Arthur R. Tiedemann, Forestry and Range Sciences Laboratory, 1401 Gekeler Lane, La Grande, Oregon 97850

and

James O. Klemmedson, School of Renewabie Natural Resources, 325 Biological Sciences, Fast Building,
University of Arizona, Tucson, Arizona 85721

The Influence of Western Juniper Development on Soil Nutrient
Availability

Abstract

The objective of the research reported here was 1o assess the effect of western juniper (Junipenes occidentalis Hook.y invasion and
tree aging on soil nulrient availability in sagebrushi/grass ecosystems of central Oregon. Burley was used as a bioassay lest plant
to determine availabilities of N, P, K, and 8. The surfuce 15 em of soil from bencath juniper canopies (canopy soil) and intercanopy
areas (inlereanopy soill was collected for five age classes of trees ranging from 36 10 160 v. Nutrient availabilily dclermined by
bioassy in these soils was compared to an arcu where juniper had not invaded. Phosphorus availability of intercanopy soils was
significantly reduced for the two oldest tree classes. This resull suggested an alteration of P availability by the Tateral root system
of western juniper in Lhe inlercanopy areas that is linked 1o juniper maturity. In canepy soils, juniper did not influence N availahility.
Advancing juniper maturily was

ssociated with inereasing then decreasing P availability with the oldest tree class. The most striking
elfeel of juniper was increased S availability in canopy soils with advancing juniper maturity. Differential responses of N and 8
availabilily in canopy soils may reflect the luet that N mineralization is chicfly a biological process whercas $ mincralization is both
hiological and biochemical. Low inherent availubilities of N and S suggest that produclivity enhancement measures should include

{fertilizalion wilh these elements.

Introduction

The western juniper (Juniperus occidentalis Hook.)
vegetalion lype occupies about 1.2 million ha in
central and south-central Orvegon (Dealy et al.
1978} Over much of its range. western juniper
is expanding into the big sagebrush (Artemisia
tridentata Nuit.}/bluebunch wheatgrass (Agropyron
spicatwn (Pursh) Scribn. and Smith) vegetation
type (Caraher 1978, Eddleman 1987). This inva-
sion may be accompanied by redistribution of
nutrients among biotic and abiotic compartments
of thesc svstems (Tiedemann 1987). Shallow lateral
rools of juniper that extend well beyond the canopy
edge (Young et al. 1984, Everell e al. 1986) may
enable juniper 10 exploit moisture and nutrients
from a much greater area than that within the
canopy projection area.

Concern for western juniper invasion and the
impact on forage production has resulied in
management aimed at reducing the influence of
western juniper. Juniper removal is accomplished
by burning (Martin 1978), chaining and dozing
{(Winegar and Elmorce 1978). fuelwood harvest
(personal observations of the authors), and re-
cently, whole tree harvesling for fuel for electric
power generation (personal communication, Dr,
Lee Eddleman, Professor, Oregon State Univer-
sity). Chaining, dozing, and fuelwood harvest often

are followed by burning of residucs. Understanding
nutrient accumulation and cyeling palterns is an
essential step in assessing the consequences of var-
inug management strategies on sustainable produe-
tivity of semiarid woodlands such as weslern
juniper. If a large proportion of the nutrients on
a site are incorporated into aboveground biomass
compartments, whole-tree removal or burning of
residues could vesult in large losses of nutrients
and may impair future preductivity (Tiedemann

1987).

Resulls reported here are part of a larger study
te determine the influence of western juniper in-
vasion and development on nutrient accumulation
patterns in sagebrush/grass ccosystems (Coopera-
tive State Research Service grant No.
87-CRSR-2-3116, Influence of Western Juniper
Invasion on Nutrient Accumulation in Sage-
brush/grass Feosystems, A, R. Tiedemann and J.
0. Klemmedson, Principal Investigators). Hypoth-
escs relevant to the present study are that: 1) the
lateral root svstem of western juniper exploits avail-
able nuirients in the intercanopy spaces, and the
degree of change is related to the elapsed time of
juniper development: and 2) nutrient accumula-
tion by litterfall and a microenvironment more
favorable for accumulation and maintenance of or-
ganic matter and nutrients (Jenny 1930,
Tiedemann and Klemmedson 1986) in the area

Northwest Science, Vol. 69, No. 1, 1995 1

© 1995 by the Nornhwest Scientifie Association.



beneath juniper canopies results in changes in
availability of nutrients in that location (Tiedemann
and Klemmedson 1973, Barth 1980, Everetl et
al. 1986, Klopatek 1987).

