 1981). Foliage from the south side
of 12 trees was measured at predawn and midday. During fall
1994 only, al four sides of al 12 trees were measured to
determine whether measurements made on south-facing limbs
differed from those madein the other three compass directions.

Total leaf nitrogen (Nie) Was determined for the leaf mate-
rial used for diurna gas exchange measurements. Leaf mate-
rial was dried at 65 °C to a constant mass, then ground with a
dental amalgamator (Crescent Dental Mfg. Co., Lyons, IL).
Percent nitrogen on a dry weight basis was determined with a
Perkin-Elmer 2400 CHN Elemental Analyzer (Norwalk, CT).
Photosynthesis on a unit N basis (Ayi;) was calculated by
dividing Ang, i.e., the daily maximum assimilation rate under
natural ambient conditions, by Ni. Both Ay and A,q were
used asindices of maximum leaf performanceunder prevailing
ambient conditions.

Leaf material for carbon isotope composition (3-°C) was
obtained during fall 1995 from 10 trees per site. Carewastaken
to collect only current-year leaves and to sample uniformly
from all four cardinal compass directions. Samples were dried
at 65 °C to a constant mass, then finely ground with a mortar
and pestle. Cellulose was extracted and purified from each
sample (Sternberg 1989). Purified cellulose was combusted,
and CO, gas was cryogenicaly distilled from combustion
products and analyzed by the University of Utah's Stable
I sotope Ratio Facility for Environmental Research.

Carbon isotope discrimination by the plant (A) was calcu-
lated as described by Farquhar et al. (1989):

A_Ba—Bp

_1+6p' @

where d, and &, are the carbon isotope compositions of the air
(—8%0) and of the plant cellulose, respectively. The simple
theoretical expression in Farquhar et a. (1982) was used to
predict carbon isotope discrimination (4):

O =a+ (b-a)pi/pa 2
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where a is the fractionation caused by diffusion of CO, in air
(4.4%0), b is the fractionation caused by carboxylation, and p;
and p, are the partial pressures of CO, in the substomatal air
spaces and in the ambient air, respectively. We used a value of
28%o for b, which representsthe mean of the values 27, 28, and
29 that were used by Farquhar and Richards (1984), Scartazza
et al. (1998), and Evans and von Caemmerer (1996), respec-
tively. We used ¢;s to estimate p;, and an ambient air CO,
concentration of 360 pl | ™ was used to determine p.. Conduc-

Figure 1. Location of moun-
tain ranges used for gas ex-
change measurements.
Mountain ranges with Junipe-
rus occidentalis are indicated
by diamonds (#) and those
with J. osteosperma are de-
noted by triangles (A). Loca-
tions of nearest weather
stations with long-term re-
cords (> 25 years) areindi-
cated by circles (O). Climate
diagrams (sensu Walter et al.
1975) have one line and left y-
axis for mean monthly tem-
perature, the other line and
right y-axis for mean monthly
precipitation, area shaded with
vertical lines representing peri-
ods during the year when pre-
cipitation is sufficient for
plants, and solid arearepre-
\]J senting periods when water
deficits occur.

tance of CO, from the substomata cavities to the sites of
carboxylation within the chloroplast, which is commonly
called mesophyll conductance (g.,), was calculated from the
relationship described by Evans et al. (1994):

_ (b—ai)A+ eRgk + I -

A-A
OmPa Pa

©)

where g; isfractionation caused by dissolution and diffusion of
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Table 1. Geographic and climatic information for the study sites. Sites are arranged by mountain range in north-south order. For each mountain
range, the species of Juniperusfound at that siteislisted. Aspect isthe compass direction from north that the slope faces. Mean daily temperatures
for the period of October 1994—-September 1995 were extrapolated from the nearest weather station (Figure 1) with the climate simulator MTCLIM
(Geng 1997); precipitation for the same time period was measured by an in situ rain gauge.

Mountain Juniperus Daily temperature Annual precip.
range species Elev.(m) Lat. Long. Slope (%) Aspect (°)  Max. (°C)  Min. (°C) (1994-1995) (mm)
Juniper Mtn. occidentalis 1601 42°56'  119°54' 2 60 14.6 -0.9 462

1994 42°56'  119°5%' 7 80 12.0 -20 405
VirginiaMtn.  osteosperma 1615 39°54" 119°39 1 18 13.3 38 393

2165 39°57" 119°42 1 120 10.6 -0.1 545
Monitor Range osteosperma 2001 39°22 116°21' 2 25 12.8 0.6 406

2410 39°18'  116°27° 18 80 9.5 -05 522
SnakeRange  osteosperma 2010 38°55"  114°09 5 112 15.8 0.2 460

2400 38°55 114°14° 19 90 12.4 -0.9 675
Sonora Pass occidentalis 2009 38°24'  119°27 6 359 14.5 -4.9 473

2609 38°18' 119°36° 14 105 11.8 -7.6 517
Spring Mtn. osteosperma 1605 36°17  115°50° 18 330 17.0 31 476

2395 36°22"  115°47 7 236 10.7 -4.1 743

CO,inwater (1.8%0), e and f are fracti onations associated with
dark respiration (Ry) and photorespiration, respectively, kisthe
carboxylation efficiency of Rubisco, and I is the CO, com-
pensation point in the absence of dark respiration. Because e
and f approach zero (see Scartazza et al. 1998), thelast term of
the equation can beignored.

