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Abstract. Soils that develop on areas of hydrothermally altered rock in the western 
Great Basin ofNevada support Sierran conifers, such as Pinus ponderosa, in a desert climate. 
These soils have low pH (:::::3.7) and low concentrations ofHC03 --extractable P (5.6~-Lg/g), 
coi?pared to adjacent brown desert soils supporting sagebrush (Artemisia tridentata) vege
tatiOn. The occurrence of Sierran conifers appears to be related to their tolerance of the 
unusual soil chemistry, high nutrient-use efficiency in growth, high reabsorption of foliar 
nutrients before leaf abscission, and slow growth rates. Most of these traits appear to be 
inherent characteristics of evergreen vegetation, and show little acclimation to the nutrient
poor conditions on hydrothermally altered rock. In contrast, plants of the Great Basin 
sagebrush vegetation are physiologically intolerant of the unusual soils that develop from 
hydrothermally altered rock and are excluded from such sites. 
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INTRODUCTION 

Abrupt discontinuities in plant distribution across 
soil types have always intrigued plant ecologists. Such 
edaphic control is often seen in soil contrasts that in
clude limestone, serpentine, or hydrothermally altered 
rock. Billings (19 50) described the occurrence of Sier
ran flora and vegetation on outcrops of soil derived 
from hydrothermally altered rock in the Great Basin 
Desert of Nevada. In this dry climate, islands of Pinus 
ponderosa Laws. and P. jeffreyi Grev. and Balf. sur
rounded by a regional matrix of sagebrush vegetation 
(Artemisia tridentata Nutt.) provide a striking contrast 
in physiognomy (Fig. 1). Billings (1950) found that 
Great Basin species could grow on altered soils only if 
they received amendments ofP and N. Conversely, it 
appears that conifers are excluded from typical desert 
soils by competition for water with desert vegetation 
(DeLucia eta!. 1988). Studying an analogous situation 
in the Sierra Madre of Mexico, Goldberg (1982, 1985) 
linked the occurrence of evergreen oaks to tolerance of 
low pH in the soils that develop from altered rock. 

Andesite is the dominant rock in much of western 
Nevada, and localized hydrothermal alteration of these 
andesites is thought to have commenced during the 
Miocene (Gianella 1936, Hutsinpiller 1988). Several 

' Manuscript received 23 November 1987; revised 18 April 
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hydrothermal springs are still active at low elevations 
near Reno. In the Great Basin, soils derived from an
desites form Xerollic Haplargids that are typical brown 
desert soils. Soils on altered bedrock are shallow Lithic 
Entisols, which are light colored and very acid (Billings 
1950). Acidity is derived from the weathering of pyrite 
deposited during the original alteration. 

Pinus ponderosa, P. jeffreyi, P. lambertiana Doug!., 
and other conifers occur on soils derived from both 
altered and unaltered rock in the Sierra Nevada, but 
in the western Great Basin Desert, these and other 
Sierran species are restricted to soils derived from al
tered parent material. Shrubs, particularly Artemisia 
tridentata, are strongly dominant on the adjacent brown 
desert soils. Pinus monophylla Torr. and Frem. also 
occurs on soils derived from unaltered rock on moun
tain slopes southeast of Reno, Nevada. 

The occurrence of Sierran species on soils derived 
from hydrothermally altered rock extends eastward to 
the western shoreline of Pleistocene Lake Lahontan at 
""1340 m elevation (Fig. 2). One of these sites (site 5) 
is near the abandoned mining town of Ramsey, 60 km 
east of the eastern slopes of the Sierra Nevada. We link 
the occurrence of Sierran species such as P. ponderosa 
at these sites to a probable widespread distribution of 
this forest type during the pluvial periods of the Pleis
tocene (Martin and Mehringer 1965, Spaulding eta!. 
1983, Wells 1983). As the climate dried during the 
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FIG. I. Open woodland dominated by Pinus ponderosa, 
P. jeffreyi, and P. lambertiana on soil derived from hydro
thermally altered andesite at 1700 m elevation on the south 
slope ofPeavine Mountain, northwest of Reno, Nevada. The 
surrounding vegetation is typical Great Basin sagebrush and 
associated species, dominated by Artemisia tridentata. 

Holocene, the Sierran species were left in relict com
munities on the hydrothermally altered soils (Billings 
1950). 

