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Coleogyne ramosissima Torr. (blackbrush) and Atriplex confertifolia [Torr. & Frem.] Wats. (shadscale) are
cold desert shrubs from different families. Despite very different life histories they often grow in close
geographic proximity in the Great Basin and the Colorado Plateau between 800 and 2000 m elevation.
The purpose of this study is to compare the ecophysiology of slow growing and reproducing blackbrush
with the ecophysiology of faster growing and reproducing shadscale. Metabolic heat and carbon dioxide
production rates were measured on leaf tissue from wild plants and on lab-grown seedlings at

i?ggggz:n temperatures from 10 to 35°C at 5°C intervals. Heat of combustion, ash content, and carbon and
Calorespirometry nitrogen contents were also measured. Substrate carbon conversion efficiencies and anabolic (or growth)
Respiration rates were calculated from the respiration data. The growth rate of blackbrush was found to be
Temperature approximately half that of shadscale because of lower respiration rate, but blackbrush begins growing

earlier in the spring and can grow at higher temperatures when water is available. Blackbrush was

observed to reproduce heavily when winter and spring precipitation is abundant.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

This study examines two species that grow in close geographic
proximity for similarities and differences in their respiratory and
growth characteristics. The study focuses on respiration and not on
photosynthesis because growth rate and fecundity are directly
related to respiratory characteristics. The anabolic rate, which can
be calculated from simultaneous measurements of respiratory CO»
rate and either O, uptake or metabolic heat production rate, is
a surrogate for growth and development rate. Measurements of
respiration rates as a function of temperature thus allow calculation
of growth rates as a function of temperature. This study focuses on
temperature as the environmental variable because in desert
climates water availability generally dictates the growth-season,
and thus determines the temperature pattern to which plants must
be adapted to successfully grow and reproduce in a given locale.
Adaptation of respiratory characteristics to the local temperature
pattern thus determines the success of a species within a given
ecosystem, but other environmental factors such as salt, water, soil
type and mineral availability may affect where plants grow within
that locale.
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Previous studies we have done on crop plants grown in different
seasons and locations (Taylor et al., 1998; Criddle and Hansen, 1999;
Matheson, 2000) and on wild plants adapted to different locations
(Criddle et al., 1994; Hemming et al,, 1999; Criddle and Hansen,
1999; Anekonda et al., 2004; Keller et al., 2004) show regular
changes in respiratory properties with latitude and altitude. Many
of the studies on wild plants were done on plants grown in
common gardens, thus showing the differences in respiratory
properties are genetic adaptations, not acclimation. These previous
studies examined differences in respiratory properties within
a species, between congeneric species, and between closely related
species adapted to differing latitudes, elevations, and growth-
season. Taken together, the results of these studies imply that
differential adaptation of respiratory metabolism to temperature
may explain how unrelated, but representative, species can coexist.
This study examines the respiration and growth responses to
temperature of two unrelated species that grow in close proximity
over a large area. So far as we can determine, this is the first
in-depth study of the respiratory and growth characteristics of
unrelated, autochthonous species that occur in close proximity.

Blackbrush grows in the southwestern United States in the
transitional zone between the warm Mojave and Sonoran deserts to
the south and the northern cold deserts of the Great Basin and
Colorado Plateau at elevations between 760 and 1980 m (Bradley,
1964; Ackerman and Bamberg, 1974; Ackerman et al., 1980; Lei and
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Walker, 1997; Pendleton and Meyer, 2004). Shadscale does well in
alkaline and saline soils, allowing growth at lower elevations than
blackbrush, and is found from Canada to Mexico (Ackerman and
Bamberg, 1974; Ackerman et al., 1980). While the ranges of black-
brush and shadscale overlap and the species are often found
growing in close proximity, they occupy different niches defined by
soil type. Blackbrush is almost completely confined to shallow,
coarse-textured soils, while shadscale is a specialist on deep, fine
textured soils. Blackbrush is not found on soils with excess solutes,
whereas shadscale, while not found on highly saline sites, is often
found on soils that contain moderate levels of solutes. The two
species are thus not competitors, but where they grow in close
proximity, must be adapted to the same patterns of temperature
and water.