Statistical analyses were performed with SAS software.
First, potential outliers within the set of gas exchange meas-
urements that comprised each diurnal curve were identified
from plots of residuals against predicted values as well as
normality curves; potential outliers were deleted only if gas
exchange parameters were not at ambient conditions. Data
transformations were not necessary because the Shapiro-Wilk
statistic, normal probability plots, and stem leaf plots (Cody
and Smith 1991) tests indicated normally distributed data.

Species were compared by two-sample t-tests for seasona
gas exchange and 3°C. A single-factor analysis of variancein
a randomized complete block design (RCBD) was used to
examine variation of 3°C among mountain ranges (blocks)
and between altitudes (factor). Analysis of variance (SAS
PROC MIXED procedure) was used to investigate spatial and
temporal variationsin diurnal gas exchange measurements. A
2 x 5 repeated measures analysisin RCBD was used for each
gas exchange parameter. The block design consisted of six
mountain ranges with two atitudes for five seasons (i.e., fal
1994, spring, summer, fall 1995, and summer 1996). For W, a
2x5x 2 gplit-split plot analysisin RCBD was used, wheredata
were blocked by mountain range with atitude as the treatment
main effect, season a split plot treatment, and time of day
(predawn, midday) a split-split plot treatment. Because four
blocks of W datawere missing (Monitor Rangeinfall 1994 and
Sonora Pass, Snake Range and Spring Mountain in spring
1995), range comparisons of W were not possible. A 2x 4 x 4
split-split plot treatment in RCBD was used for gas exchange
data collected at different compass directions, with four sea-
sons (fall 1994, spring, summer and fall 1995) asthe split plot
effect and four compass directions as the split-split plot effect.

Because W at different compass directions was measured only
in fal 1994, a 2 x 4 x 2 split-split plot treatment RCBD
analysiswas used. For all analyses, theindividual treesat each
plot were treated as subsamples. Treatment effects, interaction
terms, and mean comparisons were considered significant if
P <0.05.

Both stepwise and multiple regression techniques were used
to examine rel ationships among gas exchange parameters, leaf
water relations, and environmental conditions. Where appro-
priate, regression functions for different subsets of the data
(e.g., regressionsfor each species) were compared asdescribed
by Neter et al. (1990).

Results

Variation in gas exchange between species and among
mountain ranges

Mean A differed between species by less than 2%, and mean
values for the other gas exchange measurements differed by
5-17% (Table 2). Because gas exchange parametersintegrated
over the 1995 growing season did not differ significantly
between species, species were pooled for other data analyses.
There were no significant differencesfor 5°C between spe-
cies (Table 2), among mountain ranges, or between altitudes
(Table3). A stepwiseregression of mean 3°C over all trees per
plot with plot characteristics (altitude, latitude, longitude,
dope, aspect, mean daily maximum temperature, mean daily
minimum temperature, mean daily mean temperature, drought
severity, and precipitation) indicated that only precipitation
was significantly correlated with 33C. The correlation was
especially strong for J. osteosperma (adjusted R? = 0.82),
although the regression lines did not differ significantly be-
tween species. Values of 3°C decreased with increasing pre-
cipitation (Figure 2A). None of the other plot characteristics
showed a significant correlation with 3°C (Figure 2B).
Among individual trees, A was significantly correlated with
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Table 2. Comparisons between Juniperus species for seasonal gas exchange measurements. Differences between species for each measurement
were not significant with a two-sample t-test. Mean values for the 1995 growing season (spring to fall) are given, with n = 8 for J. osteosperma

and n = 3 (except n = 4 for *3C) for J. occidentalis.

