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DAM-FORMINGCACTI ANDNITROGENENRICHMENTIN A
PINON-JUNIPER WOODLANDIN NORTHWESTERNARIZONA

M()ll\ rhoinas Ihsrll' and Charles C. (irier^

Abstract. —In a pinon-junipcr woodland in nortliwi'stcrn Aii/ona, Lonncctcd basal cladodcs of a prickK pt-ar cactus

{Opuntio Jittoralis var. martiniaiw) ionn check dams (hat cause deposition ol N-rich detritus in interspaces otherwise

lackinu litter Seventy-eight percent of connected hasal eladodes measured in transects grew at an angle (w ith respect to

till' slope contour) < 45° —an orientation facilitating tleposition of flood-horne itehris.

Soil total N was significantly greater {F < 0.01) and organic C was greater, hut not significantly, a!)o\'e cactus dams
compared to helow cactus dams. Soil total N and organic C both above and below cactus dams were significantly greater

{P — 0.0001) compared to adjacent interspaces. Soil total N and organic C above cactus dams were equal to areas

beneath canopies (tree and shrub combined). Net NO3 (0-5 em depth) above cactus dams was significantly greater (P =
0.0001) than below cactus dams, at interspaces, and beneath canopies. Net NH4 (0-5 cm soil depth) above cactus dams
was significantly greater {P < 0.01) than below cactus dams and interspaces, and was greater (but not significantly) than

beneath canopies. At 5-10 cm soil depth, differences in net NH4 and net NO3 between sampling locations were not

significant except for the difference in net NO3 above and below cactus dams {P < 0.05). The litter layer above cactus

dams had twice as much total N (P < 0.01) as the litter layer beneath canopies (tree and shrub combined); differences in

net mineralized N were not significant between litter layers. Over the course of a single rainy season, detritus depth

behind cactus dams increased up to 23 cm, with a mean increase of 4.3 cm (sj —0.625, P = 0.0001).

Key words: prickhj pear cactus, nitrogen enrichment, growth habit, soil characteristics, check dams, detriltis, runoff,

bulk density, total nitrogen, organic carbon, mineral nitrogen, pinon-jtmiper woodlands, islands of fertility.

The growtli habit of Opuntia littoralis var.

martiniana (L. Benson) L. Benson consists of

connected basal eladodes growing across wood-
land slopes roughly along the contour Clad-

odes in contact with the ground sprout adven-

titious roots and become anchored. Sequentially

anchored eladodes fiuiction as check dams dur-

ing runoff events, causing deposition of flood-

borne detritus including surface soil, animal

feces, and litter of piiion pines, juniper, and
oak.

Piiion-juniper woodlands occupy at least 17

X 10*^ ha in the western U.S., with widespread
distribution in Colorado, NewMexico, Arizona,

eastern California, Nevada, and Utah (West

1988). These woodlands fall between mesic
conditions that support closed-forest canopies

and arid conditions in which plants are widely

spaced. Compared with forests of wetter envi-

ronments, pinon-juniper woodlands have low
biomass, leaf area, and primary productivity

(Crier et al. 1992). Woodland structure varies

but can generally be described as single trees

and shrubs and clumps of trees and shrubs sur-

rounded by a network of interspaces (Lanner

1981). Litter occurs in patches due to the non-

contiguous canopy cover, and soil N distribu-

tion corresponds to litter and canopy distribu-

tion (DeBano and Klopatek 1987, Tiedemann
1987). In mixed-species stands, patches may be
mosaics of different litter components.

Interspace and canopy area soils usually dif-

fer in characteristics such as concentrations of

nutrients, pH, bulk density, soil water, and in

numbers and species of resident microorgan-

isms and microarthropods (Everett and Shar-

row 1985, Klopatek 1987, Klopatek and Klo-

patek 1987), although there are exceptions to

this generalization (DeBano et al. 1987). Soil

organic matter and nutrients are concentrated

near the soil surface (West and Klemmedson
1978, Lyons and Gifford 1980, DeBano and

Klopatek 1987), and runoff from storms can

cany considerable amoimts of detritus rich in

organic matter and N (Fletcher et al. 1978).