There are significant differences in the biology, life histories, and
phylogenies of Blackbrush (Coleogyne ramosissima Torr.), which is
a shrub in Rosaceae, and of shadscale (Atriplex confertifolia [Torr. &
Frem.] Wats.) which is a shrub in Chenopodiaceae. The mechanisms
of adaptation of the two species are exceedingly different. Black-
brush is very slow growing and very long-lived, some individuals
reaching 400 years of age (Callison and Brotherson, 1985). In good
years, blackbrush produces perfect flowers for two to three weeks
from late March to early May but only when winter and spring
precipitation is abundant. Blackbrush exists only as a diploid with
a chromosome count of 2n =16 (McArthur and Sanderson, 1985).
Blackbrush is an ecotonal species and can be upset by frequent
large fires, road building and mining, and invasion by exotic species
(Callison et al., 1985; Pendleton et al., 1995). Stebbins and Major
(1965) described it as a paleoendemic species with little variation,
perhaps on its way to extinction. However, paleoecological
evidence indicates that blackbrush has a sufficient gene pool to
have evolved different ranges of tolerance (Wells, 1983) and to have
successfully migrated along environmental gradients in response to
climatic changes (Phillips and Van Devender, 1974; Spaulding,
1990). Populations of blackbrush also show differences in plant size
and germination characteristics (Pendleton et al., 1995). In shad-
scale, male and female flowers appear annually in the spring on
separate plants (Welsh et al., 1987). The species consists of five
ploidy races from diploid to decaploid. Shadscale plants of different
ploidy races are autoploid (Stutz and Sanderson, 1983) and
ecological differences exist among the races (Stutz and Sanderson,
1983; Sanderson et al., 1989), indicating rapid adaptation to new, or
changed, environments (Sanderson et al., 1990). Thus, blackbrush
apparently is adapted for a slow growth strategy for long-term
survival in an environment with little fluctuation of resources and
few rewards for rapid growth or a plastic growth response. On the
other hand, shadscale grows faster, reaches reproductive maturity
quickly, and produces long-lived seeds, a strategy that makes it
drought prone and short-lived relative to blackbrush, but successful
at the population level.

2. Materials and methods

The objective of this research is to measure respiration rates,
and from those data, calculate respiration efficiency and growth
rates as functions of temperature, and then to compare these
characteristics for blackbrush and shadscale. Metabolic and growth
responses to environmental temperatures can be determined by
calorespirometric measurements of metabolic heat and CO; rates
(Criddle et al., 1997, Criddle and Hansen, 1999; Smith et al., 1999;
Hansen et al., 2004, 2005). Catabolism and anabolism can be
separately characterized by this method (Hansen et al., 2002,
2004). The rate of respiration multiplied by the efficiency (i.e. the
ratio of anabolic rate to total respiration rate) equals the anabolic or
growth rate; therefore determination of respiration rate and effi-
ciency as functions of temperature can be used to demonstrate

adaptation of growth rate to environmental temperatures at
a particular locale (Hansen et al., 2002).

Seeds were gathered from different populations of blackbrush
(Appendix 1, electronic version only), germinated at 15 °C after
a pre-chill treatment (Pendleton and Meyer, 2004), and grown in
a growth chamber at 25 °C. Leaf tissue was also collected from
established wild populations near Moab, Utah (Appendix 1, elec-
tronic version only); branches were cut from 2 to 6 representative
plants, placed in a plastic bag in a cooler with ice, transported to the
lab and placed in a 5 °C refrigerator until the measurements were
made, usually within 48 h of harvest. Although seeds were gath-
ered from different populations of shadscale, germinated, and
planted in a greenhouse, the seedlings all died from fungal infec-
tion. Thus, shadscale data are for leaf tissue collected in the same
way as above from established populations (Appendix 1, electronic
version only) in the wild only. Where possible, shadscale accessions
of different ploidy levels were also compared.