5%

As Es WUES Cis Os Ns Im
Species (mmol g tseason™ (mol g tseason™)  (mmol mol™Y) (Il (umolgts™H) (%) (%) (nmolglslpa)
J. osteosperma 16.9 104 1.65 255 77 10 -220 0.63
J. occidentalis  16.5 9.3 1.78 278 90 11 -223 0.60
Table 3. Analyses of variance tables; nsindicates P > 0.05.
Diurnal gas exchange parameters, cuvette environmental conditions, and 3%c
Source of error df  Ag Amd Anit Eq IoF WUEy cg T PPFDy  Nies B¢
Range 5 0.014 ns ns ns ns ns ns 0.045 ns ns ns
Altitude 1 0.026 ns ns ns ns ns ns 0.003 ns ns ns
Range x Alt. (error) 5 - - - - - - - - - - -
Season 4 <0001 <0.001 <0.001 <0001 <0.001 <0001 <0001 <0001 ns 0.027
Alt. x Season 4 0.011 0.031 0.045 ns ns ns ns ns ns ns
Range x Season 19 0.037 0.040 ns 0.012 ns ns ns 0.009 0.023 ns
Range x Alt. x Seas. (error) 18 - - - - - - - - - -
Xylemwater potential
Source of error df P-value
Range 5 ns
Altitude 1 ns
Range x Altitude (error A) 5 -
Season 4 <0.001
Altitude x Season 4 ns
Range x Season 16 0.042
Range x Altitude x Season (error B) 15 -
Time 1 <0.001
Altitude x Time 1 ns
Time x Season 4 ns
Altitude x Time x Season 4 ns
Range x Season x Time 21 ns
Range x Altitude x Season x Time (error C) 19 -

pi/pa (P < 0.01), but less than 25% of the variance in A was
explained by pi/p. (Figure 2C). When daily integrated ¢4 for
the spring 1995 sample period was used to calculate p;, the
correlation had a similar adjusted R? (0.21), but adjusted R?
values for the summer and fall 1995 sample periods were both
0.14 (results not shown). In al cases, the regression line fell
well below the simplified theoretical relationship (Figure 2C).

The six mountain ranges formed two main groups based on
thesignificant block effect of mountain range (Table 3) and the
subsequent comparisons of mean Ay over all sampling periods
(Table 4). One group consisted of the three most northern
ranges (Juniper Mountain, Virginia Mountains, and Monitor
Range), and the second comprised the three most southern
ranges (Spring Mountains, Sonora Pass, and Snake Range).
The groups of ranges crossed species boundaries, which was
consistent with the lack of significant differences between

species (Table 2): each group included one range with J. occi-
dentalis and two ranges with J. osteosperma. With the excep-
tion of Monitor Range and Sonora Pass, the group of three
southern mountain ranges did not overlap statistically with the
group of three northern ranges. Although the mountain range
x season interaction term was significant (Table 3), thefidelity
of these groups for each sampling period was consistent with
the main effect: generally, treesin one of the northern moun-
tain ranges had the highest A4 during a sampling period, and
trees in one of the southern mountain ranges had the lowest
Aqy. For example, trees on Juniper Mountain had the highest
Aqinfall 1994, spring 1995 and summer 1995, and treesin the
Monitor Range had the highest A4 in fall 1995; whereas trees
on either Sonora Pass or the Spring Mountains, which were
both southern ranges, had the lowest Ay for each sampling

period.
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Figure 2. Relationships between 8°C from leaf cellulose with (A)
precipitation for the period of October 1994—September 1995 and with
(B) plot elevation; and (C) relationship between observed carbon
isotope discrimination (A) and the ratio of the partial pressures of CO,
in substomatal cavities and in ambient air (p;/p,) integrated over the
spring—fall 1995 growing season for each individual tree. First-order
regression lines are the solid linesin (A) and (C); dashed linein (C) is
a simplified theoretical relationship. Adjusted R? for the regression
between variables are given. Ranges with J. occidentalis are indicated
by circles; J. osteosperma by triangles; low dtitude plots by open
symbols; and high altitude plots by solid symbols. For (A) and (B),
5'3C was averaged over all trees on the plot. Error bars are standard
errors.

Over the 1995 growing season, assimilation rates of treesin
the northern group of ranges were, on average, 60% higher

Table 4. Mean comparisons of daily integrated assimilation (Aq) and
daily mean leaf temperature (Tq) for the six mountain ranges. Values
with the same letter in a column were not significantly different from
one another (P > 0.05).

Ad(pmol g™ day ™) Tia (°C)
Juniper Mountain 162 ¢ 228a
VirginiaMountains 151 ¢ 274b
Monitor Range 160 bc 259b
Sonora Pass 125 ab 222a
Snake Range 114a 26.7b
Spring Mountains 100 a 26.7b

than those of treesin the southern group (Table5). Thisgreater
carbon gain over the year for trees on the northern ranges was
not related to greater leaf nitrogen or stomatal conductance,
because these two characteristics were not significantly differ-
ent between trees in the northern and southern groups of
mountain ranges. Furthermore, A; and gs were not significantly
correlated (P = 0.12), and WUE; did not differ significantly
between trees in the northern and southern ranges. However,
Om Of treesin the northern ranges was more than 90% greater
than that of trees in the southern ranges. Both A and g,,, were
significantly (P < 0.01) and well correlated (Figure 3A); the
second-order regression had a slightly greater R? than a first-
order regression (0.84 versus 0.80). Both A; and g, were
significantly correlated with latitude (Figures 3B and 3C).