In this paper we characterize the soil conditions for 
pairs of adjacent sites occupying soils derived from 
hydrothermally altered and country rock near Reno, 
Nevada. Then, we examine the mechanisms that allow 
Sierran species to persist on nutrient-poor soils derived 
from altered rock. At least one mechanism may include 
an efficient use of nutrients during growth on nutrient
deficient soils. High nutrient-use efficiency (NUE) is 
seen in species that achieve high growth rates per unit 
nutrient uptake (Chapin 1980). We hypothesized that 
Sierran conifers would show greater NUE in growth 
than species of Great Basin shrubs. High NUE is also 
found in species that show greater retranslocation of 
foliar nutrients before leaf abscission (Vitousek 1982). 
We hypothesize that such reabsorption would be great
er in species of Sierran conifers than in Great Basin 
shrubs. 

METHODS 

Fourteen sites near Reno, Nevada were chosen for 
study (Fig. 2). These range from five sites at elevations 
of 1750-2100 min the Sierra Nevada, to nine sites of 
1400-2000 m elevation on Great Basin mountain 
slopes. Mean annual precipitation ranges from :::::950 
mm near the upper Sierra Nevada sites (e.g., sites 2, 
4, and 7) to :::::250 mm at Great Basin sites. 

Each site consisted of a pair of adjacent soil types: 
one derived from country rock and one derived from 
hydrothermally altered parent materials. At each site, 
a homogeneous 0.1-ha area on each parent material 
was chosen for vegetation and soil studies. Three sites, 
representative ofvegetation in the Sierra Nevada, and 
in the pinyon and sagebrush zones of the Great Basin, 

were designated as intensive study sites (DeLucia et al. 
1988, Fig. 2). During vegetation sampling, a composite 
sample of surface soil was gathered from 0-5-cm depth 
from five subsamples taken along a 50-m transect at 
each site. At the three intensive sites, these five sub
samples were analyzed individually to offer some mea
sure ofintrasite variability. All soils were dried at 80°C 
for 24 h and sieved to pass 2-mm mesh. 

Soils were analyzed for organic carbon and total ni
trogen using a CHN analyzer (Perkin-Elmer Model 
240C). Particle size distribution (% sand, silt, and clay) 
was determined following the hygrometer method (Day 
1965). A l :5 extract was prepared to determine soluble 
ions by shaking 30 g of soil with l SO mL of distilled 
water for 24 h. This was filtered through a 0.45-~m 
Millipore HA filter. A Ross Combination Electrode 
(Orion 83-02-00) was used to measure the pH of this 
solution with an Orion pH Meter (Model 701), and 
alkalinity, expressed as HC03 - concentration in mil
limoles per litre, was determined by titration with 0.01 
mol/L H 2S04 to pH 4.5 . Concentrations of soluble F- , 
CJ-, P04 3-, N03-, and so.~ were determined on a 
Dionex 2010i ion chromatograph, and Ca2+, Mg2+, Na+, 
and K + were determined on a Perkin-Elmer Model 3 70 
atomic absorption spectrophotometer. On separate 
samples of dry soil, HC03 - -extractable phosphorus 
(Olson et al. 1954) and soil pH in 0.0 l mol/L CaC12 

were determined for a further soil characterization. Al
though the HC03 - -extractable P method was devel
oped for use on soils of alkaline pH, it is often a useful 
index of available P in acid soils (Bowman et al. 1978, 
Muriuki and Barber 1983, Sharpley et al. 1987) and 
provided a convenient comparative measure in our 
study where adjacent soils contrast so strongly in pH. 

Foliage collections were made in the field during 
September 1986. Foliage was collected from all dom
inant species at the intensive study sites. Foliage of 
Pinus ponderosa, P. monophylla, and Artemisia triden
tata was also collected where these occurred at the 
remaining 11 sites. In every case, we collected :::::10 g 
of fully mature leaves from all points around the basal 
perimeter of the crown of five individuals of each 
species. We also made similar collections of attached 
senescent leaves that were ready to abscise. We con
sidered leaves ready to abscise if they fell off the branch 
when touched or when the branch was shaken lightly. 
Except at the intensive study sites, the foliage collec
tions from the five individuals were composited, re
sulting in one sample of mature and one sample of 
senescent foliage for each species at each site. 

Specific leaf mass (SLM; mglcm2) was calculated for 
mature and abscised leaves of species at the intensive 
study sites. For broad-leaf species, one-sided leaf area 
was measured with aLI-COR Model LI-3000 leaf area 
meter, and for needle-leaf species leaf dimensions were 
measured with calipers and total leaf area was calcu
lated by assuming simple geometric shapes. All foliage 
was dried at 90° before further analysis for N, using 
the Perkin-Elmer CHN analyzer, and P and Ca in dry 
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ash, following Greweling (1976). These analyses were 
performed by the Agronomy Analytical Laboratory at 
Cornell University and cross-checked with standard 
samples traceable to the National Bureau of Standards. 

