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Nitrogen Mineralization in a Desert Soil:
Interacting Effects of Soil Moisture and Nitrogen Fertilizer1
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ABSTRACT
The responses of N mineralization to two patterns of supplemental

water, N fertilizer, and a drying-wetting episode were examined in
order to evaluate the effects of variation in timing and intensity of
natural precipitation on N availability. Field plots received either 6
mm water/week or 25 mm water/month with or without 10 g N m 2.
Samples were collected three times from July 1984 to March 1985
and incubated in the lab for 28 d. The effects of drought were sim-
ulated by drying soil at 35°C for 28 d followed by 168-d leaching
incubations. Supplemental water reduced 28-d mineralization by 22%
in soils collected during dry and moderate soil moisture conditions
(July 1984, October 1984) but had no effect on soils collected during
a moist period (March 1985). Nitrogen fertilizer had no effect on
28-d mineralization in soils from July but increased 28-d mineral-
ization by 58% in soils from October and March. Air-drying in-
creased mineralization rates across all field treatments during the
first 14 d of the 168-d leaching incubations. Mineralization rates
were lower in soils from watered plots in both the air-dry and field-
moist treatments. Air-drying interacted with both the water and N
treatments by increasing watering effects and decreasing fertilizer
N effects. The observed drying effects appear to be a net result of
several processes that, on the whole, tend to increase N availability.
Mineralization rates in both experiments were lower in 6 mm/week
soils than in 25 mm/month soils which, in turn, were lower than
unwatered controls. We hypothesize that increased moisture avail-
ability eventually leads to losses of mineralizable N as initially rapid
mineralization converts organic N to inorganic forms that are readily
lost from the soil.

Additional Index Words: Chihuahuan Desert, Larrea tridentata,
simulated rainfall, soil drying effects.
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NITROGEN CAN BE AN IMPORTANT FACTOR limiting
the growth of native plants in arid and semiarid

ecosystems. In some cases, N amendments must be
combined with water to produce significant growth
responses (James and Jurinak, 1978; Romney et al.,
1978). However, Ettershank et al. (1978) found in the
northern Chihuahuan Desert of southern New Mex-
ico, USA that perennial vegetation growth increased
by >100% in response to N fertilizer. In the present
study, we found similar responses for the growth of
the dominant perennial shrub, creosotebush [Larrea
tridentata (DC.) Cov.] (results to be reported else-
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where). Vegetation response to variation of N avail-
ability is not always evident in the northern Chihu-
ahuan Desert: Lajtha and Schlesinger (1986) found no
indication of increased growth of creosotebush or as-
sociated annual plants in areas of increased N avail-
ability adjacent to mesquite plants (Prosopis glandu-
losa Torr.).

Although water is often assumed to be the primary
factor limiting plant growth in deserts, responses of
native plants to irrigation in the northern Chihuahuan
Desert have been variable. For example, the first year
of irrigation produced marked increases in production
of annual plants but responses were insignificant dur-
ing the second year (Gutierrez and Whitford, 1987b).
In the present study, adding 25 mm of water per month
in a single application had no effect on creosotebush
growth but adding the same amount in four weekly
applications of 6 mm significantly increased growth
(results to be reported elsewhere). The effects of var-
iations of water and N availability on the annual plant
community can be particularly complex: observed re-
sponses range from species responding only to water
amendments to those that respond only to N amend-
ments. Many species respond to both water and N
alone and in combination (Gutierrez and Whitford,
1987a). Taken together, these observations suggest that
a complex relationship between water and N availa-
bility is a major factor controlling plant production in
the northern Chihuahuan Desert.