Young, growing leaves were cut from the branches with a razor
blade and about 100 mg fresh weight placed in an ampule of an
isothermal calorimeter (Hart Scientific Model 7707 or Calorimetry
Sciences Corporation Model 4100) and the heat rate (Rq) and the
rate of CO; production (Rcp,) measured by the methods described
in Criddle et al. (1997), Criddle and Hansen (1999), and Hansen et al.
(2005). These measurements were repeated on a given sample at
temperatures ranging either downward from 20 to 10 °C or upward
from 20 to 35°C in five-degree increments. Replicates of tissue
samples were sometimes limited by the amount of young tissue
available, but were run as often as possible and range from two to
six. Dry weights were obtained after samples were dried in
avacuum oven at 70-80 °C for at least 24 h. Appendix 2 (electronic
version only) gives representative Ry and Rco, data. The dried
samples from metabolic measurement were used to determine
heats of combustion with a model 1425 Parr oxygen bomb calo-
rimeter calibrated with benzoic acid. Samples were ground and
combined to give 0.2 g samples for each combustion; four to ten
replicates were run. Ash content was determined as the mass
remaining in the combustion boat. Carbon and nitrogen contents
were determined on the combined material with an elemental
analyzer (Costech, Model ECS 4010); five replicates were run.

Predicted growth rate is calculated as

RsgAHpg = —(1 —v5/4)AHo,Rco, — Rq (1)

where Rg is the specific anabolic (or growth) rate, and AHg is the
enthalpy change for the reaction

Csub + (N, P, K, etc.) — Gy +Xx0, (2)

which can be estimated from the difference in the heats of
combustion per C-mole of biomass (Cpjo) and photosynthate (Csyp)
(Hansen et al., 2002; Ellingson et al., 2003). v is the oxidation
number of carbon in the respiratory substrate, and AHp, is Thorn-
ton’s constant (Thornton, 1917), in general —455 +15 k] mol~! O,
or more exactly, the heat of combustion of the substrate per mole of
0>. Eq. (1) shows that growth can occur only at those temperatures
where —(1 —v,/4)AHo,Rco, exceeds Ry (Criddle et al, 1997).
(1—1ys/4) is the conversion factor between Rcp, and Rq that
depends on substrate carbon oxidation state. In this study the
substrate is assumed to be carbohydrate, with ys=0 and
AHp, = —470K] mol~! 0,, yielding —470Rco, in uW mg~! dw for
the first term in Eq. (1). An example of RscAHp data is shown in
Appendix 2 (electronic version only). Several previous studies
(Criddle et al., 1997; Criddle and Hansen, 1999; Ellingson et al.,
2003) show that RsgAHjp is directly proportional to the relative
growth rate of young vegetative tissues measured by traditional
methods.
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The calorespirometric ratio Rq/Rco, is a measure of efficiency for
growth driven by aerobic respiration. Eq. (3)

Rq/Reo, = —(1 —7s/4)AHo, — 4Hgle/(1 — ¢)] (3)

shows how the calorespirometric ratio is related to ¢, the substrate
carbon conversion efficiency (Hansen et al., 2002). In aerobic
systems with carbohydrate substrate, decreases in Rq/Rco, indicate
a decrease in the catabolic/anabolic ratio, and hence an increasing
efficiency for producing anabolic products. An example of Rq/Rco,
data is shown in Appendix 2 (electronic version only).

3. Results

Composition and heat of combustion data are given in Appendix
3 (electronic version only). Carbon content is higher in blackbrush
than in shadscale because of the lower ash content in blackbrush.
Ash content of shadscale is 4-5 times higher than that of black-
brush. Nitrogen content of shadscale is twice that of blackbrush;
the N/C mass ratios are 0.081 +0.012 and 0.041 +0.002 for shad-
scale and blackbrush, respectively where the uncertainty is the
standard error of the mean. Heats of combustion per C-mole of
blackbrush (497 &9 k] Cmol~!) and shadscale (492 =9 k] Cmol 1)
are within the standard of error in the data, indicating there is no
difference between the species, and therefore an average carbon
oxidation number, yg = —0.21 +0.07 and AHg = +25 + 9 k] Cmol !
for both species. None of the variables in Appendix 3 (electronic
version only) correlate with ploidy of shadscale.