When there were no differences in SLM between 
fresh and abscising foliage for a species, we used dif
ferences in nutrient concentration to calculate an index 
of nutrient-use efficiency that is the result of the reab
sorption of nutrients before leaf abscission (NUER), 
viz. (Concentration in Mature Foliage - Concentra
tion in Senescent Leaves) 7 (Concentration in Mature 
Foliage). 

We calculated nutrient-use efficiency during growth 
(NUEG) of seedlings in several experiments in the Duke 
University Phytotron. Seed collections were made in 
autumn 1985 from several sites near Reno. Seeds of 
Pinus ponderosa were collected from the foothills of 
Peavine Mountain, near the Desert Research Institute 
north of Reno. Those of P. monophylla were collected 
from the Virginia Mountains southeast of Reno, and 
Artemisia tridentata seeds were collected near the Des
ert Research Institute. Soils derived from altered and 
unaltered andesite were collected from adjacent sites 
on Peavine Mountain near the abandoned Nevada 
Central Mine. The soils were sieved to pass 6-mm 
mesh. 

After stratification seeds of each species were plant
ed in 350-mL, 7 em diameter pots containing field
collected soils. In a first experiment, seedlings of P. 
ponderosa and P. monophylla were grown in each soil 
type. Five seeds were planted per pot, and seedlings 
were thinned to one per pot soon after emergence. To 
facilitate drainage, the bottom of each pot was filled 
with 3 em of washed river gravel. Following 89 din a 
greenhouse, plants were randomly sorted into two 
groups for an initial and a final harvest. Plants com
prising the final harvest were then moved into a growth 
chamber in the Duke University Phytotron and grown 
for an additional 79 d. We maintained the growth 
chamber at 700 ~mol·s- 1 ·m- 2 irradiance (PAR) at the 
soil surface, 25° day: 15° night temperature, 70% rel
ative humidity, and 16-h day: 8 h night photoperiod/ 
thermoperiod. For the initial and final harvest, bio
mass was determined for roots, stems, and needles after 
drying at 60°. Plant tissues were analyzed for N, P, and 
Ca as described above for field-collected tissues. 

Unfortunately, seeds of Artemisia tridentata failed 
to germinate during the first experiment. Seedlings of 
this species were grown in a second experiment under 
identical conditions except that relative humidity was 
50%, field-collected soils were mixed with perlite to 
facilitate aeration, and the initial and final harvests 
were made after 37 and 52 d, respectively. 

The harvest data were used to calculate relative 
growth rate (RGR; Evans 1972, Hunt 1978), for which 
significant differences were determined by analysis of 
variance, followed by Tukey's Range Test (P < .05). 
Root specific absorption rate (SAR; Williams 1948, 
Hackett 1969) was calculated from the final nutrient 
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FIG. 2. Western Nevada and eastern California, showing 
the western shoreline of the Pleistocene Lake Lahontan (stip
pled), the extent of present-day lakes (hatched), and location 
of the study sites. Intensive study sites, as described in the 
text and by DeLucia et al. (1988), are circled. Base map is 
taken from Synder eta!. (1964). Sierran vegetation is found 
on altered rock at site 15, but that site was not sampled in 
the present study. 

content divided by the final root biomass. Nutrient
use efficiency in growth (NUEG) was calculated as final 
biomass divided by final nutrient content (Chapin 
1980). This index is the inverse of tissue concentration 
for experiments such as this, in which there is no se
nescence and loss of tissues. An alternative index of 
nutrient-use efficiency in growth (E), which gives added 
weight to the mass of plant growth during the experi
ment, was calculated following Siddiqi and Glass (1981 ). 
Small amounts of some tissues precluded the analysis 
of all constitutents in some samples. In these cases 
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FIG. 3. Principal component analysis of the soil data, in 
which each site is represented by a sample from altered (A) 
and unaltered (B) parent materials. All samples from altered 
sites form one cluster, while adjacent B sites are grouped 
according to vegetation (Sierran conifer, pinyon-juniper, or 
sagebrush). The first two axes explain 48% of the variance 
and are most strongly correlated with the 5 variables indi
cated, out of a possible total of 18 soil properties that were 
measured in each sample. 

indices of SAR, NUEG, and E were not subjected to 
statistical analyses because of missing data. 