A significant proportion of the N necessary for plant
growth is provided by the mineralization of organic
matter. Factors that affect the quantities of mineral-
izable organic N or otherwise alter the rates of N min-
eralization should alter ecosystem function. Nitrogen
availability in arid and semiarid ecosystems is highly
variable in both space and time (West and Skujins,
1978). Charley and West (1977) and Parker et al. (1982)
showed that N availability is greatest in the surface
soil layers below the canopy of dominant shrubs where
organic matter accumulates. The seasonal and varia-
ble nature of desert precipitation probably affects both
the quantity of mineralizable N and rates of N min-
eralization. Increased annual plant production during
unusually wet periods can produce large quantities of
N-popr organic matter, the decomposition of which
may immobilize significant quantities of N (Parker et
al., 1984). Lowered oxygen tension and increased or-
ganic C availability during wet periods may favor N
losses through denitrification (Westerman and Tucker,
1978; West and Skujins, 1978). In contrast, severe
drying prior to a wet period may increase N availa-
bility by killing microbial biomass and making avail-
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able previously protected nonbiomass soil organic
matter (Marumoto et al., 1982; Bottner, 1985). Small
rain events of insufficient magnitude to elicit plant
response may cause N mineralization in surface soil
layers leading to accumulation of inorganic N during
drought (Charley, 1972).

The relationships described above may cause the
periods of maximum water and N availability to be
out of phase with each other. Periods of unusually wet
weather could reduce N availability by immobiliza-
tion and denitrification to such an extent that N might
continue to limit production during a subsequent drier
period. Similarly, drought could increase N availabil-
ity with the result that in a subsequent wet period N
might not be limiting regardless of above-average
moisture availability. The high spatial heterogeneity
is a further complication since unusual precipitation
patterns may have different effects on woody vs. her-
baceous plants so that the under- and between-shrub
portions of the ecosystem may not respond identi-
cally.

The hypothesized relationships between climate,
production, and N mineralization led us to design a
field experiment to examine effects of soil moisture,
seasonal climate, simulated drought, and N enrich-
ment on plant productivity and N availability. Here
we report the effects on N availability as indicated by
measurements of potential N mineralization. We hy-
pothesized that prolonged wet conditions (>2 yr)
would reduce N availability and that simulated drought
would increase N availability. We predicted that N
fertilizer would have extended effects on N availabil-
ity as a result of immobilization of fertilizer N by mi-
croorganisms followed by mineralization. Responses
to watering and fertilizer application were examined
with reference to patterns of spatial and seasonal var-
iation.

MATERIALS AND METHODS
The study was performed on the Jornada Long-Term

Ecological Research (LTER) site located on the New Mexico
State University College Ranch 40 km NNE of Las Cruces,
NM. The LTER site is located on an east-facing alluvial
piedmont and traverses seven vegetation types along a top-
ographical gradient ranging from a rocky mountain slope to
an ephemeral lake bed. Annual precipitation averages 213
mm, 55% falling during July through September as convec-
tional thundershowers. Temperatures regularly exceed 40°C
in summer and regularly drop below 0°C in December-Feb-
ruary.

This research is part of a series of intensive experiments
performed within a shrubland vegetation type dominated by
creosotebush [Larrea tridentata (DC.) Cov.]. This vegeta-
tion type is located approximately mid-slope (3° gradient)
on loamy sand soils with a CaCO3 deposition layer (caliche)
at ca. 40 cm. The soil is classified as a Typic Haplargid of
the Dona Ana series (Wierenga et al., 1987). Total N at 0-
to 10-cm averages 390 mg kg"1 under shrubs and 350 mg
kg~' between shrubs (see below for methods).

The experiment was arranged in a split-plot design with
each plot receiving a single supplemental water treatment
and split into fertilized and unfertilized halves. Nine watered
plots (5 by 10 m) were established in spring of 1981 and
fenced to prevent herbivory by rabbits. Three supplemental
water treatments (+6.3 mm/week, +25 mm/month, un-
watered control) were applied to each of three randomly

chosen plots from June 1981 until March 1985 except after
precipitation events of 25 mm or more. Buffer zones of at
least 10m prevented runoff from entering adjacent plots.
Fertilizer (NH4NO3) was applied at the rate of 10 g N m~2

to the down-slope half of each supplemental water plot (to
prevent runoif of added N onto unfertilized plots) on 23 Feb.
1983 and 19 June 1984. All treatment plots were lightly
watered to dissolve the granular fertilizer and soak it into
the soil. Precipitation during the study was measured using
two rain gauges located at the site. Soil water potential was
measured using soil psychrometers buried at 5 and 15 cm.