Our objective was 1o determine changes in
availability of N, P. K, and 3 associated with inva-
sion and development of western juniper over time
by using bioassy of soil beneath juniper canopies
and in intercanopy arcas.

The Study Area

We conducted this study in central Oregon because
it has the greatest concentralion of weslern juni-
per (Driseoll 1964). The study area is at the Three
Springs Ranch aboul 14 km south of Prineville,
Oregon, in scetions 11, 14, 23, and 27 T16S5,
R15E.

Climate is continental with maritime influence
from storms originating off the Pacific coast {[ris-
coll 1964). The semiarid climate is characterized
by dry, hot summers and cold winters with most
of the precipitation as snow during the winter
months and rain during spring and fall. Mean an-
nual temperature at the airpart approximalely 7
km SW of Prineville is 9.5°C; mean January and
July temperatures are 0°C and 19.5°C, respec-
tively (United States Department of Commerce, Na-
tional Oceanic and Atmospheric Adminisiration
1973). Mean annual precipitation s 25.3 cm.

Soils are derived from Mount Mazama ash and
are relatively young. Mount Mazama erupted aboul
6600 v h.p. (Baldwin 1964} depositing ash over

basalt of local origin (United States Department of

Agriculture, Soil Conservation Service 1936). Soils
are Xerollic Camborthids of the Deschutes Series.
Texture is uniformly sandy loam; depth ranges
from 30 to 50 em. The massive nature of the
Mazama ash (all has resulied in uniform soil over
large areas (United States Deparment of Agricul-
ture, Soil Conservation Service 1986). No appar-
enl buried soil exisls over the hasall bedrock.
Oitcrops of basalt rock (blisters) are scattered
throughout the area suggesting that the terrain was
gently undulating prior to the Mazama ash fall.

Vegetation of the understory is dominated by
big sagebrush, rabbitbrush (Chrysothamnus spp.),
bluebunch wheatgrass, and Idaho fescue (Festuca
idahoensis Elmer). Cover of understory vegetation
is highly variable, but averages ahout 25%.
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Procedures
Conceptual Approach

Following the state factor approach of Jenny (1961}
and Major (1951), the canceptual model for this
study,

Nevo Pawe Koy Bay = Moy, thets o0 o

stales that availability of N, P, K, and S are a func-
tion of juniper invasion (o;) and time (1) of juniper
occupancy of a site, while state factors of climate
(¢l), biotic factor other than juniper (o), topogra-
phy (v}, and parent material (p) are held constant,
or nearly so. Using this model, we carried out field
sampling with rigid control of ¢l, o, r, and p such
that their effeet would be small relative to the ef-
fect of o, and .

For the small study area, climale, lopography
(<< 5% uniform easiward slope) and parent mate-
rial were very uniform. Understory vegetation of
shrubs and herbhs was variable, and the impact of
the biotic factor other than juniper (i.e., herbivores,
humans, fire} appeared o be slight; in neither case
did the distribution of the biotic subfactors appear
to be related 1o juniper presence or size. Although
shrubs and herbs may influcnce distribution of soil
and litter nutricnts (Garcia-Moya and McKell 1970,
Tiedemann and Klemmedson 1973, Klemmedson
1983}, the scale of distribution is small relative to
that of western juniper and was controlled by sam-
ple location.

The study arca showed no evidence of recenlt
domestic grazing or disturbance to the area beneath
trees. Evidence of firewood removal was sparsc.