RESULTS 

Soils 

To avoid a priori bias in favor of certain soil vari
ables, we used principal components analysis (PCA) to 
indicate which of the 18 measured soil parameters were 
most important in the contrast of soils from hydro
thermally altered and unaltered bedrock. Soils from 
Site 14, the area of current active hydrothermal venting 
at Steamboat springs south of Reno, were unusual in 
many respects, yielding a skewed distribution of sites 
in preliminary multivariate analyses of the data. We 
omitted those samples from the final PCA that uses 
the correlation matrix algorithm of the Statistical Anal
ysis System (SAS Institute 1982). PCA of all measured 
soil parameters in the remaining samples suggests that 
pH, alkalinity, and soluble calcium form the major 
contrast between soils derived from altered and un
altered bedrock (Fig. 3). 

The PCA suggests that all altered soils share basic 
similarities, but adjacent soils derived from unaltered 
parent materials differ depending upon whether they 
are found under forest vegetation in the Sierra Nevada 

or under pinyon-juniper woodland or sagebrush in the 
Great Basin. The secondary axis is correlated with %C 
(r = 0.48) and %N (r = 0.37), reflecting a greater ac
cumulation of these constitutents under forest vege
tation on both altered and unaltered sites than under 
sagebrush in the desert. Together these axes explain 
48% of the variance. Soil parameters that were not 
correlated with any of the first three axes (% sand, % 
silt, % clay, F, Cl, NO,, Mg, K, and Na) are not dis
cussed further. 

Although it was not strongly associated with the first 
two principal components, S04 was significantly cor
related with pH in the 1:5 extract (r = -0.53; n = 26 
from 13 sites) and in 0.01 mol/L CaC12 (r = -0.44). 
Similarly, water-soluble P was significantly correlated 
to pH (r = 0.61) and Ca (r = 0.59), and HCOrP was 
significantly correlated to pH (r = 0.33), %C (r = 0.40), 
%N (r = 0.37), and water-soluble P (r = 0.35). 

Mean values for the soil properties of greatest inter
est are given in Table 1, in which Great Basin sites are 
differentiated according to whether the surrounding 
vegetation is dominated by pinyon-juniper woodland 
or sagebrush. For most parameters, differences be
tween adjacent paired samples are greater in sites from 
the Great Basin desert than in sites in the Sierra Ne
vada. Soils derived from unaltered rock showed a mean 
concentration of available P of26.5 ~gig in bicarbonate 
extractions at pH 8.5. This value, which is typical of 
desert soils (Lajtha and Schlesinger 1988), may be sub
optimal for the growth of many agricultural species 
(Stevenson 1986). It is less than the mean for 168 USDA 
benchmark soils (Tiessen et a!. 1984), although the 
USDA samples are ground before analysis, a process 
which tends to increase extractable P (Lajtha and Schle
singer 1988). Soils derived from altered andesite in the 
desert are very acid (pH 3. 7) and have exceptionally 
low levels of phosphorus. Soils from altered and coun
try rock in the Sierra Nevada are similar in organic C 
and total N and show higher mean contents of these 
elements than in any soils from the Great Basin. Sur
prisingly, soils on altered rock in the Great Basin have 
higher concentrations ofC and N than adjacent desert 
soils supporting sagebrush. While these differences are 
not significant, they confirm the separation of these 
sites along the second axis of the PCA. 

Foliar analysis 

In nearly all cases in which the same species occurred 
across soil types, mean foliar concentrations of N, P, 
and Ca were slightly lower for plants growing on soil 
derived from altered rock. Although few of these dif
ferences are significant, this trend is seen for all dom
inant species that occur on both soil types at the in
tensive study sites (Table 2), as well as in comparisons 
of species that occur more broadly (Table 3). For species 
occurring at a large number of sites, there were few 
significant correlations between the nutrient content of 
mature foliage and soil parameters. In Pinus ponderosa 
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TABLE I. Soil chemical properties on altered and unaltered parent materials in the Sierra Nevada and Great Basin. All data 
are means with I SE in parentheses. Analysis of variance was used to distinguish main effects due to location and soil type; 
t tests were used to distinguish differences between soil types within a location. Asterisks indicate significance at P < .05. 

pH in Measured on I :5 soil extract 
0.01 

mol!L HCO,- so.~ Ca2+ p HCO,--Pt c N 
Location n CaCI2 pH (mg!L) (mg!L) (mg!L) (!Lglg) {!Lg!g) (mglg) (mg!g) 