We employed two biological assays to evaluate net N min-
eralization (Stanford and Smith, 1972; Keeney, 1982; Stan-
ford, 1982). An aerobic batch procedure, in which inorganic
N is allowed to accumulate in the soil, was used to examine
the treatment effects as they interacted with season and mi-
crosite. These incubations allow toxins and waste products
to accumulate but are relatively simple to perform and are
well-suited to experiments using relatively short-term in-
cubations with a large number of samples. Leaching incu-
bations (Stanford and Smith, 1972) were used to study the
effects of soil drying and to characterize in greater detail the
treatment effects at a particular time and location. Periodic
leaching removes waste products and toxins and replenishes
nutrients other than N allowing incubation for over 30 weeks.
Although leaching may remove some of the mineralizable
N, the empirical success of this technique at predicting min-
eralization rates in the field (Smith et al., 1977; Richter et
al., 1980; Marion et al., 1981) suggests that leaching of mi-
neralizable N is negligible.

Batch Mineralization Potentials
Soil samples were collected on 19 July 1984,25 Oct. 1984,

and 14 Mar. 1985. Each of these sampling dates falls at the
end of one of the three climatically distinct seasons char-
acteristic of the northern Chihuahuan Desert: (i) dry, warm
spring-early summer (March-June), (ii) warm, wet summer-
fall (July-October) during which 70% of the year's precipi-
tation falls, and (iii) cool, dry winter (December-February)
characterized by regular night-time freezing temperatures.
Samples were collected from under and between shrubs at
depths of 0 to 10 and 10 to 20 cm. Each sample consisted
of five bulked 2.5-cm cores collected within a 0.1 m2 area.
A single sample was collected from each of the four depth-
location combinations for each of the 18 water-N plots mak-
ing a total of 72 samples. Sampled locations were marked
with a flag to prevent future re-sampling of the same loca-
tion. Under-canopy samples were collected from the north-
west side of the shrub at 0.5 canopy radius to reduce vari-
ation resulting from soil patterns created by prevailing winds
and differential snow melt under canopies (Whitford, un-
published).

Samples were collected in polyethylene bags and stored at
2 to 7°C to maintain soil moisture content at field levels
until the start of the incubations, <96 h after collection.
After sieving (2-mm mesh), 25-g soil samples were incubated
at 35°C in 50-mL plastic vials covered with 0.5 mil (0.0125-
mm thick) polyethylene film to permit aeration and reduce
moisture loss (Bremner and Douglas, 1971; Westermann and
Crothers, 1980). Moisture content was adjusted to field ca-
pacity (0.1 g/g) using a syringe to add water through a small
hole in the polyethylene film. The hole in the polyethylene
also improved aeration. Moisture content was adjusted ev-
ery 7 d during the incubation and subsamples were removed
for inorganic N determination at days 7, 14, and 28.