Multiple regressions of Aq with PPFDg, Tig, Wpa, and Wiy
were made for data pooled over al ranges, over only the
northern group of ranges, and over only the southern group of
ranges (Table 6). The regression equation for the northern
ranges differed significantly from that for the southern ranges.
There were significant differences in the coefficients of the
regression equations for Tiy4 and Wyy, Whereas the coefficients
for PPFD4 and W,,,¢ were not significantly different between
the two groups of ranges.

The groupings of ranges based on T4 differed from those
based on A4 and followed known species’ boundaries (Table4).
Generaly, T4 for foliage on trees from mountain ranges with
J. occidentalis (Juniper Mountain and Sonora Pass) was sig-
nificantly lower than T4 for foliage on trees from ranges with
J. osteosperma (Virginia Mountains, Monitor Range, Snake
Range and Spring Mountains). Because the mountain range x
season interaction term was significant (Table 3), each sam-
pling period was examined. During each sampling period, one
of the two mountain ranges with J. occidentalis had the lowest
Tig, and the other J. occidentalis range often had the next
lowest T,4. Sonora Pass, which supported J. occidentalis, was
significantly cooler than any of the four ranges with
J. osteosperma for four of five sampling periods. Thus, the
statistical groupings of mountain ranges based on the main
effect were representative.

Variation in gas exchange with altitude

Among the gas exchange variables measured, only carbon
assimilation rate differed between high- and low-altitude plots,
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Table 5. Comparisons between the northern and southern group of mountain ranges for gas exchange measurements integrated over the 1995
growing season (spring to fall). Mean values within acolumn followed by different lower case |etters were significantly different; columnswithout
lower case letters were not significant (n = 5 for the northern ranges except n = 6 for 313C and n = 6 for the southern ranges).

Species  Ag Es WUE,

(mmol g™t season™)  (mol g™t season™Y)

(mmol mol ™1

Ne &%cC

Cis Os Im
M1y @molg™s™ (%) (%) (nmolglstpa)

211Db 11.2 191
132a 9.2 150

Northern
Southern

0.84b
0.44a

244 a 83 1.0
275b 78 11
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-224
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50 O

40

A, (mmol g' season)

1&';0 200 250

Jm (nmol g’ s7'Pa)

30
B
5
c
o
[72)
© 20
& 2
T R“=0.68
o 15
©
£ 10 é
£ Low High
< 5/ J occidentalis ©  ®
J. osteosperma & A
0 . ‘ . .
C
— 120
©
8- 100
o
- 0.80
o)
© 060
€
c
— 040
>
0.20

034 36 38 40 42 44

Latitude (°N)

Figure 3. (A) Relationship between seasonally integrated assimilation
(As) and mesophyll conductance (gn,); and relationships of Ag (B) and
gm (C) with plot latitude. Ranges with J. occidentalis are indicated by
circles; J. osteosperma by triangles; low altitude plots by open sym-
bals; and high altitude plots by solid symbols. Adjusted R for second-
order (A) andfirst-order (B, C) regression between variablesare given.
For (B) and (C), As and gimes Were averaged over all trees on the plot.
Error bars are standard errors.

but the difference was not consistent through time. The main
effect of altitude was significant for Aq, but the atitude x
season interaction was significant for Ay aswell asfor Ay and
Ang (Table 3). Mean A4 (pooled over al ranges and both
species) was significantly greater for high-altitude plots than
for low-altitude plots (142 versus 123 pmol g™ day ™). How-
ever, Ag, Avir and Aq peaked later in the growing season for
high-altitude plots than for low-altitude plots, and significant
differences between dtitudes for Ay, Anii and Ang occurred
during fall 1995 and summer 1996 (Figures 4A-C).

The only environmental condition in the cuvette that was
significantly different between atitudes was T,y (Table 3).
Overall, higher dtitudes were significantly cooler than lower
altitudes (Figure 4D). Maximum daily temperature during gas
exchange measurements for low-dtitude plots was below
30 °C in the spring and gradually increased to near 38 °C in
summer—fall, whereas corresponding values for high-altitude
plots were near 25 and 30 °C.

Regression equations of Ay versus environmental factorsdid
not differ significantly between high- and low-altitude plots
(Table 6). Regression coefficients for the influence of PPFDy
and T,y on Ay were similar for high-and low-altitude plots.
Although values for the W coefficients were greater for high-
altitude plots than for low-dtitude plots, the differences were
not significant.