Sierra Nevada 
Unaltered 5 5.72 6.23 0.30 1.01 6.38 0.54 22.6 0.234 0.011 

(0.19) (0.19) (0.06) (0.12) (1.03) (0.23) (5.2) (0.044) (0.002) 
* * * * * 

Altered 5 3.99 5.06 0.07 5.54 2.24 0.27 32.0 0.224 0.008 
(0.22) (0.17) (0.03) (1.46) (0.70) (0.22) (19.0) (0.031) (0.002) 

Great Basin 
Pinyon Zone 

Unaltered 4 6.19 6.70 0.56 1.21 4.06 1.14 23.3 0.142 0.008 
(0.24) (0.13) (0.21) (0.23) (1.1 0) (0.33) (6.1) (0.043) (0.002) 

* * * * * * 
Altered 4 3.66 4.81 0.04 6.46 0.98 0.02 2.9 0.107 0.005 

(0.12) (0.18) (0.02) (2.61) (0.43) (0.02) (1.7) (0.042) (0.002) 

Sagebrush zone 
Unaltered 4 6.55 7.00 0.45 0.84 6.07 2.81 31.4 0.078 0.006 

(0.17) (0.13) (0.11) (0.22) (2.15) (1.25) (4.4) (0.012) (0.001) 
* * * * 

Altered 4 3.74 4.69 0.03 19.86 2.64 0.16 5.6 0.115 0.009 
(0.15) (0.23) (0.02) (12.81) (1.55) (0.16) (2.9) (0.015) (0.002) 

ANOV A for main effects 
Location NS NS NS NS NS NS NS * NS 
Soil * * * * * * NS NS NS 

t HCO,--Pis a determination of available P from extraction at pH 8.5 (Olson eta!. 1954). 

needle P was positively correlated with soil C (r = 0.59), 
soil N (r = 0.61), water-soluble P (r = 0.57), and pH 
in CaC12 (r = 0.60), all at P < .05. Among Great Basin 
species, foliar P was negatively correlated to soil P in 
P. monophylla (r = -0.63 for HC03-P) and foliar Ca 
was positively correlated to water-soluble P (r = 0. 77) 
in Artemisia tridentata. 

There was little difference in specific leaf mass (SLM) 
between fully mature (11.74 mglcm2) and abscising 
(11.65 mglcm2) needles of P. ponderosa, indicating lit
tle accumulation or withdrawal of carbon compounds 
after needle elongation. Similar patterns were found 
for the other coniferous species. SLM increased with 
leaf age in Arctostaphylos patula, but the means were 
not significantly different. The pattern in A. tridentata 
was complicated by changes in the morphology ofleaves 
that are produced throughout the growing season (Mil
ler and Shultz 1987). Most of the autumn litterfall is 
composed of large, tridentate leaves produced in the 
spring; these leaves show little change in SLM before 
abscission (17.37 mglcm2 vs. 16.35 mglcm2). Fully ma
ture leaves on these shrubs during September are small 
leaves with high SLM (30.84 mglcm2) that are pro
duced late in the growing season and retained during 
the winter. 

Among species that occurred on both soil types at 
the intensive study sites, there were no significant dif
ferences across soil type in the fraction of N and P 
reabsorbed before leaf abscission (Table 2). Pinus jef-

freyi showed greater reabsorption of foliar N on soils 
derived from unaltered rock in the Sierra Nevada, but 
this difference is not significant due to a large standard 
error for the value from altered soil. Abscised leaves 
of Arctostaphylos patula had higher concentrations of 
P than fresh leaves, indicating transport of P to leaf 
tissue before abscission. This is particularly surprising 
since this species also shows higher SLM in abscised 
leaves. In all species, Ca concentrations in abscised 
tissues were higher than in fresh tissue, yielding a neg
ative reabsorption fraction. Thus, nutrient reabsorp
tion efficiency for Ca is not discussed further. 