Inorganic N (NH4-N and NO, + NO->-N) was determined
in 2.0 M KC1 extracts with a 10:1 ratio of soil to KC1 (Kee-
ney and Nelson, 1982). Using an automated salicylate pro-
cedure (Wall and Gehrke, 1975; Nelson, 1983) NH4-N was
measured in the extracts, and NO3 + NO2-N was measured
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by an automated Cd reduction procedure (Henriksen and
Selmer-Olsen, 1970). Total N (Nelson and Sommers, 1980)
was determined from the samples collected in October 1984
and March 1985. Samples were air-dried and then ground
with a motorized mortar and pestle to pass a 0.15-mm sieve
before micro-Kjeldahl digestion using an Al block digestor
(Nelson and Sommers, 1980). By using an automated sali-
cylate procedure (Wall and Gehrke, 1975), NH4-N in the
digest was measured. The two salicylate procedures (NH14-
N in KC1 extracts, NH4-N in Kjeldahl digests) were both
modified from the original procedures to optimize the con-
centration of reactants and the pH of the reaction mixture
(Nelson, 1983; P.M. Fisher, unpublished). All automated
procedures were performed with a Scientific Instruments
Continuous Flow Analyzer. (Orion Scientific Instruments,
Pleasantville, NY).

Data from each of the three sample collections were ana-
lyzed using the general linear models procedure (PROC
GLM) of SAS (SAS Institute, Inc., 1985). Mineralization was
calculated as the net change in inorganic N occurring in each
time interval during the incubation (days 0-7, days 7-14,
and days 14-28). The ANOVA procedures followed Steel
and Tome's (1980) recommendations for a split-plot design
except that the error term used to test the supplemental water
treatments was modified to reflect the completely random-
ized arrangement of watered plots (as oppposed to a blocked
arrangement). Planned orthogonal contrasts were used to
indicate significant differences between watering treatments
(Harris, 1975; Steel and Torrie, 1980). Single degree-of-free-
dom contrasts partitioned the sums of squares into two com-
ponents attributable either to (i) differences between the un-
watered control and the mean of the two watered treatments,
or (ii) differences between the two watered treatments. In
the case of significant interactions between treatments, sim-
ple treatment effects were examined as suggested by Steel
and Torrie (1980). Residuals from all analyses were plotted
against predicted values and tested for normality using the
Kolmogorov D statistic as performed by PROC UNIVAR-
IATE of SAS (SAS Institute, Inc., 1985).

We also conducted a post-hoc analysis of treatment means
across all three sampling dates to (i) identify seasonal trends
in the unwatered-unfertilized control soils and indicate their
consistency for different locations and depths, and (ii) iden-
tify seasonal changes in the effects of water and N averaged
across the treatments and locations. The post-hoc analysis
of means was performed using Tukey pairwise comparisons
(Steel and Torrie, 1980; SAS Institute, Inc., 1985).

Leaching Mineralization Potentials
The leaching incubation procedures were similar to those

of Stanford and Smith (1972) and Marion et al. (1981). Soil
(50 g) was placed in 55-mm diam Buchner funnel containing
Whatman GF-A glass-fiber filter paper to prevent leaching
of paniculate matter. Leachings consisted of four 25-mL ali-
quots of 0.01 M CaCl, followed by 25 mL of -N nutrient
solution containing 0.002 M CaSO4-2H2O, 0.001 M
MgSO4-7HA 0.002 M Ca(H,PO4),.H2O, and 0.0025 M
K:SO4, plus 0.5 mL of 5 TV H2SO4 to help dissolve the P
salts. The solution was adjusted to pH 6 with 5 M KOH
before use.

Soil samples (0-10 cm) were collected from all treatment
plots on 19 Feb. 1985 under the northwest side of the shrub
canopy at 0.5 canopy radius. The methods of sample col-
lection were identical to those used for the batch minerali-
zation potentials. The moisture content of all soil samples
was at or near field capacity as indicated by psychrometer
readings (Fig. 1). Leaching incubations were initiated im-
mediately with one set of subsamples (field-moist treatment)
while the other set was dried at 35°C for 28 d (air-dry treat-
ment). Soils from both treatments were incubated at 35°C
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Fig. 1. Mean soil water potential at S and IS cm in supplemental
water and control plots and precipitation recorded at the study
site.

and leached at 0 time and days 7, 14, 28, 56, 84, 1 12, 140,
and 168. The field-moist soils were also leached at day 196.
Moisture content was set to — 30 kPa by suction and funnels
were covered with wax film during the incubation. A glass
fiber filter disk was placed on top of the soil to reduce soil
dispersion during leaching and evaporation during incuba-
tion. Aeration occurred through the neck of the funnel (Stan-
ford and Smith, 1972).