Figs. 1 and 2 show the rate of CO, production plotted against
metabolic heat rate for all the individual data points for shadscale
and blackbrush, respectively. The scatter around the least squares
line is largely due to variation in the ratio Rco,/Rq with measure-
ment temperature. The average substrate carbon conversion effi-
ciencies, calculated from the least squares slopes with zero
intercept, (70 +7)% and (74 & 5)% for blackbrush and shadscale,
respectively, do not differ significantly as shown by the standard
deviation. However, the maximum rates for blackbrush are less
than half those of shadscale (note the difference in scale in Figs. 1
and 2). This lower respiration rate is the primary reason that
blackbrush grows more slowly than shadscale. There is no apparent
effect of seed source on the respiratory properties of blackbrush in
Fig. 2. However, for shadscale, although ploidy appears to have little
or no effect on the metabolic efficiency (i.e. the slope in Fig. 1), the
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Fig. 1. Rate of CO, evolution (Rco,) plotted against metabolic heat rate (R,) for leaf
tissue from the different ploidy races of shadscale as indicated by different symbols.
The lower, gray line represents the heat of combustion of carbohydrate, y = (1/470)x,
and the upper, solid line is the least squares fit to the data with a forced zero intercept,
y=(0.00251 +£0.00019)x, 1* =0.962. Measurement temperature ranges from 10 to
35°C.
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Fig. 2. Rate of CO; evolution (Rco, ) against metabolic heat rate (Rg) for leaf tissue from
blackbrush seedlings grown from seed collected from different locations as indicated
by different symbols. The lower, gray line represents the heat of combustion of
carbohydrate, y = (1/470)x, and the upper, solid line is the least squares fit to the data
with a forced zero intercept, y=(0.00242 + 0.00015)x, r>=0.977. Measurement
temperature ranges from 10 to 35 °C.

respiratory heat and CO, production rates decrease and thus
growth rates decrease as ploidy increases. Appendix 4 (electronic
version only) shows anabolic rates (RsgAHg) within shadscale
populations at a given location decrease systematically with
increasing ploidy. However, quantitation of the effect of ploidy is
not possible from these data because tissue samples were collected
from the different populations at different times in the season.
Since the metabolic rates change with time of season (see Fig. 3),
anabolic rates cannot be compared between populations. Fig. 4
shows that blackbrush tissue collected from wild plants shows
a similar change in metabolic rate with time of season.

For shadscale tissue collected in Moab from late April through
early June, the highest anabolic rate (RscAHg) occurs in May and the
lowest in June (Fig. 3). The difference in these rates between May
and June is quite marked, with rates in June about half those in May.
Although the optimum temperature (25-30°C) changes little
through the season, RsgcAHp suddenly drops off at 35 °C for tissue
collected in April but not tissue collected later in the season, indi-
cating increasing tolerance for higher temperatures as the season
progresses.

Blackbrush leaf tissue collected from Moab showed a shift in the
optimum temperature for growth (RsgAHg) over the three-month
period (Fig. 4). In March, optimum growth occurred between 25
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Fig. 3. Specific growth rate (RscAHg) as a function of temperature, calculated from
metabolic heat and CO; rates, in microwatts (WW) per mg dry weight for shadscale leaf
tissue collected from Moab in late April to early June. The bars indicate the standard
error [SE = J(MSE x 2/r)] that applies to data points at each temperature.
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Fig. 4. Specific growth rate (RsgAHg) as a function of temperature, calculated from
metabolic heat and CO, rates, in microwatts (uW) per mg dry weight for blackbrush
leaf tissue collected from Moab 3/9/2004 (not in flower), 4/24/2004 (flowering), 5/11/
2004 (near end of flowering), and 6/3/2004 (past flowering—in fruit). The bars indicate
the standard error [SE = /(MSE x 2/r)] that applies to data points at each temperature.

and 30 °C and by May shifted to 35 °C, apparently in response to
rising average temperatures. In blackbrush, the highest anabolic
rates were in tissue collected in May, while leaf tissue collected in
April showed rates almost as low as leaf tissue collected in June
(Fig. 4). The anomalously high rates measured in March compared
with April probably relate to flowering, which occurred from mid-
April to mid-May. Floral tissue (buds and young flowers) collected
in April had a much higher RscAHp than did leaf tissue collected at
the same time (Fig. 5) indicating that during early flowering the
plants’ resources were diverted from leaf growth to reproduction.