Nutrient reabsorption efficiencies for Nand P were 
always higher in Pinus ponderosa than in Artemisia 
tridentata (Table 4). For P. ponderosa there was no 
tendency for greater mean reabsorption of foliar P 
among collections made on the low-phosphorus soils 
derived from altered rock in the Great Basin. Phos
phorus reabsorption efficiency of P. ponderosa was neg
atively correlated with soil HC03 - -extractable P (r = 

-0.54), but the correlation is not significant when a 
single outlier datum is omitted. Nitrogen reabsorption 
efficiency showed a significant (P < .05) negative cor
relation to soil organic C (r = -0.64) and total N (r = 

-0.57) in Artemisia tridentata. Pinus ponderosa, P. 
monophylla, and A. tridentata showed no significant 
correlations between the concentrations in mature fo
liage and nutrient reabsorption efficiency for any nu
trient. 
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TABLE 2. Comparisons of foliar nutrient concentrations and nutrient reabsorption in species that occurred on soils over both 
altered and unaltered parent materials at the intensive study sites. All data are means ± I SE, with n = 5, and t tests (P < 
.05) are used to distinguish differences between soils within species and nutrients. Significant differences between means 
are indicated by an asterisk. 

Concentration 
(mg!g) 

Fractional 
reabsorption 

Location Altered Unaltered Altered Unaltered 

Sierra Nevada 
Pinus jeffreyi 

N 
p 
Ca 

0.094 ± 0.003 
0.012 ± 0.001 
0.021 ± 0.002 * 

0.102 ± 0.005 
0.011 ± 0.001 
0.040 ± 0.004 

0.14 ± 0.34 
0.48 ± 0.04 

-1.20 ± 0.24 * 

0.55 ± 0.07 
0.44 ± 0.07 

-0.50 ± 0.11 

Arctostaphylos patula 
N 0.093 ± 0.005 
p 0.018 ± 0.002 
Ca 0.079 ± 0.016 

Great Basin 
Pinyon zone 

Pinus monophylla 
N 0.091 ± 0.005 
p 0.020 ± 0.001 
Ca 0.028 ± 0.002 

Juniperus osteosperma 
N 0.083 ± 0.008 
p 0.009 ± 0.001 * 
Ca 0.082 ± 0.006 * 

Amelanchier alnifolia 
N 0.126 ± 0.010 
p 0.010 ± 0.001 * 
Ca 0.121 ± 0.007 

Sagebrush zone 

0.111 ± 0.012 
0.019 ± 0.002 
0.106 ± 0.009 

0.096 ± 0.004 
0.020 ± 0.00 I 
0.021 ± 0.003 

0.090 ± 0.003 
0.012 ± 0.001 
0.108 ± 0.006 

0.128 ± 0.008 
0.016 ± 0.000 
0.131 ± 0.0 II 

0.66 ± 0.06 
-0.75 ± 0.42 
-1.11 ± 0.33 

0.45 ± 0.04 
0.65 ± 0.12 

-2.56 ± 0.31 

0.42 ± 0.07 
0.64 ± 0.07 

-0.33 ± 0.10 

0.60 ± 0.03 
0.29 ± 0.17 

-0.17 ± 0.04 

0.71 ± 0.06 
-0.27 ± 0.15 
-0.82 ± 0.21 

0.40 ± 0.05 
0.62 ± 0.08 

-2.69 ± 0.26 

0.44 ± 0.07 
0.66 ± 0.04 

-0.59 ± 0.16 

0.56 ± 0.07 
0.19 ± 0.09 

-0.11 ± 0.06 

No dominant species in common with those on altered rocks 

Phytotron experiments 

Seedlings of Artemisia tridentata showed a higher 
RGR than those of Pinus ponderosa or P. monophylla 
when each was grown in soils derived from either al
tered or unaltered andesite (Table 5). However, these 
data are somewhat deceptive. The high RGR for A. 
tridentata in altered soil was due to a relatively large 
percentage change from a very small initial biomass; 
these plants were nearly dead at the second harvest. 

For each species, RGR was not significantly higher 
when plants were grown on unaltered soil. Similarly, 
SAR for N and P showed no consistent tendency for 
higher values when the various species were grown in 
the richer soil derived from unaltered rock. There was 
no indication that P. ponderosa is specifically adapted 
to the lower availability of nutrients on altered soils 
by virtue of high rates of root uptake. Nutrient-use 
efficiency ofN in growth showed higher values for both 
P. ponderosa and P. monophylla than for A. tridentata, 
whether these indices were calculated as NUEG fol
lowing Chapin (1980) orE following Siddiqi and Glass 
(1981). Nutrient-use efficiency of N and P in growth 
of P. ponderosa was higher on soil derived from un
altered rock, but this pattern was not seen for P. mono
phylla. 