Leachate was immediately preserved with 0.5 mg/L phen-
ylmercuric acetate (PMA) and stored at 2 to 7°C until chem-
ical analysis, usually <2 weeks. All leachate was analyzed
for NO3+NO2-N. Leachate was also analyzed for NH4-N
from the start of the incubation until day 14, when negligible
amounts were detected indicating further analysis of NH4-
N was unnecessary. Methods of chemical analysis are iden-
tical to those used in the batch incubations.

Double exponential equations (Jones, 1984; Deans et al.,
1986) were fitted for each replicate of the experiment using
the Marquardt option of the SAS nonlinear curve-fitting pro-
cedure, NLIN (SAS Institute, Inc., 1985). The fitted equa-
tions are of the form

N, = JV, - N2 -
where N, is cumulative N mineralized (mg kg"1) at time t
(d), TV, and k, are the pool size (mg kg~ ') and rate coefficient
(d~'), respectively, of the small, rapidly mineralizing pool
(small-fast pool), and N2 and k2 are the pool size and rate
coefficient, respectively, of the large, slowly mineralizing pool
(large-slow pool). The curve fitting was performed in a two-
step process because pur attempts to fit all four parameters
of a double exponential equation usually failed to converge.
The first step of the analysis was identical to the procedure
of Jones (1984). Parameters for the size and rate of the large-
slow pool (N2, k2) and for the size of the small-fast pool (N,)
were estimated using a subset of the data from which the
day 7 and 14 teachings had been removed. A number of
trials established that this subset gave lower error mean
squares than the complete data set or any other subset from
which the day 7, 14, and 28 teachings were sequentially re-
moved. In the second step, the parameters estimated in the
first step were held constant and the complete data set was
used to estimate the rate parameter of the small-fast pool
(*,).

ANOVA's were performed on the cumulative inorganic
N mineralized and on the parameter estimates for the in-
dividual replicates for each of the four kinds of parameters
(pool sizes and rate constants for large-slow and small-fast
pools). The ANOVA's were performed using procedures
similar to those used for the batch mineralization potentials.
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Table 1. Effects of supplemental water pattern and annual application of 10 g N m"' on net N mineralization in batch
incubations of soils collected 19 July 1984.

Depth Location

Incubation period, d

Treatment 0-7 7-14 14-28 0-14 0-28

0-20

0-10

10-20

Both

Canopy

Open

Canopy

Open

Supplemental water effects t
Control
+6 mm/week
+ 25 mm/month
Control
+6 mm/week
+ 25 mm/month
Control
+6 mm/week
+ 25 mm/month
Control
+ 6 mm/week
+ 25 mm/month
Control
+6 mm/week
+ 25 mm/month