We selecled five separale replicale sites for
sampling, all within a distance of & km. At each
replicale site, we selected three trees in cach of
five size (age) classes and randomly selected one
tree in each size (age) class for sampling. This
resulted in a total of 25 sample trees—five rephi-
cations of five size (age) class weslern juniper.
These are referred to as tree class 1 through 5.

At each of the five sites, we sclected a 5 to 10
ha open area with no juniper invasion that we re-
fer to as “No Juniper.” Within each open area,
three plots were established by random distance
and direclion from a central starting point. One plot
was randomly selected from these for sampling.

Tree ages were determined from sections taken
from the butt section of trees cut as part of the
larger study. Samples were aged by France Biondi,




Laboratory of Tree Ring Research, University of
Arizona. Average lree age ranged from 36 v for
trec class 1 to 160 v for tree class 5 (Tahle 1).
Average height ranged from 3.3 10 9.9 m,

A sample of soil about 30 by 30 cm to 15-cm
depth was collected from each of the following lo-
cations al each sile: a dislance ol 0.5 canopy ra-
dius due north from the base of each western
Juniper: 4.0 canopy radii due north from the base
of each tree (intercanopy); and at the selecled sam-
ple plot in the open site (*No Juniper”).

TABLE 1. Average age and height of S classes of western ju-
niper sample trees,

Tree Age - yr Height  — m
lass Average Range Average Range
1 36 21-58 3.3 2.9-3.8
2 52 36-68 4.8 4.1-0.0
3 62 41-85 7.0 5.7-8.2
4 81 44-135 9.5 8.5-11.7
3 160 108-231 9.9 9.2-10.4

Bioassay Trial

A bioassay trial (Jennv et al. 1950) was used to
determine availabilities of individual nutrients N,
P, K, and S. Soils were air-dried, mixed thoroughly.
and sicved to remove particles larger than 4 mm.
The five fieid sites served as replications for the
greenhouse bioassay trial. Soil (400 g) was weighed
into plastic pots to which the following nutrient
treatments were applied:

TREATMENT NUTRLENTS ADDED
Control No added nutrients
No nitragen (N} P.oK, S

No phosphorus (Py) N, K. 5

No potassium (Ko) N. P S

No sulfur {85;) N. P, K,

Full nutrient lreatment N, P, K. S

Nitrogen was added at a rate of 134 mg.kg™
as ammonium nitrate; phosphorus at 89 mg.kg™
as calcium dihydrogen phosphate; potassium a1 45
mg. kg™ as potassium chloride; and sulfur at 45

mg.kg™' as magnestum sulfate. These sources of

P and 5 offer little risk of confounding with Ca and
Mg. which are rarely deficient in westlern soils, with
some exccptions such as serpentine soils and highly

leached, acid soils (Bohn et al.. 1979).

Barley seeds were sown into the pots, thinned
Lo three plants per pot, and grown in a controlled
environment chamber with 12-hour photoperiod
with full spectrum, high output fluorcscent lamps
at 24°C daytime and 19°C nighttime tempera-
tures. Relative humidity was maintained a1 about
70% during the growth period. After 8§ weeks,
plants were harvested, oven-dried at 70°C and
weighed.

Study design was a split-split plot with trees
(tree classes 1 through 5) and *“No Juniper™ as a
main eftect, location {canopy, intercanopy) as the
subplot effects and nutrient treatments as sub-
subplot effects in the SAS TInstitute Tnc. (1987)
analysis of variance. Mean separation was by the
least significant  difference (LSD) procedure
(Carmer and Swanson 1971).

Results

Analysis of variance showed ne significant differ-
ences among tree classes (including No Juniper)
or for the intcraction of tree classes X location (Ta-
ble 2}. The following were significant at p <0.005:
location (canopy, intereanopy). bioassay nutrient
treatments and the interactions of nutrient treat-
ments X tree class (including No Juniper), loca-
tion X nutrients, and trec class (including No
Juniper} X location X nutrient trealment.

TABLE 2. Analysis of variance {3AS) for biassay nutrient trial.