Variation in gas exchange with season

The effect of season (i.e., sampling period in ANOVA) was
significant for al gas exchange parameters and cuvette condi-
tions except PPFDy (Table 3). In general, gas exchange pa-
rameterswere lowest infall 1994 (Table 7), which wasthe end
of avery dry year for the region. For the three measurement
periods of assimilation rate as well as for gq, Cig, Wpe, and
W4, differences between the end of adrought year (fall 1994)
and the end of a wet year (fall 1995) were significant, but no
significant difference occurred between summer 1995 and
summer 1996, which were years of above average and average
precipitation, respectively. Because the mountain range x sea-
son interaction terms were significant for Ay, Amng, Eg, Tids
PPFD4 and W (Table 3), we examined the effects of season on
gas exchange parameters for trees on each mountain range.
Although the effects of season on these parameters varied
dightly among mountain ranges, the overall trends were simi-
lar to the main effect of season (Table 7) on Aq, And, Ed, Tids
and W. Theeffect of season on PPFDy differed among individ-
ual mountain ranges; however, most of the variation among
individual rangeswas attributed to the occurrence of afternoon
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Table 6. Results from multiple regressions of Aqwith PPFDy, Tjgq, and Y. Replicates are individual trees on one sampling date. The pooled data set
comprises al trees from all plots over al sample dates; the other data sets are subsets of al trees for all dates either for a particular subset of
mountain ranges (northern, southern) or for a particular subset of altitudes (low, high). An asterisk indicates that the regression functions for the
data subsets differed significantly (P < 0.05); the letter “a” following a coefficient value indicates that the coefficients differed significantly (Neter

et a. 1990).
Data set N Regression P-value Adjusted R? Coefficient

PPFDy Tig Wpd WYnd
Pooled data 588 <0.001 0.35 0.08 -8.34 187 219
Northern ranges* 307 <0.001 0.29 0.07 -714a 325a 143
Southern ranges* 281 <0.001 0.36 0.09 -10.61a -0.58 a 3.55
Low dtitude 307 <0.001 0.36 0.08 -8.53 187 167
High altitude 281 <0.001 0.32 0.09 -8.67 311 281

clouds and rain showers.

Variation in gas exchange with compass direction

The effect of compass direction was significant for PPFD and
T, but not for VPD (Table 8). The largest difference among
cuvette environmental conditionswasfor PPFD: the west-fac-
ing foliage received 40-50% less PPFD than foliagefacing the
other compass directions (Table 8). Differences among com-
pass directions for T, were significant, although means for T,
were within 1 °C of each other. No dtistical differences
occurred among the four compass directions for W measure-
ments made in fall 1994 (Table 8).

Gas exchange parameters (A, E, g, and WUE) were statisti-
caly different among the four compass directions (Table 8),
but the relative differences among compass directions were
small (Table 8). Values of A, E and WUE on the west side of
thetreeweresignificantly lower than values on the north, south
or east sides of thetree (Table 8). The north side of thetreealso
had significantly lower WUE than the east side of the tree.
However, measurements of leaf gas exchange for south-side
branches were within 10% of the mean of al four compass
directions. The relative difference between south-facing foli-
age and the overall means were: A = +6.4%; E = —-0.1%; g =
-6.1% and WUE = +5.9%.

Discussion

Variation between species and among mountain ranges

Over a growing season, carbon gain and water |oss of foliage
did not differ significantly between Juniperus occidentalisand
J. osteosperma. However, daily and seasonal carbon gain of
foliage on trees on the three most northern mountain ranges
(Juniper Mountain, Virginia Mountains, and Monitor Range)
were significantly greater than that of trees on the three most
southern ranges (Spring Mountains, Snake Range, and Sonora
Pass). These groupings of mountain ranges cut across species
boundaries: each group had one range with J. occidentalis and
two ranges with J. osteosperma, which is consistent with the
lack of significant differences between species. These group-
ings were strongly influenced by g, but not by gs (Table 5,
Figure 3). High correl ations between assimilation and g, have

been reported for severa other species (Lloyd et al. 1992,
Evanset a. 1994, Evans and von Caemmerer 1996, L auteri et
al. 1997, Scartazza et al. 1998). Coefficients from multiple
regressions of both Tiq and Wy with A (Table 6) were signifi-
cantly different between northern and southern ranges: the
influence of W,q on Ay was relatively greater for northern
ranges, whereas the influence of T,y on Ay was relatively
greater for southern ranges. The net result of these adjust-
ments of A by g, temperature, and W was a 60% increase in
carbon gain from south to north, but a nonsignificant change
in WUE.,

Theanatomical or physiological factorsthat caused changes
ing., with latitude were not identified. Mesophyll conductance
is partitioned into two major components. (1) CO, diffusion
from substomatal cavities through the intercellular air spaces
to the cdl wal; and (2) CO, diffusion in the liquid phase
through the cell wall and cell to the site of carboxylationin the
chloroplast (Evans and von Caemmerer 1996). The scale-like
leaves of juniper are closely appressed; thus, they should be
more similar in function to hypostomatous leaves than to
amphistomatous leaves. Because the intercellular air space
component is estimated to account for approximately 67% of
Om inhypostomatousleaves (Evansand von Caemmerer 1996),
much of the change in g, for juniper is probably the result of
changes in leaf anatomy. However, carbonic anhydrase (CA)
is reported to facilitate the liquid phase diffusion of CO; in
leaves (Evans and von Caemmerer 1996), and so variation in
CA may also have influenced the variation in g, of the two
juniper species.