DISCUSSION 

Our soil data confirm earlier papers (Billings 1950, 
Salisbury 1954, Goldberg 1982, 1985) that report low 
concentrations of cations and phosphorus in acidic soils 
derived from hydrothermally altered rock. Soil differ
ences between parent materials show the strongest con
trast in desert regions, where climate (i.e., low precip
itation) has had the least modifying effect (Jenny 1980). 
Higher contents of organic carbon and total nitrogen 
in the Sierra Nevada presumably reflect the higher net 
primary production and input to soil organic pools 
under forest vegetation in mesic, montane conditions. 
This trend appears to extend to the occurrence of forest 
vegetation on altered soils in the Great Basin; these 
have higher concentrations of organic carbon and total 
nitrogen than adjacent desert soils supporting sage
brush. 

The very low availability of P in soils derived from 
altered rock is probably due to precipitation with Fe 
and AI minerals in acid conditions (cf. Salisbury 1954). 
Among the soil samples, water-soluble P was corre
lated to pH (r = 0.61 ), and extraction with HC03 - at 
pH 8.5 yielded much higher P concentrations (Table 
1). Although the principal component analysis found 
that pH, alkalinity, and Ca explained the most variance 
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TABLE 3. Nutrient concentrations in mature foliage for species occurring in many of the field sites. All data are means with 
I SE in parentheses. t tests showed no differences in mean concentrations in the two instances when a species occurred on 
soils over both parent materials at a site (P > .05); thus data within location were combined and analysis of variance was 
used to distinguish effects due to location. Dashes indicate that the species did not occur at that site. 

Location 
Pinus ponderosa Pinus monophylla Artemisia tridentata 

Vegetation N p Ca Sites N p Ca Sites N p Ca Sites 
zone (mglg) (mglg) (mg!g) (n) (mglg) (mglg) (mglg) (n) (mglg) (mglg) (mglg) (n) 

Sierra Nevada 
Unaltered 0.118 0.015 O.Dl8 2 0.117 0.018 0.028 3 0.143 0.023 0.049 4 

(0.029) (0.003) (0.006) (0.005) (0.000) (0.004) (0.010) (0.004) (0.005) 
Altered 0.081 0.010 0.014 4 

(0.007) (0.001) (0.003) 

Great Basin 
Pinyon zone 

Unaltered 0.097 0.017 0.027 4 0.139 0.020 0.052 4 
(0.002) (0.001) (0.003) (0.013) (0.002) (0.006) 

Altered 0.101 0.010 0.018 4 0.097 0.017 O.D31 2 
(0.008) (0.001) (0.001) (0.006) (0.002) (0.004) 

Sagebrush zone 
Unaltered 0.133 0.022 0.080 4 

(0.008) (0.002) (0.024) 
Altered 0.106 0.011 0.017 4 

(0.006) (0.000) (0.002) 

ANOV A for main effect 
Location NS NS NS * 

among sites, we suspect that the biological effect of 
these differences is likely to be found through their 
control on phosphorus availability. Goldberg (1985) 
was able to grow bodenvag species on soils from hy
drothermally altered rock with additions ofCaC03 , but 
the main effect ofCaC03 may have been exerted through 

NS NS NS NS NS 

its effect on soil pH and phosphorus solubility, as is 
the case in many temperate soils. 

When nutrients are reabsorbed from leaf tissue be
fore abscission, there is the potential for these constit
uents to be reused in subsequent growth. High fractional 
reabsorptions are often associated with nutrient-poor 

TABLE4. Percent nutrient reabsorption before leaf abscission for species occurring at many of the field sites on soils derived 
from different types of parent material. All data are means with I SE in parentheses. Statistical analysis as in Table 3. Dashes 
indicate that the species did not occur at that site. 

Nitrogen Phosphorus 

Pinus Pinus Artemisia Pinus Pinus Artemisia 
Location ponderosa monophylla tridentata ponderosa monophylla tridentata 

Sierra Nevada 
Unaltered 0.68 0.35 0.40 0.62 0.50 0.37 

(0.06) (0.10) (0.04) (0.08) (0.09) (0.08) 
Altered 0.63 0.54 

(0.03) (0.07) 

Great Basin 
Pinyon Zone 

Unaltered 0.48 0.56 0.60 0.44 
(0.04) (0.03) (0.02) (0.06) 

Altered 0.58 0.49 0.57 0.64 
(0.07) (0.04) (0.05) (0.03) 

Sagebrush Zone 
Unaltered 0.53 0.26 

(0.05) (0.08) 
Altered 0.61 0.62 

(0.03) (0.05) 

ANOV A for main effect 
Location NS NS * NS NS NS 
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TABLE 5. Relative growth rate, specific absorption rate, and nutrient-use efficiency for seedlings grown in the Duke University 
Phytotron. Data followed by the same superscript are not significantly different in ANOV A followed by Tukey's range test 
(P < .05). Dashes indicate insufficient material for nutrient analysis. 