Probability

Source df =>F
Site {replications) 4 -

Tree class (TC) 5 3513
Site x TC 20 —

Location (L) 1 0049
TCxL 4 .1232
Site x TC x L 20 -

Mutrient treatment {Y) 3 L0001
TC x N 20 .0023
LxXN 5 L0001
TCx L x N 20 0032

Comparison of yields between the control and
full nutrient treatments averaged among tree
classes, “No Juniper” and canopy/intercanopy lo-
cations revealed that availability of one or more
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nutricnts was significantly reduced (Table 3). Aver-
age vield for the control treaiment for all tree
classes, “No Juniper,” and soil locations was L.21
g compared to 5.82 g for the full nutrient treat-
ment. Examination of vields of individual treat-
ments shows that yields of Ny and S (1.49 and
2.46 g, respectively) were significantly less than
those of the full nutrient treatment and, thus, were
chiefly responsible for low fertility of these soils
as indicated by the control treatment (Table 3). The
average vield for the Py treatment (5.22 g} was sig-
nificantly less than that of the full treaiment, but
the difference was not as substantial as that for N
and S. The K, and [ull ireaiment vields did net
differ significantly.

TABLE 3. Barley vields for 6 nutrient ireatments averaged
across tree classes und locutions.,

Yields (g}

Control N, P, K. S, I"uli

1.21% 1.497 5.22% 5.634 2.46° 5.824

Values with the same letler are not significantly different at p
< 0.05.

Relative yields (vield of any individual nutri-
ent treatment X, divided by the vield of the full
nutrient treatment X 100) for N ranged from 19%
in soil from “No Juniper” sites to 31% in canopy
soil (Table 4}, Relative vields for S ranged from

27% in “No Juniper” soil to 58% in canopy soil.
By contrast, relative vield for P and K exceeded
83% for all locations.

Because the three-way intcraction of tree
class X location X nulrient treatment was signifi-
cant (Table 2), it is appropriate to discuss the
source of that interaclion at the outset using Table
5. We first compare yields for soils of canopy and
intercanopy locations for tree classes 1 through 5.
For the control and full trcatments, barley vields
for canopy and intercanopy locations did not dif-
fer among tree classes. Similarity of yields for the
full treatment between locations and for all tree
classes indicated that the full treatment provided
an adequate supply of N, P, K, and S under con-
ditions of this hioassay Lrial.

TABLE 4. Relative vields 1] (percent) for N, P, K, and S for
open, inlercanopy, and canopy soils—average of
tree classes.

N P K. 5
Na Juniper 19 95 93 27
Intercanopy 22 43 a5 3l
Canopy 31 96 99 58

1] Relative vield = Xo treatment yicld (g) X 100

Full nuirient Irealment yicld (g)

Table 5 shows that the Ny yields did not differ
between the two locations for any tree class. This

TABLE 5. Comparisons of barley vields between western juniper canopy (C) and inlercanopy (1C) locations {or & nutrient treatments.

Treatment

Control N, P, K, S, Full
Loecation
C 1 C I ( C IC C 1C C 1C

Tree

Classes gipol

1 1.141 1.130 1.231 1.136 5.101 4.384* 5.008 2.375 1.602 3.022 5.341
2 1.242 B8 1.356 1.307 5.438 6.395 5.54 2.332 1.832 6.029 5.486
3 1.186 949 1.797 1.364 5.595 5.899 6.30 2.825 1.793 5.723 6.017
1 1.387 914 1.473 1.349 6.524% 3.839 5.722 4.358*%  1.681 A4 6.1419
5 1.353 987 2.023 2.339 4,240 3.330 5.572 4.417*%  2.037 5.188 6.134

LSD = 1.046 for comparison of differences between localions for cach tree und nutrient treatment.

* Denoles a significant yield difference (p < 0.05) between canopy and intercanopy soil for an individual tree class and trealment.

LSD = 1.123 for comparisons among Iree classes, nutricnls, and locations.
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suggests that invasion and development of west-
ern juniper has had no influence on availability of
N. The P, barley vields show that P was signifi-
cantly more available in canopy than intercanopy
soll, but only for tree class 4. The response of K
was in sharp contrast 1o that of P. The K, vield
for canopy soil was significantly less than that for
intercanopy soil for tree class 1; for other tree
classes, there were no location differences in K sup-
ply. The elfect of location on S supply was marked;
canopy soil was much higher in available S than
intercanopy soll for tree classes 4 and 5 (Table 5).