5.7a
4.1b
3.1b
6.7
7.1
4.4
6.2
8.0
3.0
4.4a
2.5b
2.2b
5.6a

-I.Ob
3.1b

-5.6a
-3.7b
-0.9b
-5.8
-2.0

3.0
-3.8
-5.9
-1.2
-4.9
-4.1
-3.7
-7.9a
-3.0b
-1.5b

• mg mineralized N kg'1

16.1a
9.5b

12.3b
20.7
19.7
21.4
11.0
7.9

12.4
19.9a
7.7b

10.6b
12.9a
2.8b
5.1b

Nitrogen fertilizer effects (10 g N nr' yr''|

0.1
0.4
2.3
0.9
5.1
7.4
2.4
2.1
1.8

-0.5
-1.6
-1.6
-2.3
-4.1c

1.5d

16.2a
9.9bc

14.6bd
21.6
24.8
28.8
13.4
10.0
14.1
19.4a
6.0b
9.0b

10.6a
- 1.3bc

6.6bd

0-20

0-10

10-20

Both

Canopy

Open

Canopy

Open

Control
+ N
Control
+ N
Control
+ N
Control
+ N
Control
+ N

2.4a
6.3b
3.2a
8.9b
2.3a
9.1b
1.9a
4.1b
2.0
3.1

0.9a
-7.8b
-2.5
-5.6

l.Oa
-8.3b

1.4a
-9.9b
-1.2a
-7.2b

10.4a
14.9b
16.2
25.0
11.1
9.8
7.1a

18.3b
7.5
6.4

3.3a
-1.5b

5.7
3.2
3.3a
0.8b
3.3

-5.8
0.9a

-4.1b

13.4
13.8
21.8
28.3
14.4
10.6
10.4
12.5
8.4
2.3

t Significant differences for planned contrasts between the unwatered control and the mean of the watered treatments, and between the two watered treatments
are indicated by the letters a and b and the letters c and d, respectively. Letters indicate significant differences (P <0.10) for each combination of incuba-
tion period, depth, and location.

We also performed a multivariate analysis of variance
(MANOVA) to examine treatment effects on all four rate/
pool-size parameters at the same time. This approach may
reveal effects on combinations of the four parameters that
may hot be evident from analyzing each parameter individ-
ually (Harris, 1975). The data for the four rate/pool-size pa-
rameters were transformed to z-scores (standard deviations)
so that the weightings of the discriminant function directly
indicate the relative importance of each parameter (Harris,
1975).

RESULTS AND DISCUSSION
Batch Mineralization Potentials

The initial soil samples were collected in July 1984
4 weeks after fertilizer application following a long
period of predominantly dry weather (Fig. 1). The soils
exhibited an overall pattern of net mineralization dur-
ing days 0 to 7, net immobilization during days 7 to
14, followed by rapid net mineralization during days
14 to 28 (Table 1). The initial phase of mineralization
probably resulted from the activity of organisms ca-
pable of surviving adverse conditions. The interme-
diate stage of net immobilization probably resulted
from rapid population growth of microorganisms ca-
pable of exploiting the near optimal environmental
conditions of the incubations. Sufficient populations
of these organisms were apparently present after day
14 to result in rapid mineralization.

The watering treatments, especially the 6 mm/week
treatment, significantly reduced grand means across
depth and location in the July 1984 collection (0-20,

both; Table 1). However, significant interactions were
found involving the water treatments, N fertilizer
treatments, and depth. Examination of the effects of
water for each depth (Table 1) show that water clearly
reduced mineralizable N in the 10 to 20 cm soils but
had no consistent effect on the 0 to 10 cm soils. Ex-
amination of the effects of water in 0 to 10 cm soils
within fertilizer treatments (Table 2) indicates that
water tended to decrease mineralization in the unfer-
tilized plots but either had no effect or increased it in
the N-fertilized plots. To summarize, water consist-
ently reduced N mineralization except in the fertilized
0 to 10 cm soils as reflected by the grand means (0-
20, Both; Table 1). The low net mineralization rates
in the unwatered, 0 to 10 cm, fertilized soils may have
resulted from high initial levels of inorganic N that
had not yet been immobilized by plants or microor-
ganisms in the dry conditions in the field. The in-
creased moisture availability in the incubations may
have caused rapid immobilization and low net min-
eralization. With the exception of the fertilized 0 to
10 cm soils, these data support our hypothesis that
high moisture availability reduces N availability.

The N fertilizer tended to increase mineralization
in the July 1984 samples during days 0 to 7 and days
14 to 28 but net immobilization during days 7 to 14
tended to cancel the increases (Table 1). Therefore this
data collection provides little support for our hypoth-
esis that fertilizer N increases N mineralization.