Objectives of this study were (1) to charac-

terize the angle of growth (relative to slope con-

tour) of connected basal eladodes of Opuntia

littoralis van martiniana, (2) to compare litter

and soil properties above and below cactus
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Table 1. Sites of measurement of angle (relative to the slope contour) of connected basal cladodes. (Samples for soil

comparisons were taken only in the Hualapai Mountains [see Table 2].)
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basal cladodes with series ranging from 0.4 ni

to 2.5 m in length were nieasnred with an

engineer's acljnstable triangle as shown in Fig-

ure 1: a direction of growth parallel to slope

contour was 0° while a direction of growth per-

pendicular to slope contour either upslope or

downslopc, was 90°.

Soil and Litter Sampling

Site description. —Werestricted litter and
soil sampling to 1 of the 3 transect locations

(the Hualapai Mountains, 12 km southeast of

Kingman [Table 2, Fig. 2]), to minimize con-

foimding factors such as different soil types,

site histories, and land-management practices.

About 40% of the study site is open interspaces

(combined data [unpublished] from eighteen 2

X 2-m plots using Daubenmire s [1968] cover-

age classes, and from 12 permanently marked
25-m-long line transects using methods de-

scribed in Meeuwig and Budy [1981]). Inter-

spaces are mostly bare soil and rock surface,

with 3% grass cover (mostly Boiiteloua gracilis

[H.B.K.] Lag. ex Steudel and B. curtipendiila

[Michx.] Torr.) and traces of litter, herbs, and
ciyptogams. Shrubs, mostly scrub oak {Qiier-

ciis iurbinella Greene), cover about 30% of the

study area. Pinon pines {Piniis monophylla war.

falhix [Little] Silba) cover about 36% of the

area and Jiiniperiis osteosperma (Torr) Little

about 4%. The added cover of vegetation com-
ponents is greater than total vegetation cover

due to the presence of different vertical layers

of shrub and tree canopies and aggregation of

vegetation in clumps. Trees ranged in age from
seedlings to about 260 w (estimated fiom annuiil

ring counts of cores [unpublished data]). Age
estimates are approximate due to occurrence

of false rings in wood of pifion pines and
junipers.

Size range of soil surface patches covered

by cacti and associated litter accumulations

was estimated by measuring eveiy cactus dam
on a 25 X 25-m plot. Werecorded length, widtli,

and circumference for each cactus dam and
associated litter accumulation (32 total). The
area of soil surface covered by cactus dams and
litter was calculated as the area of a circle plus

1/2 the difference between the area of a rectan-

gle and a circle.

Soil and litter sampling approach. —
Sampling was stratified by woodland micro-

habitats: above cactus dams, below cactus dams,
interspaces, and beneath canopies. We took

Tahlk 2. (^Iiaractoristic'S of litter and soil saniplinf^ site

ill a pinoii-jiniipcr woodland in tlic Hualapai Mountains of
noitliwt'stern Arizona. Records (1967-1991) of licensed
livestock grazing show year-round grazing of cattle and
horses with year-to-year variation in season of heaviest use
and in number of animals (USDA BLM 1991).

Elevation: 1524 ni (5000 ft)

%slope-; 20-40

Aspect; north

Soil parent material; granite

Soil texture: sandy-loam

Soil classification'': Barkerville Series\

loamy, mixed, mesic, shallow\

Udorthentic liaplnstolls

Other soil characteristics'":

Al horizon 10 cm deep, 39% coarse frag.

pH surface soil interspace —6.5

pH surface soil under canopy —8.0

non-calcareous throughout

Species and %cover"^:

Pimi.s monophylla suhsp.jallax

Jiinipcrus osteosperma

Qtiereiis fitrbinella

Yueca hacatta

Opimtia littoralis var. iiuiiiiniana

RJiiis trilohata

Ceanothiis greggii

Canotiu holocantha

Bouteloua gracilis

Gutierrizia sarothrae

36.0%
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Fig. 2. Soil and litter sampling area in the Hiialapai Mountains of northwestern Arizona. The contour intenal is 12.2 in

(40 ft). Enlarged from U.S. Geological Sunex', Rattlesnake Hill. Arizona Quadrangle.

Torr. and a few other species was occasionally

(though rarely) present in litter samples along
with litter of the dominant species. With the

exception of hulk density samples, soil and lit-

ter samples were composited within microhah-
itat strata by combining equal umubers of equal-

sized indix'idual samples. Compositing followed

guidelines in Peterson and Cabin (1986) and
was suitable for the present study since we
were not examining variation within nucrohab-

itats. As pointed out b\' Crepin and Johnson

(1993), composite sampling can be used in



1996] Dam-I()Kmi\g Cacti and Nitrogen Enrichment 215

conjunction with stratification: i.e., the hmd-
scape can be cli\ ided into meaningful units and

good averages of soil properties obtained b\

compositing samples within each unit. All soil

and litter sampling was conducted in Jul\ 1991.