We now compare yields for canopy and inter-
canopy soils lor tree classes 1 through 5 and “No
Juniper” areas. This comparison provides an in-
dication of the long-term influence of western ju-
niper invasion and development on availability of
individual nutrients in each location. For the in-

tercanopy lecation, juniper invasion has affected
onty the supply of P; in the intercanopy soil it was
significantly less for tree classes 2, 4, and 5 than
for soil from “No Juniper” areas.

Juniper had a greater influence on canopy than
on intercanopy soils; differences among tree classes
were evidenl for the Py, Ko, and S, treatments (Fig-
ure 1). Yields for the P, treatment were the same
among “No Juniper” through tree class 3, but P
supply was significantly higher for soil of iree class
4 than that of tree class 1; P supply for soil of tree
class 5 was lower than that of all other tree classes.
Yields of the K, treatment declined hetween “No
Juniper” and tree class 1 (Table 2) indicating
reduced availability with tree establishment, How-
ever, K, vields then increased and remained con-
stant through tree class 5, indicating that K
availability increased afier the initial decline. Yields

7

[ JNo Juniper

Tree Class 1
[}]Tree Class 2
S|  MTree Class 3
M Tree Class 4
4, [ATree Class 5

Full

K S
0

o]

Bioassay Treatments

Figure L. Comparisons of canopy soil barley yiclds among the 5 tree classes and “No Juniper” for 6 nutrient treatments. Burs with
the same letter are not significantly different {p=0.05) within an individual treatment. LSD = 1.123
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for S5 were most definitive and showed distinet
trends with advancing juniper maturity. There were
no differences in Sy vield between “No Juniper”
and the first three tree classes. However. S availa-
bility increased markedly for the two older tree
classes (Figure 1}

Discussion

The similarity of available N in “No Juniper,” in-
tercanopy, and canopy soils was an unexpected re-
sult. Most studies of canopy/intercanopy soil
nutrient availability have shown differences for
available N between canopy and intercanopy lo-
cations. In our studies with mesquite (Prosopis
Juliflora Swartz. DC) using the same bioassay tech-
nique, available N in soil from beneath tree cano-
pics was 15 times greater than in soil from
intercanopy areas (Tiedemann and Klemmedson
1973). Barth (1980) found a 2.4-fold greater
nitrate-N concentration in soil under old {540 v}
pinyen pine compared 1o adjacent shrub-
dominated arcas. Moreover, nitrate-N concentra-
tion in s0il from beneath pinvon canopies was posi-
tively related to tree age from 15 to 540 y.
Klopatek (1987) examined available N (NHy-N and
NO;-N) in the 2- to 10-em so0il layer for two sites
with maturc pinyon-juniper trees 300 to 400 v of
age. At one sile, the available N was comparable
between canopy and intercanopy areas. At another
site, available N was 2X greater in soil beneath
canopies than in the interspaces. We observed no
similar response with increasing trec age.

Differences in N mineralization potential may
explain low availability of N in canopy soils of west-
crn juniper. Klopatek and Klopatek (1987} pro-
vide evidence that nitrifving bacteria are
substantially lower in soils beneath canopics of
pinyon-juniper trees than intercanopy soil. Possi-
ble reasons for low availability of N in canopy soils
include leaching of nitrate-N| uptake of available
N ions by the fine root system of juniper, high or-
ganic C/N ratios, and inhibition of microbial
processes by volatile oils from juniper foliage.