The October 1984 sample collection occurred at the
end of the warm moist summer season (Fig. 1) and
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Table 2. Effects of supplemental water pattern (Water treatment), with and without annual application of 10 g N m-2, on net N
mineralization in batch incubations of soils collected from 0-10 cm on 19 July 1984. t

Location

Canopy

Open

Fertilizer Water —
treatment treatment

Control Control
+ 6 mm/week
+ 25 mm/month

-f N Control
+ 6 mm/week
+ 25 mm/month

Control Control
+6 mm/week
+ 25 mm/month

+ N Control
+6 mm/week
+ 25 mm/month

Incubation period, d

0-7

3.2
2.9
3.6

10.1
11.3
5.1
2.1
2.4
2.3

10.2
13.5
3.6

7-14

0.4
1.6
5.5

-11.9
-5.5

0.6
4.0

-0.5
-0.4

-11.6
-11.3

-2.0

14-28

— mg mineralized
20.7
15.2
12.6
20.7
24.2
30.2
13.4
8.8

11.0
8.6
7.0

13.8

0-14

N kg'1 ——————
3.6
4.5
9.0

-1.8
5.8
5.8
6.2a
2.0b
1.9b

-1.4
2.2
1.6

0-28

24.3
19.7
21.6
18.9
30.0
36.0
19. 5a
10.8b
12.9b
7.2
9.2

15.4

t Letters indicate significant differences (P <0.10) for each combination of incubation period, location, and N fertilizer treatment.

Table 3. Effects of supplemental water pattern and annual application of 10 g N m-' on net N mineralization in batch
incubations of soils collected 25 Oct. 1984. t

Incubation period, d

Depth Location Treatment 0-7 7-14 14-28 0-14 0-28

Supplemental water effectst
0-20

0-10

10-20

Both

Canopy

Open

Canopy

Open

Control
+ 6 nun/week
+ 25 mm/month
Control
+ 6 mm/week
+ 25 mm/month
Control
+6 mm/week
+ 25 mm/month
Control
+6 mm/week
+ 25 mm/month
Control
+ 6 mm/week
+ 25 mm/month

3.4
3.4
2.1
8.2
5.7
4.5
3.7
4.8
3.5

-0.5
0.3
0.5
2.1
2.9c

-0.2d

4.0
1.9
2.8
8.5
7.3
7.1
6.8a
0.8b
2.7b
0.1
0.4
0.8
0.5

-l.lc
0.7d

• mg mineralized N kg"1

2.7
2.7
4.0
7.8
5.3
9.2

-0.2
2.3
1.6
3.5
2.9
4.1

-0.1
0.3
0.9

7.4a
5.3b
4.9b

16.7
13.0
11.6
10.6
5.6
6.2

-0.4
0.7
1.4
2.6
1.8
0.4

Nitrogen fertilizer effects (10 g N m"* yr'1)

T See Table 1 supplementary notes on interpretation of watering effects.

the resulting patterns of net N mineralization were
much different from those for the July 1984 samples
(Tables 1, 3). The overall pattern of the October 1984
samples is one of gradually accumulating inorganic N
(Table 3) suggesting the presence of well-established
microbial populations that were altered little by the
incubation procedures. Differences between soil depths
were much larger than for the July sample (Tables 1,
3). Water had few significant effects on mineralization
although there were trends towards reduced mineral-
ization in the grand means and the 0 to 10 cm soils
(Table 3). Nitrogen significantly increased minerali-
zation rates in the 0 to 10 cm soils but had less effect
on 10 to 20 cm soils. However, mineralization rates