Relative 
growth Specific absorption rate Final rate (mglg) Species (mg·g-'· biomass 

Soil d-') (g) N p Ca 

Pinus ponderosa 
Altered 13.8• 0.81" 19.0 2.0 2.0 
Unaltered 24.0• 1.13• II. 7 1.7 6.1 

P. monophylla 
Altered 7.4h 0.37h 20.8 5.6 
Unaltered 10.8b 0.46b 46.4 3.8 8.5 

Artemisia tridentata 
Altered 53.9c O.OJc 46.6 
Unaltered 64.2c 0.27d 21.1 

* See last paragraph of Methods. 

sites, conferring a greater efficiency of nutrient use in 
these species (Waring and Schlesinger 1985). In species 
in which SLM increases as a result of the accumulation 
of carbon compounds with tissue age, the initial nu
trient concentrations are diluted. This dilution suggests 
an apparent reabsorption of foliar nutrients when, in 
fact, there is no change in the content per unit of leaf 
area. In such cases, absolute reabsorptions of nutrients 
are indicated only when indices of nutrient reabsorp
tion efficiency exceed changes in SLM, when both are 
expressed on a fractional basis. In the absence of strong 
changes in SLM with leafage, our comparisons of nu
trient concentrations in fresh and abscised foliage are 
directly indicative of nutrient reabsorption efficiency 
(Tables 2 and 4). 

Conifers generally show higher reabsorption effi
ciency than broad-leaf species (Vitousek 1982, Waring 
and Schlesinger 1985). As we hypothesized, high reab
sorption efficiency in species of Sierran conifers may 
allow their occurrence on soils derived from hydro
thermally altered parent materials, but it is unclear that 
this process is enhanced in the exceptionally low P soils 
derived from altered rocks in the desert. Birk and Vi
tousek (1986) also found no tendency for greater reab
sorption of N per fascicle in Pinus taeda across a ni
trogen fertility gradient in the southeastern United 
States, and Pastor et a!. (1984) found little change in 
the concentrations of N and P in the litter of several 
species along a nitrogen mineralization gradient in 
Wisconsin. Reabsorption ofN and Pin Pinus ponder
osa is relatively high compared to mean fractional 
reabsorption of 0.52 N and 0.43 P calculated in a lit
erature review by Chapin and Kedrowski (1983); nu
trient reabsorption efficiency for Artemisia tridentata 
is lower. We suggest that long-term evolution in soils 
with relatively high availability of P has not selected 
for high nutrient reabsorption efficiency in desert species 
of the Great Basin, although these species show spe-

Indices of nutrient use efficiency during growth* 

NUEG E 
(mglmg) (g2/mg) 

N p Ca N p Ca 

114.2 1092 1082 0.093 0.889 0.880 
175.5 1239 336 0.198 1.402 0.380 

139.2 516 0.052 0.192 
60.1 135 328 0.027 0.337 0.150 

55.7 0.00057 
99.6 0.0270 

cialized mechanisms to enhance P uptake in calcareous 
conditions (Jurinak et a!. 1986). Great Basin species 
are excluded from acid, nutrient-poor soils unless P is 
added (Billings 1950). 

As we hypothesized, NUEG of Pinus ponderosa, a 
representative Sierran conifer, was greater than that of 
Artemisia tridentata, a representative Great Basin shrub. 
High NUEG was associated with low RGR. Many 
species that occupy nutrient-poor sites show little change 
in RGR when grown in nutrient-rich conditions (Cha
pin eta!. 1986). The growth of P. ponderosa was slight
ly, but not significantly, greater in soil derived from 
unaltered rock in the Phytotron experiments. None of 
the species studied showed a tendency for higher SAR 
when grown in soil derived from unaltered rock, unlike 
the response of chaparral shrubs (Gray and Schlesinger 
1983) and P. taeda (Birk and Vitousek 1986) to high 
N conditions. Sierran species survive on altered soil 
by slow growth and high nutrient-use efficiency during 
growth (Table 5) and in the reabsorption of nutrients 
before leaf abscission (Table 4 ). This suite of characters 
is typical of plants that are successful in a wide variety 
of nutrient-poor habitats (Grime 1979). 
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