The observed similarity of available P in canopy
and intercanopy soils {Table 5) for the oldest and
largest trees (class 5) presented a contrast 1o
pinyon-juniper woodland siudies. These studies
(Barth 1980, Everetl et al. 1986, and Klopatek
1987) indicate improved P availability in soil be-
neath tree canopies (300 1o 540 y old) compared
to adjacent interspaces. However, our resulls do
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agree with those of Doescher et al. (1987). They
found no difference in available P (sodium bicar-
bonale extractable) in soil beneath canopies of ju-
venile (<40 v) or mature (>80 v) western juniper
compared to interspaces. Average age of class 4
trees, which exhibited greater P oavailability in
canopy than intercanopy soils, was 81 v. Our
results suggest there may be a period of time dur-
ing the development of western juniper between
44 and 135 v that P availability is enhanced in
the canopy soil compared to intercanopy soil.

Observed differences in available P hetween
canopy and intercanopy soils (Barth 1980, Klopa-
tek 1987, and Everett ef al. 1986) for pinyon pine
and Utah juniper (J. wtahensis (Fngelm.) Lem-
mon.)} has led to speculation that the lateral root
system affects nutrient status of open area soils.
There is evidence, including our observations. that
juniper reots extend well bevond the canopy edge
(Young et al. 1984). We found weslern juniper
lateral roots at a distance of 4 canopy radii al a
depth of about 30 ¢m in several sample holes.

Reduced availability of P in intercanopy soils
compared to “No Juniper” soils with increasing ju-
niper maturity (tree classes 1 and 5} suggests that
lateral roots of western juniper have influenced nu-
trient capital of the areas between trees. Qur resulis
also suggest that the degree of alleration is related
to age of western juniper. None of the studies cited
above have examined P availability as a function
of tree age for intercanopy soils.

Reduced K availability in tree class | canopy
soils compared to intercanopy soils and *No Juni-
per” areas (Table 5, Figure 1) may reflect high K
demand in young trees for nutrients as they allo-
cate a large part of their resources to roots and fo-
liage (Miller et al. 1990).

Results of this study on 5 supply, especially
compared o results for N, are noteworthy, Gener-
ally, differences reported in 504-5 between canopy
and intercanopy soils have been grealer than those
for NH4-N and NO;-N. Barth (1980). for exam-
ple, found 16X and 7.5X more SC4-S in the 0-
to 10-¢m and 10- to 40-cm layers of canopy soil,
respectively, than intercanopy soils. By contrast,
Barth’s canopy soils contained only 2.4X and 4.1X
more NO3-N at those depths than intercanopy soils.
Others (Klopatek 1987, Thran and Everett 1987)
have reported NO;-N up to 10 times higher in
canopy than intercanopy soils. In Klopatek’s study.
NH,-N comprised most of the available N. but the




canopy-intercanopy difference was only about
twofold.

Mineralization of soil N and S are in some
respects similar and in some respects different
(Starkey 1966, McGill and Cole 1987). Nitrogen
is mineralized by biological mineralization, whereas
S is mineralized by biological and biochemical
mineralization processes (McGill and Cole 1981).
That § has a dual mincralization system in con-
trast to the single system for N may help explain
the inconsistent relation between N and 8 miner-
alization noted by Bicderbeck (1978) and the
difference in v and S supply noted here. Presuma-
hly, biochemical reactions in the S mineralization
svstem would be relatively insensitive to volatile
oils present in the canopy cnvironment of this
study.

Conclusions

Low Py barley vields for intercanopy soils with ad-
vancing tree age suggests that the lateral root sys-
tem of western juniper may have transported
significant amounts of P from open areas to the
tree and canopy area. This result would seem to
support our hypothesis (1) that the lateral root sys-
tem exploits available nutrients in the inlercanopy
spaces. Without mass balance data, however, it is
uncertain whether reduced P availability in the in-
Lereanopy area is a consequence of P export by
juniper roots or altered conditions as a conse-
quence of the presence of the lateral roots. Our
data from the larger part of this siudy on mass hal-
ance ol nutrients should shed light on the ques-
tion of nutrient transport.

Availability of N and K in so0il beneath cano-
pies of weslern juniper was nol greatly enhanced
by invasion and development of the tree. Thus, for
these nutrients, we reject our hypothesis (2} that
nutrient availability beneath the canopy is improved
by litterfall accumulation and a microenvironment
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