Bulk density. —Bulk density was deter-

mined by the exca\ation method (Blake and
Hartge 1986). T\vent>'-t\vo paired samples weie
taken 10.2 cm al)o\e an'' below cactus axes, 10

samples were taken fiom '"'^erspaces, and 10

were taken from beneath tree and shrub

canopies. Soil was e.\ca\"ated with a bulb planter

(diameter 5.5 cm at cutting edge), creating a

hole 7 cm deep. A thin, tough plastic bag was
placed in tlie hole, filled witli water, and then

emptied into a graduated c>'linder to deter-

mine hole \olume. Extracted soil was dried at

105° C and weighed, resulting in a weight-to-

\ olume measurement.
Total N, total organic C, .\nd soil tex-

ture. —Thirt)' pairs of soil cores (mineral soil

surface to 7 cm deep) were extracted with a

bulb planter (diameter 5.5 cm at the cutting

edge) adjacent to cactus axes (10.2 cm above
and below cactus axes), 30 li-om beneath cano-

pies, and 30 from interspaces. Samples were
taken near each of the 6 satellite plots estab-

lished for the net mineralization stud\ (see

below). Litter (all litter from surface to mineral

soil) was retained for detemiination of total N.

Samples were air-dried and stored in paper
wrappers. Soil samples originalK' taken for

determining bulk density (see above) were
added to these soil samples for a total of 51

samples from each side of cactus dams, 40
samples from beneath canopies, and 40 from
interspaces. One of the 22 paired bulk densit)

samples was lost and could not be included.

Samples were combined to create compos-
ites: above cactus dams 51 samples of soil were
composited to make 3 samples of soil, and 30
samples of litter were combined to make 3 lit-

ter samples. Below cactus dams (no litter pre-

sent) 51 samples of soil were composited to

make 3 soil samples. Beneath canopies 40 soil

samples were composited to make 3 samples of

soil, and 30 litter samples were composited to

make 3 litter samples. From interspace areas

(no litter present) 40 samples were composited
to make 3 samples of soil. AnaKsis was b>- Utah
State Universit}' Soils Testing Lab following

the Kjeldahl method (Bremner and Mulvane\
1982) to detennine percent total N, the Walk-
le\-Black method (Nelson and Sommers 1982)

for percent organic C, and methods described
b\ Gee and Bander (1986) for particle-size

analysis.

Net mineralized N.—The total amount of

N liberated from organic matter is "gross min-
eralization"; the quantity remaining after micro-
bial immobilization is "net mineralization" (Car-

lyle 1986). Net mineral N, the N available for

plant uptake, is an index of soil fertilitv'. To com-
pare soil N fertilit)' among woodland sites, net

mineral N was assessed by laboratorx' aerobic

incubations (Binkle\- and Vitousek 1989).

Seven pemianent plots were created on the

study site, the 1st plot serving as a central

point fiom which 6 satellite plots were created,

each 32 mfiom tlie central point at 60° inteniils

beginning with a random azimuth. Because of

topography, 1 plot was relocated 32 m from the

center of a satellite plot. From each plot center

8 cacti (0.5 to 5 m IroiP center) were selected

at 45° intervals beginnmg with a random
azimuth, for a total sample of 56 cacti.

Paired soil samples were taken 10.2 cm
from cactus axes on all 7 permanent plots be-

ginning li-om the easternmost cactus and mov-
ing clock-wise. Samples were composited com-
bining 4 individual samples into 1 composite

sample. Compositing and field processing (see

below) were perfomied immediatcK- upon the

extraction of 4 cores. For example, on the 1st

plot 4 cores 10.2 cm above cactus axes in the
90° -270° hemisphere of the plot were taken,

composited, and field processed before the

next 4 cores were drawn. This ensured pro-

cessing fresh soil. Fourteen composite sample

pairs were prepared.

At approximateh" midpoints of the six 32-m
lines creating satellite plots, 2 samples were
taken beneath canopies (piiion pines sampled

most heavily followed by scrub oak, mi.xed-

species canopies, and juniper) and 2 fiom inter-

spaces. Composites of 4 individual samples

were prepared and field processing completed

immediateK' as each set of 4 cores was drawoi.