Theory predicts that A should be linearly related to pi/ps
integrated over the time period during which the leaf was
formed, assuming that ambient air CO, concentration and
isotopic content are constant and that the CO, concentration at
the site of carboxylation is the same as that in the substomatal
air spaces (Farquhar et al. 1989). However, correlation of A
with pi/fp, was low and deviated substantially from the pre-
dicted relationship (Figure 2C). Wetook careto avoid potential
sampling errors that confound interpretation of 3°C data
Thus, only current-year growth was sampled; only one chemi-
cal constituent of leaves (cellulose) was analyzed; and ¢; from
leaf gas exchange was integrated over the time period during
which leaf growth occurs (Nowak and Tausch, unpublished
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Figure 4. Interaction between elevation and time of the year for: (A)
daily integrated carbon assimilation (Ag); (B) assimilation rate ex-
pressed per unit nitrogen (Anit); (C) maximum assimilation rate that
occurred under natural ambient conditions (Ang); and (D) daily mean
leaf temperature during gas exchange measurements (T\q). Data are
pooled over all mountain ranges and both species. Low-altitude plots
are denoted by open bars and high-altitude plots are denoted by
cross-hatched bars. An asterisk denotes significant difference between
high and low altitudes (P < 0.05) during a particular sasmpling period.

data). Also, the assumptions of constant ambient air CO, con-
centration and carbon isotope composition were reasonable.
Unlike the dense, closed canopies of more mesic temperate
forest and tropical forests where both CO, concentration and
isotopic composition vary diurnally and spatially (Broad-

meadow and Griffiths 1993), our stands of junipers werein a
semiarid climate, had scattered trees, and did not have com-
plete canopy or ground cover (e.g., individual trees were gen-
eraly separated by several meters, total vegetation cover was
generaly < 40%, and bare ground cover was often > 40%).
Thus, we conclude that conditions that might significantly
alter the ambient air CO, concentration or isotopic composi-
tion from plant or soil respiration were not present at our sites.
Our measurements of 3*3C compare well with those of other
studies. For example, 3°C over al trees at al sites averaged
—22 compared to mean 3°C values of —20 for cellulose from
J. osteosperma foliage (Delucia et a. 1988) and —24 for
whole leaves of J. osteosperma (Marshall and Ehleringer
1990, Flanagan et al. 1992, Marshall et a. 1994). We conclude
that the assumption that CO, concentration at the site of car-
boxylation equals ¢; is suspect.

The low correlation between A and p;/p, in our study (Fig-
ure 2C) differs from the findings of Marshall and Ehleringer
(1990). Although our gas exchange measurements of ¢; gener-
ally arelower than those reported by Miller et a. (1991, 1992),
our measurements of p;/p, are greater than those of Marshall
and Ehleringer (1990). Marshall and Ehleringer (1990) inte-
grated gas exchange only during the morning when assimila-
tion rate was greatest, whereas we integrated over the entire
day (and hence included time periods when assimilation rate
was low). We also examined the relationship between A and
the minimum ¢; that occurred during the day. Based on mini-
mum daily c;, our measurements of p;/p, were generaly be-
tween 0.4 and 0.6, which are similar to those of Marshall and
Ehleringer (1990); however, the observed rel ationship between
A and p;/p, in our study was still below the theoretical relation-
ship (results not shown). Thus, athough differences in time
integration account for differences in p;/p, between our study
and the study of Marshall and Ehleringer (1990), they do not
account for differences in how closely data fit the theoretical
relationship.

The inverse relationship between 3*3C and precipitation for
the two species of Juniperus is similar to the relationships
reported for Eucal yptus species (Anderson et al. 1996) and for
plant communities (Stewart et al. 1995) along precipitation
gradients. However, others have reported positive correlations
between 5'°C and precipitation (Read and Farquhar 1991) or
no correlation (Schulze et al. 1996a, 1996b, 1998). We postu-
late that these differences cannot be accounted for by differ-
ences in experimental design (e.g., single species versus
community, or in situ versus common gardens). Rather, the
differences in correlations between 3%*C and precipitation
among studies reflect both the extent that drought limits the
physiology and growth of aparticular species (or community),
and the species-specific mechanism (i.e., phenological, physi-
ological, structural) used to adjust to drought. For example,
Read and Farquhar (1991) note that drought may be less
important than temperature for the genus Nothofagus, and
Schulze et al. (1996a, 1996b, 1998) point out how phenologi-
cal patterns and species replacement act to maintain almost
constant values of 3°C along precipitation gradients. For the
two juniper species in our study, changes in g, appear to be
important for increasing assimilation without causing asignifi-
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Table 7. Mean comparisons for gas exchange parameters and cuvette environment conditions among the five sampling periods. Means with the
same |etter in a column are not significantly different from one another (P > 0.05).