More detailed examination of the data in Figs. 1 and 2 shows the
temperature response of metabolism differs with the elevation of
the seed source for blackbrush and of the wild shadscale plants
sampled. Fig. 6A shows the averaged calorespirometric ratio
(Rq/Rco,) for blackbrush tissue grown from seed from populations
at higher elevations (Island in the Sky, 1866 m; Little Rockies,
1646 m; and Beaver Dam summit, 1450 m) and at lower elevations
(Kyle Canyon, 1280 m; Winchester Hills, 1189 m). Blackbrush
seedlings grown from seed from higher elevations had minimum
Rq/Rco, near 20 °C, while blackbrush from lower elevations had the
minimum near 25 °C. Note that a lower Rq/Rco, ratio indicates
a higher efficiency, see Eq. (3). Fig. 6B shows that the Rq/Rco, ratio
for shadscale responds similarly to temperature and elevation. The
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Fig. 5. Specific growth rate RscAHg as a function of temperature, calculated from
metabolic heat and CO, rates, in microwatts (uW) per mg dry weight for blackbrush
floral and leaf tissue collected 4/24/2004 from Moab. The bars indicate the standard
error [SE = J(MSE x 2/r)] that applies to data points at each temperature.
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Fig. 6. Rq/Rco, values as a function of temperature [A] for blackbrush seedlings
grown from seed from lower elevations (Winchester Hills, and Kyle Canyon) and
higher elevations (Island in the Sky, Little Rockies, Beaver Dam, Veyo Road, and South
of Bluff), and [B] for shadscale leaf tissue from wild plants from lower (Lake Mead
and Moab) and higher (Millard, Smokey Mtn, Smokey Hollow, Rush Valley, Four
Corners, Bigwater, and Cliff Dwellers) elevations. The bars indicate the standard error
[SE = J(MSE x 2/r)] that applies to data points at each temperature. Note that the
error bars for shadscale include the scatter caused by sampling plants at different
times in the season. The significant point to note is the shape of the curve is not
affected by this source of scatter.

values of the Rq/Rco, ratio and the associated uncertainties shown
in Fig. 6 show that at the optimum temperature, blackbrush
respiration may be slightly less efficient (78 4+ 1%) than shadscale
(82 +£1%) (p <0.05). At 10 °C, the differences in substrate carbon
conversion efficiency between the species, i.e. ¢=69+7% for
blackbrush and 74 + 5% for shadscale, are within the standard error.
At 35 °C shadscale may be slightly more efficient than blackbrush,
i.e. ¢ =62 £+ 2% for blackbrush and 69 + 2% for shadscale (p < 0.1).
Because the blackbrush was grown in a common environment, the
source of the variation with temperature in this species must be
genetic adaptation, not acclimation. The response of this charac-
teristic of respiration to temperature is remarkably consistent
between the species.

The figure in Appendix 5 (electronic version only) shows typical
examples of Arrhenius plots (i.e. plots of In(rate) versus reciprocal
Kelvin temperature, In(rate) = (In A) + (urate/T) where A and u are
constants) of Rco, and Rq for blackbrush and shadscale. (For refer-
ence, u=6 corresponds to Qipo=2.) The plots for shadscale are
linear from 10 to 25 °C above which the plots are curved with
decreasing slope. Plots for blackbrush show an abrupt decrease in
slope between 20 and 25 °C, but appear to be linear from 10 to
20 °C and from 25 to 35 °C. Above 35 °C the plots are curved with
decreasing slope. Appendix 1 (electronic version only) gives the
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Fig. 7. Correlation between the Arrhenius temperature coefficients for metabolic heat
rate (Rq) and CO; production rate (Rco, ), see Appendix 1.

Arrhenius temperature coefficients (uq and pc,) for all the pop-
ulations. In the lower temperature range, the u values are clustered
around 9 kK, corresponding to Qjo=3. The u values clustered
around 3 kK~! in the upper temperature range correspond to
Qio=14. The values of uq and pco, are strongly correlated
(r* = 0.961) as shown in Fig. 7, demonstrating that the catabolic rate
(Rq) and the sum of the anabolic and catabolic rates (Rcp,) have
similar temperature dependencies. In the lower temperature range,
Mco, > Hq» as required for a growth rate that increases with
increasing temperature. In the upper temperature range, fco, < fq,
as required for a growth rate that decreases with increasing
temperature. The curves of Rq/Rco, versus temperature in Fig. 6 are
a further reflection of the differing temperature dependencies of Rq
and Rco,. The temperature dependence of the growth rate is thus
determined by both the temperature dependence of the metabolic
rate and the temperature dependence of the efficiency, (see Fig. 6).
As indicated by the different temperatures of the minima in Fig. 6A
and B, the temperature of maximum efficiency and growth rate is
expected to decrease with increasing elevation and latitude,
requiring concomitant regular changes in p values. However, in this
study there are too few data points, and not favorably distributed,
to determine the correlation between p and latitude and elevation,
but the results do not disagree with the correlation found in a more
extensive previous study of three other desert shrub species
(Criddle et al., 1994). The previous study examined only the
correlation with ug, but Fig. 7 shows a similar correlation would
hold for uco,.