Three composite samples were prepared.

Samples were taken with a 2-cm-diameter

soil corer to a depth of 10 cm. Preparation of

samples for anabsis followed methods outlined

in Vitousek et al. (1982): In the field cores were

divided into 3 components (litter layer, top 5

cm of mineral soil, and mineral soil between 5

and 10 cm soil depth) and composited. Com-
posite soil samples were sieved through a 2-
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30-39 40-49 50-59 60-69 70-79 80-90

degrees

Fig. 3. Angle of growth of connected basal cladodes with

respect to slope contour Zero degrees is a direction of

growth parallel to the slope contoin-; 90 degrees is a direc-

tion of growth peipendicular to the slope.

Table 3. Size distribution of cactus dams and associated

litter accumulations on a 25 X 25-m plot. The area mea-
sured was the soil surface co\'ercd b\ cactus dams and
associated litter

Size class

(m2)

0.05

0.1-1.0

1.1-2.0

2.1-3.0

3.1-4.0

10.30

Number of

cactus dams

1

16

6

6

2

1

mmscreen; litter was not sieved. Subsamples

were sealed in bags for detemiination of mois-

ture content, while a 2nd subsample of approx-

imately 10 g was placed in 100 ml 1 N KCl
adjusted with HCl to pH 2.5 with phenylmer-

curic acetate (PMA) added as a presei-vative.

Solutions were refrigerated, transported to the

laboratory, mixed frequently for 4 d, then

allowed to settle for 48 h. After settling, the

solution was removed with a pipette, and

NH4"^ and NO3 were determined at Bilby

Research Facilit>' at Northern Arizona Univer-

sity using methods described by Keeney and
Nelson (1982).

The remainder of composited field samples

(after removal of the above 2 subsamples) was
transported to the laboratory and incubated

aerobically following procedures in Vitousek et

al. (1982): Soils were wetted to approximately

field moisture capacity (assessed visually),

placed in plastic-covered cups, each of which
had a small air hole, and kept in a dark, moist

chamber at a constant temperature of 22° C.

During an 8-wk incubation period, samples

received distilled water (applied as a fine mist

to the surface with no mixing) as needed to

maintain an approximately constant moisture

content. So as not to disturb incubating sam-

ples, moisture content was assessed by visible

soil color easily observable through the clear

plastic incubation cups.

At the end of 8 wk, subsamples (approxi-

mately 10 g) of incubated samples weie taken

for determination of moisture content, and
subsamples of approximately 10 g were placed

in the KCl solution described above. These
solutions were shipped to the soils testing lab-

oratoiy at Utah State Universit)' for detemiina-

tion of NH4+ and NO3" (U.S. EPA 1983).

Change in deposit depth. —Depth of de-

posits above cactus dams (i.e., above con-

nected basal cladodes) was measured before

(Jul)') and after (September) the rainy season of

1991 on 6 of the 7 plots designated for net min-

eralization sampling (see above). Two sampling

points could not be relocated at the end of the

rainy season, making a total sample size of 46

cactus dams (i.e., 6 plots, 8 cacti per plot, minus
2). Depth was measured from base to top of

deposits in the area of greatest accumulation.

Statistical Analysis

A heterogeneity chi-square analysis followed

by a chi-square anabsis (Zar 1984) was per-

formed with the 3 data sets of angle of cactus

growth from the 3 mountain ranges.

Soil and litter analyses. —Tests of nor-

mality were performed for each data set (above

cactus dams, below cactus dams, interspaces,

and beneath canopies) of each soil and litter

characteristic sampled. A paired t test (»= =
0.05) was used to compare means of soil char-

acteristics abo\ e and below cactus dams, and
to compare the depth of deposits at cactus

dams l)efore and after the rainy season. An
anabsis of variance F-test (oc = 0.05) for unbal-

anced sample sizes (the GLM procedure in

SAS software [SAS 1985]) was used to compare
sample means of soil abo\ e and below cactus

dams with beneath canop\ and interspace sam-

ple means. Plots of residuals were generated to

assess equalit) of variance. Significant differ-

ences between means were separated and

lanktxi using a nniltiple comparison method
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Table 4. Results of paired t tests comparing sample means of soil characteristics above and below cactus dams, and
comparing depth of detritus above cactus dams between early July and mid-September A minus B refers to tlu' value
alio\e cactus tlams minus the \alue below.
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E