Ag Amd Anit Ed 9d WUEg g Tid PPFDg  Nie Yod Ymd
(umol (nmol  (pmol (mmol (umol  (mmol (ul I"l) (°C)  (mmol (%) (MPa) (MPa)
gldy™ g7's™) (molN)TsT) glday™) g7's) molT m=?s™
Fall 1994 70a 450a 6.71a 50a 37a 142a 26lab 287d 113 0958 -29a -34a
Spring 1995 153b 7.82b 12.28b 60 a 91b 246b 264b 194a 093 092a -20b -26bc
Summer 1995 138b 815b 11.65b 100 b 90hb l41a 270b 26.0c 1.09 101b -19b -23c
Fall 1995 160 b 841b 1145b 7la 62a 235b 237a 241b 118 105b -22b -29b
Summer 1996 142b 840b 11.65b 103b 80hb 142a 263b 286d 111 103b -19b -25bc

Table 8. Results from analyses of variance of mid-morning gas exchange parameters and cuvette environmental conditions to examine variation

among compass directions.

Values of P from analyses of variance; nsindicates that P > 0.05.

Source of error df PPFD T VPD A E g WUE
Range (Block) 5 - - - - - - -
Altitude 1 ns 0.034 0.039 ns ns ns ns
Range x Elev. (Error A) 5 - - - - - - -
Season 3 ns <0.001 <0.001 0.005 <0.001 0.035 0.005
Elev. x Season 3 ns ns ns ns ns ns ns
Range x Elev. x Season (Error B) 26 - - - - - - -
Direction 3 <0.001 <0.001 ns <0.001 0.006 ns <0.001
Elev. x Dir. 3 ns ns ns ns ns ns ns
Dir. x Season 9 ns ns ns ns ns ns ns
Elev. x Dir. x Season 9 ns ns ns ns ns ns ns
Range x Elev. x Dir. x Season (Error C) 108 - - - - - - -

Least sguared mean values by compass direction. Mean comparisons for variables with a significant compass direction factor are indicated by
lower case |etters; means with the same letter are not significantly different (P > 0.05).

Direction  PPFD T, VPD Wy Wy A E g WUE
(mmol m™@s™)  (°C) (kP) (MPa) (MPa) (nmolg™ts™® (umolg?ts™ (umolg™ts™  (mmol mol™
East 140c 229c 2.24 -3.0 -35 515b 219b 90.0 2.67c
North 1.13b 226b 2.17 -29 -34 490b 216b 98.2 237b
South 1.30c 228¢c 2.17 -29 -34 493b 207b 86.2 250c
West 0.70a 22.1a 214 -29 -35 355a 187a 93.0 190a
Mean 1.13 22.6 2.18 -29 -34 4.63 2.07 91.8 2.28

cant change in water use efficiency.

Variation with altitude

Differences in assimilation by J. occidentalis and J. osteo-
sperma with altitude appear to be caused by differencesin the
timing of the optimum temperature for photosynthesis. The
functional relationships between A4 and irradiance, tempera-
ture, and W were not significantly different between high and
low altitudes, nor were any of the coefficients significantly
affected by atitude, indicating that a physiologica shift in
dependence on these factorsdid not occur. In addition, altitude
had no significant effect on N, 94, PPFD4 and W, suggesting
that thesefactorsdid not influence the variation in assimilation
rates with altitude. Miller et al. (1992) reported that maximum
assimilation rates of adult J. occidentalis occurred when tem-
peratures were near 30 °C. During spring 1995 at the low-alti-

tude plots, the greatest vaues of A4 occurred when maximum
daily leaf temperature was near 28 °C. Asthe growing season
progressed, maximum leaf temperature at low altitudes gradu-
ally increased to near 38 °C in summer 1996, concordant with
decreasing assimilation rates (Figure 4). High altitude plots
attained their highest Ay during fall 1995 and summer 1996
when maximum leaf temperatures were near 30 °C. Earlier in
the growing season, leaf temperatures at high-altitude plots
were low. Thus, we conclude that differencesin the timing of
optimum leaf temperatures for photosynthesis underlie the
altitudinal differencesin assimilation rates for J. osteosperma
and J. occidentalis.