4. Discussion

The data in Appendix 4 (electronic version only), showing
decreasing RscAHp with increasing ploidy, agree with previous
observations on growth of shadscale. Shadscale plants with higher
ploidy numbers are generally smaller, particularly than diploid
plants (Stutz and Sanderson, 1983). The increase in ploidy
(2x-10x) appears to be the mechanism for physiological adapta-
tion of shadscale to new habitats. Diploid shadscale is found above
the level of the Pleistocene lakes, while polyploids grow in valley
sides and bottoms. These polyploids probably formed as the lakes
disappeared and new habitats appeared (Stutz and Sanderson,
1983). In general, available moisture decreases and salinity
increases with decreasing elevation in the shadscale range.
Increased ploidy is also correlated with increased osmotic capa-
bility (Sanderson et al., 1989), corresponding to increasing salinity
from foothills to valley bottom. The large ash content of shadscale
leaves reflects the halophilous character of this species.

As a surrogate for environmental temperature, elevation has
a clear effect on the temperature of maximum substrate
conversion efficiency (p <0.01) (Fig. 6) and therefore also on the
temperature of maximum growth rate of both blackbrush and
shadscale. Blackbrush seed germination requirements also vary
with elevation; populations from lower (warmer) elevations
have lower primary seed dormancy and shorter chilling
requirements than populations from higher elevations (Lei, 1997;
Pendleton and Meyer, 2004). Thus, while blackbrush has
commonly been assumed to be a paleoendemic species lacking
in genetic variation (following the original postulation by Steb-
bins and Major, 1965), there clearly is genetic variation among
blackbrush populations.

Shadscale and blackbrush tissue collected in Moab showed the
highest specific anabolic rates in May (Figs. 3 and 4), indicating that
they have both adapted to their environment so they grow most
when average temperatures are warmer, but when water is still
available. In agreement with the hypothesis that adaptation to
grow in a common environmental temperature pattern requires
similar respiratory responses to temperature, their responses to
temperature and elevation are very similar. These similarities in
responses of growth and respiration to temperature clearly exist
despite large differences in life histories and non-respiratory
characteristics. Some quantitative differences in respiratory prop-
erties other than temperature responses are present. The most
notable differences are that, at optimum growth temperatures and
time of season when growth rate is maximum, specific anabolic
rates of shadscale are approximately double those of blackbrush.
Although the temperature responses of growth and respiration
rates in the two species are very similar during the spring and early
summer, in mid- to late-summer the temperature responses of Rq
and of R¢p, differ. Blackbrush acclimates to higher temperatures
earlier in the season than does shadscale, and once it has adjusted
to higher temperatures, anabolic rates keep rising with increasing
temperatures, even in June (Fig. 5), while for shadscale, anabolic
rates flatten out or even drop off slightly between 25 and 30 °C
(Fig. 3). Blackbrush should therefore be able to carry out anabolic
activity in Moab even in the heat of summer as long as there is
sufficient water. In agreement with this, blackbrush, unlike many
other desert shrubs, has been shown to be able to utilize rare
summer rainfall events efficiently (Lin et al., 1996; Gebauer and
Ehleringer, 2000). Metabolic adaptation of blackbrush for slow
growth and growth at high temperatures so as to take advantage of
summer rain appears to result from natural selection for long-term
survival in an environment where resources (e.g. nitrogen and
water) are scarce, but relatively stable over the long-term. In
comparison, shadscale metabolism is adapted for fast growth and
early reproduction in the more variable environment of deep, fine
textured soils with a high salt content. These two very different
strategies are apparent in the metabolic characteristics and
apparently confine these species to their niches as defined by soil

type.
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