A. Bulk density
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D. NH4"^ 0-5 cm depth

3

16

14

12

10

8

6

4

2

F^T^^rn F = 4.93

p = 0.0067

above
cactus dams

below
cactus dams

interspaces beneath
canopies

3

E. NO" 0-5 cm depth
90

80

70 H

60
50

40

30 H

20

10

F = 11.21

p = 0.0001

p-SfWiife^'fe^^^

below
cactus dams

interspaces beneath
canopies

F. NH4"^ 5-10 cm depth

O)
5 -

4 -

3 -

2 -

1

F = 0.74

p = 0.5374

above below interspaces

cactus dams cactus dams
beneath
canopies

G. NO3" 5-10 cm depth
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Table 5. Comparison of sample means of soil characteristics at 4 woodland microhahitats (above and below cactus

clams, interspaces, and beneath canopies) at the Hualapai Mountains site. Superscript letters separate means signifi-

cantly different at °<: = 0.05. For te.xture, s = sand, si = silt, and cl —cla\. Samples are composites except for bulk den-

sity'. N = sample size and is followed in parentheses by the number of individual samples that were composited.

Attribute

Location

Above cactus dams
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I'aiu.K 6. Comparison of total \ and ni-t niinerali/.fcl N in tlit' littt-r la\t'r hcMU'atli tanopics with liltiT acciininlations above
cattns dams. N = sample size and is followed in pari-ntheses by tlie miniber of individnal samples that were eomposited.
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Q.

September
mean
depth 1 1 .4 cm

July mean
depth 7.1 cm

deposition at individual cactus dams

Fig. 6. Deposition at cactus dams during 1 season of summer thundershovvers; depths of detritus accumulations at 46

cactus dams in July and in September.

1987, Nobel 1989). Increased productivity in

desert prickly pear cacti is positively coirelated

with both number of new cladodes produced
and cladode size (Nobel et al. 1987). VVe do not

know if similar patterns occur in woodland
species of prickly pear. Additionally, Nobel
(1988) describes a tendency for "daughter" clad-

odes to replicate the orientation of "mother
cladodes and points out that if a particular

direction of growth is favorable, it may be per-

petuated. This happens because favorably ori-

ented cladodes are expected to be more pro-

ductive than other cladodes and produce more
and larger similarly oriented cladodes. This may
be occurring in dam-forming cacti, but it was
not investigated in this study.

Cactus dams lower soil bulk density and
enrich patches of woodland interspace with

organic matter, total N, and net mineral N, sug-

gesting that they may play roles in nutrient

cycling and other ecosystem processes. Some
possible functions of cactus dams are to (1) in-

crease woodland detritus storage, (2) increase

the rate of N turnover, (3) mitigate nutrient loss

in interspace areas, (4) reduce soil erosion and
dampen effects of disturbances, (5) provide

seedbeds, and (6) provide habitat for other

organisms.

Acknowledgments

We thank Ron Lanner and Helga Van
Miegroet for advice, encouragement, and assis-

tance. The senior author thanks Chuck Crier

for accepting an unconventional student and
for sharing his abundant cajoleiy and scientific

acumen.

Literature Cited

Barth, R. C. 1980. Influence of pin\ on pine trees on soil

chemical and ph\sical properties. Soil Science Soci-

ety' of America Journal 44: 112-114.

Barth, R. C, and J. O. Klemmedson. 1978. Shrub-

induced spatial patterns of dn' matter, nitrogen, and
organic carbon. Soil Science Society of America Jour-

nal 42: 804-809.

BiNKLEY, D., and E Vitousek. 1989. Soil nutrient avail-

ability. Pages 75-96 in R. W. Pearc\-, J. R. Ehleringer,

H. A. Mooney, and P W. Rundel, editors, Plant physi-

ological ecolog>'. Field methods and instrumentation.

Chapman and Hall, London/New York.

Blake, G. R.. and K. H. Hartce. 1986. Bulk density

Pages 363-375 in A. Klute, editor. Methods of soil

analysis, part 1: physiciil and mineralogical methods.

2nd edition. Soil Science Society of America, Inc.,

Madison, WL
Bremner, J. M., AND C. S Ml LVANEV. 1982. Nitrogen

—

total. Pages 595-694 in A. L. Page et al., editors.

Methods of soil analysis, part 2. 2nd edition. Agron-

omy Monographs 9. American Societ}' of Agronomy
and Soil Science Societ\' of America, Madison, Wl.