Variation with season

Thelow assimilationrates(i.e., A4, Anit and Ang) of J. occiden-
talisand J. osteosperma during fall 1994 were probably caused
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by high water stress. Assimilation rates and gq as well as both
Wya and Wi during fall 1994 were the lowest recorded during
this study. Fall 1994 was the end of a regional drought year,
whereas 1995 and 1996 received above average or near aver-
age precipitation. For example, precipitation for the period
October 1993 to September 1994 was 69% (SE = 10%) of the
long-term average for the National Climate Data Center
weather station nearest to the study plots in each mountain
range (see Figure 1), compared with values of 122% (SE =
14%) and 90% (SE = 20%) for the periods October 1994-Sep-
tember 1995 and October 1995-September 1996, respectively.
Although both PPFDy and T4 differed significantly between
fall 1994 and spring 1995, they did not appear to have a major
effect on the difference in assimilation rates between fall 1994
and spring 1995. For example, thelower PPFD 4 in spring 1995
compared to fall 1994 should have had the opposite effect on
assimilation rates than that observed; i.e., a decrease from fall
1994 to spring 1995 rather than the observed increase. Mean
Tig during summer 1996 was within 0.1 °C of that during fall
1994, but both Ay and Ay;; were two times greater in summer
1996 than in fall 1994. Assimilation rates were not signifi-
cantly different among the four sampling periodsin 1995 and
1996, even though there were significant differencesin cuvette
environmental conditions (i.e., T, and PPFDgy) and W. Miller
et al. (1992) also noted little variation in assimilation for adult
J. occidentalis during the spring—early fall period.

Unlike assimilation, many environmental factors appeared
to influence leaf water use. Maximum Ey occurred during the
two summer sampling periods, but high E4 was not related to
a single environmental variable. Rather, high leaf water use
occurred when T, g, and W were near (but not necessarily at)
their maximum values. The interactive effects of leaf tempera-
ture and conductance on leaf water use were evident from the
comparison of fall 1994 and spring 1995. Thus, Ey did not
increase significantly between fall 1994 and spring 1995, even
though gq significantly increased (Table 7). Low leaf tempera-
turesin spring 1995 reduced vapor gradients between the | eaf
and air, which in turn helped minimize water use despite a 2.8
times increase in conductance.

Variation with compass direction

Although significant variation in cuvette environmental condi-
tions existed among the four compass directions, gas exchange
rates on the four sides of a tree were within 10--25% of each
other (Table 8). In generd, foliage on the west side of atree
had significantly lower gas exchange rates and cuvette condi-
tions than foliage on the other sides of a tree. Because meas-
urements at different compass directions were taken in
mid-morning, lower T,, PPFD, VPD cuvette conditions for
west-facing foliage were expected. However, the differencesin
gas exchange among compass directions are probably not
caused by differencesin T, or VPD. Means for T, and VPD
were within 1 °C and 0.1 kPa, respectively, of each other, and
these differences are too small to affect leaf gas exchange
greatly (Ormsbee et a. 1976, Miller et al. 1991, 1993). In
addition, no differencein mean Wpq and W4 existed among the
four directionsfor our single sampling period of fall 1994. The

largest difference among the different sides of the tree was in
PPFD. Based on light curves for Juniperus virginiana L.
(Ormsbee et d. 1976), the relative decrease in A with de-
creased PPFD was comparable with the relative difference for
east- and west-facing limbs of J. osteosperma and J. occiden-
talis in our study. In mid-afternoon, PPFD values would be
reversed between east and west sides, leading to correspond-
ingly similar changes in gas exchange rates.

Differences among compass direction are important for
sampling wood, twig and leaf tissue for 3'3C analysis of puri-
fied cellulose (Leavitt and Long 1984). The differencesin four
compass directions are large enough that the samples from
individual Pinus edulis Engelm. trees had to be pooled to
compensate for fluctuation in 3C values (Leavitt and Long
1986). These differences in 3C suggest that either carbon
assimilation or leaf conductance vary among compass direc-
tions. For J. occidentalis and J. osteosperma, variation in
conductance with compass direction was much smaller than
the variation in assimilation.

Conclusions

We cannot completely reject our null hypothesis. ecophysi-
ologica adjustments do not occur with some environmental
changes (e.g., dtitudina changes), but do occur in a north—
south pattern among mountain ranges. The small difference
among assimilation rates for the four compass directions was
predominantly caused by differencesin light, and these differ-
ences were mitigated by the daily movement of the sun. Be-
cause functional relationships between assimilation and
irradiance, leaf temperature, and W were not significantly
different between low and high dtitudes, atitudina differ-
encesfor any given range were mainly affected by the seasona
timing of optimum temperatures for assimilation. Seasonal
differences in assimilation rates were strongly influenced by
severe water stress, asindicated by the gas exchange measure-
ments during fall 1994. In contrast, g, as well as functional
relationships between assimilation and leaf temperature and
W,y differed significantly between northern and southern
ranges. However, the anatomical or physiological adjustments
underlying these differences were not determined. Nonethe-
less, our results coupled with other ecophysiological (Nowak
et al. 1998) and paleoecological (Nowak et a. 1994) studies
suggest that these two Juniperus species acclimate to, or are
tolerant of, relatively large environmental changes.
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