1996] Dam-forming Cacti and Nitrogen Enrichment 223

Carlyle, J. C. 1986. Nitrogen cycling in lorestccl ecosys-

tems. Forestiy Abstracts 47: 30(5-336.

Crepin, J., A.ND R. L. J()iiN.S()N. 1993. Soil .sampling for en-

vironmental assessment. Pages 5-18 ;/i M. \\. Carter,

editor. Soil sampling and methods of analysis. Lewis

Pnblishers, Boca Raton/Ann Arbor/London/ Tokyo.

D.\UBENMIRE, R. 196S. Plant conminnities: a textbook of

plant s\necolog>. Harper &: Row, NewYork.

DeBano, L. E, and J. M. Keop.\tek. 1987. Effect of man-

agement on nutrient dynamics in sonthwesteni pinxon

juniper woodlands. Pages 157-160 in C. A. Troendle,

M. R. Kanfmann, R. II. Hamre, and R. P Winokur,

coordinators. Management of subalpine forests: build-

ing on 50 \'ears of research. General Technical Report

RM-149. Rock> Mountain Research Station, Fort

Collins, CO.
DeBano, L. E, H. M. Perry, and S. T Overby^ 1987. Effects

of fiielwood harvesting and slash burning on biomass

and nutrient relationships in a pinyon-juniper stand.

Pages 382-386 in R. L. Everett, compiler. Proceed-

ings —pinyon-juniper conference. General Technical

Report INT-215. Intermountain Research Station,

Ogden, UT
Doescher, R S., R. E Miller, and A. H. Winward. 1984.

Soil chemical patterns under eastern Oregon plant

communities dominated by big sagebrush. Soil Sci-

ence Society- of America Jovmial 48: 659-663.

Everett, R. L., and S. H. Sharrow. 1985. Soil water and
temperature in hai"vested and nonhai"vested pinyon-

juniper stands. Forest Service Research Paper INT-

342. Intermoimtain Research Station, Ogden, UT.

Everett, R. L., S. H. Sharrow, and D. Than. 1986. Soil

nutrient distribution imder and adjacent to singleleaf

pin>'on crowiis. Soil Science Society' of America Jour-

nal 50: 788-792.

Fletcher, J. E., D. L. Sorensen, and D. B. Porcella.

1978. Erosional transfer of nitrogen in desert ecosys-

tems. Pages 171-181 in N. E. West and J. Skujins,

editors. Nitrogen in desert ecosystems. Dowden,
Hutchinson & Ross, Inc., Stroudsburg, PA.

Garcia-Moya, E., and C. M. McKell. 1970. Contribution

of shrubs to the nitrogen economy of a desert-wash

plant community. Ecology 51: 81-88.

Garner, W, and Y. Steinberger. 1989. A proposed mech-
anism for the formation of 'Fertile Islands' in the

desert ecosystem. Journal of Arid Environment 16:

257-262.

Gee, G. W, and J. W. Balider. 1986. Particle-size analysis.

Pages 383-411 in A. Klute, editor. Methods of soil

analysis, part 1: physical and mineralogical methods.

2nd edition. Soil Science Society of America, Inc.,

Madison, WI.
Grier, C. C, K. J. Elliott, and D. G. McCullough.

1992. Biomass distribution and productivity of Finns

edulis-Juniperus monospenna woodlands of north-

central Arizona. Forest Ecologv and Management 50:

331-350.

Keeney, D. R., and D. W. Nelson. 1982. Nitrogen —inor-

ganic foiTns. Pages 643-698 in A. L. Page et al., edi-

tors. Methods of soil analysis, part 2. 2nd edition.

Agronomy Monographs 9. American Society of Agron-

omy and Soil Science Society of America, Madison,

WI.
Klopatek, J. M. 1987. Nutrient patterns and succession in

pinyon-juniper ecosystems of northern Arizona. Pages

391-396 in R. L. Everett, compiler, Proceedings

—

pinyon-juniper conference. General Technical Report
INT-215. Inteimountain Research Station, Ogden, UT.

Klopaiek, C. C, and J. M. Klop.viek. 1987. Mycorrhizae,
microbes and nutrient cycling processes in pinyon-
juniper systems. Pages 360-364 in R. L. Everett,

compiler. Proceedings —pinyon-juniper conference.
General Technical Report INT-215. Intermountain
Research Station, Ogden, UT.

Lanner, R. M. 1981. The pinon pine: a natural and cul-

tural history. University of Nevada Press, Reno.

Lyon,s, S. M., and G. E GlKEORD. 1980. Impact of incre-

mental smface soil depths on plant production, tran-

spiration ratios, and nitrogen mineralization rates.

Journal of Range Management 33: 189-196.

Meeuwig, R. O., and J. D. Budy. 1981. Point and line

intersect sampling in pinyon-juniper woodlands.

General Technical Report INT-104. Intermountain

Research Station, Ogden, UT.

Nelson, D. W, and L. E. Sommers. 1982. Total carbon,

organic carbon, and organic matter. Pages 539-579 in

A. L. Page et al., editors. Methods of soil analysis,

part 2. 2nd edition. Agronomy Monographs 9. Ameri-

can Society of Agronomy and Soil Science Societ)' of

America, Madison, WI.
Nobel, P S. 1988. Environmental biology of agaves and

cacti. Cambridge University' Press, Cambridge.

.
1989. A nutrient inde.x quantifying productivity' of

agaves and cacti. Journal of Applied Ecology 26:

635-645.

Nobel, P S., C. E. Russell, P Felker, G. C. Medin.^, and
E. ACUNA. 1987. Nutrient relations and productivity

of prickly pear cacti. Agronomy Journal 79: 550-555.

Petersen, R. G., and L. D. Calvin. 1986. Sampling. Pages

33-51 in A. Klute, editor. Methods of soil analysis,

part 1: physical and mineralogical methods. 2nd edi-

tion. Soil Science Society of America, Inc., Madison,

WI.
Richmond, D. L., and M. L. Richardson. 1974. General

soil map and inteqoretations, Mohave County, Ari-

zona. U.S. Department of Agriculture, Soil Conserva-

tion Sei'vice.

SAS. 1985. SAS user's guide: statistics, version 5 edition.

SAS Institute, Caiy, NC.
SCHLESINGER, WH., P J. FONTEYN, ANDWA. REINERS.

1989. Effects of overland flow on plant water rela-

tions, erosion, and soil water percolation on a Mojave

Desert landscape. Soil Science Society of America

Journal 53: 1567-1572.

SCHLESINGER, WH., J. E REYNOLDS,G. L. CUNNINGHA.M,

L. E HUENNEDE,WMJ.'VRRELL, R. A. VIRGINIA, AND
W. G. Whitford. 1990. Biological feedbacks in global

desertification. Science 247: 1043-1048.

Sellers, W. D., and R. H. Hill, editors. 1974. Arizona

climate, 1931-1972. University of Arizona Press,

Tucson.

Tiedemann, a. R. 1987. Nutrient accumulations in pinyon-

juniper ecosystems —managing for future site pro-

ductivity. Pages 352-359 in R. L. Everett, compiler.

Proceedings —pinyon-juniper conference. General

Technical Report INT-215. Intermountain Research

Station, Ogden, UT
Tiedemann, A. R., and J. O. Klemmedson. 1973. Effect of

mesquite on physical and chemical properties of the

soil. Joumal of Range Management 26: 27-29.



224 Great Basin Naturalist [Volume 56

USDABureau of Land Management. 199L Record of

licensed livestock, Hualapai Ph. allotment, 1967-199L
Kingman Resoince Area, Kingman, AZ.

U.S. EPA. 1983. Methods for chemical analysis of water

and wastes. EPA-600/4-79-020, revised March 1983,

Method 350.1, Method 353.2.

ViTOUSEK, P. M., J. R. Gosz, C. C. Grier, J. M. Melillo,
AND W. A. Reiners. 1982. A comparative analysis of

potential nitrification and nitrate mobility in forest

ecosystems. Ecological Monographs 52: 155-177.

West, N. E. 1988. Intermountain deserts, shiiib steppes,

and woodlands. Pages 209-230 in M. G. Barbour and

W. D. Billings, editors. North American terrestrial

vegetation. Cambridge University Press, Cambridge.
West, N. E., and J. O. Klemmedson. 1978. Stmctural dis-

tribution of nitrogen in desert ecosystems. Pages
1-16 in N. E. West and J. Skujins, editors. Nitrogen

in desert ecosystems. Dowden, Hutchinson & Ross,

Inc., Stroudsburg, PA.

Zar, J. H. 1984. Biostatistical analysis. 2nd edition. Pren-

tice-Hall, Inc., Englewood Cliffs, NJ.

Received 20 April 1995
Accepted 14 March 1996