10.1
8.0
8.8

24.5
18.3
20.8
10.4
7.9
7.8
3.1
3.6
5.5
2.5
2.1
1.3

0-20

0-10

10-20

Both

Canopy

Open

Canopy

Open

Control
+ N
Control
+ N
Control
+ N
Control
+ N
Control
+ N

2.2
3.7
3.9
8.4
2.8a
5.3b
0.1
0.1
2.1
1.1

1.4a
4.3b
4.3a

ll.Ob
1.9
5.0

- o.o
0.9

-0.5
0.5

2.7
3.5
6.7
8.2
0.7
1.7
3.4
3.6
0.1
0.6

3.7a
8.0b
8.2a

19.4b
4.7a

10.2b
0.1
1.0
1.6
1.6

6.4a
11. 6b
14.9a
27.5b

5.4a
12.0b
3.5
4.6
1.7
2.2

were so low in the 10 to 20 cm soils that they would
contribute little to total N availability for 0 to 20 cm.
Mineralization rates in canopy soils were approxi-
mately double those from between shrubs but re-
sponses to treatments were similar. Overall, this col-
lection (Oct. 1984) supports our hypothesis concerning
N fertilizer effects, but provides only weak support for
our hypothesis about prolonged watering effects.

The March 1985 samples were collected at the end
of an unusually wet winter (Fig. 1), and there was no
evidence of a consistent water treatment effect (Table
4). Overall mineralization rates were lower than those
for the July and October 1984 samples. Nitrogen fer-
tilization continued to increase net mineralization rates
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Table 4. Effects of supplemental water pattern and annual application of 10
incubations of soils collected 14 Mar 19

N m~' on net N mineralization in batch
4.t

Incubation period, d

Depth Location Treatment 0-7 7-14 14-28 0-14 0-28

Supplemental water effects?
0-20

0-10

10-20

Both

Canopy

Open

Canopy

Open

Control
+6 mm/week
+ 25 mm/month
Control
+ 6 mm/week
+ 25 nun/month
Control
+6 mm/week
+ 25 mm/month
Control
+6 mm/week
+ 25 mm/month
Control
+6 mm/week
+ 25 mm/month

3.9a
1.9b
2.1b
5.2
6.4
6.0
4.2a
0.7b
O.lb
2.6
1.9
2.2
3.5a

-1.2b
-0.2b

-O.Oa
2.1b
l.lb
2.6
2.7
0.7

-2.0a
3.1b
2.7b
0.9
0.5

-0.5
-1.6a

2.0b
2.1b

• mg mineralized N kg"'

1.5
2.1
2.4
3.5a
5.8b
6.1b
1.7
1.1
0.6
0.9a
2.9b
3.2b

-0.2
-1.2
-0.6

3.8
4.0
3.3
7.8
9.1
6.7
2.1
3.8
2.8
3.5a
2.4b
1.7b
1.9
0.8
1.9

5.3
6.2
5.7

11.3
14.8
12.8
3.8
5.0
3.4
4.3
5.3
5.0
1.8

-0.4c
1.3d

Nitrogen fertilizer effects (10 g N m~' yr~')
0-20

0-10

10-20

Both

Canopy

Open

Canopy

Open

Control
+ N
Control
+ N
Control
+ N
Control
+ N
Control
+ N

1.9a
3.4b
4.2a
7.5b
0.7a
2.9b
2.0
2.5
0.7
0.7

1.0
1.1
2.0
2.0
1.1
1.2
0.4
0.3
0.7
1.0

1.7
2.4
4.5
5.7
0.3a
2.1b
2.5
2.2

-0.7
-0.6

3.0a
4.5b
6.2
9.5
1.9a
4.1b
2.3
2.8
1.4
1.7

4.6a
6.9b

10.8a
15.2b
2.2a
6.3b
4.8
4.9
0.7
1.1

f See Table 1 supplementary notes on interpretation of watering effects.

in the 0 to 10 cm soils but not in the 10 to 20 cm soils
(Table 4). This data collection provides some support
for our N-fertilizer hypothesis but none for the pro-
longed watering effects hypothesis.

The post-hoc examination of pooled data from the
three collections indicates that the validity of our in-
itial hypotheses (prolonged high moisture availability
reduces N availability; N fertilizer application in-
creases N mineralization) is dependent upon seasonal
fluctuations of natural moisture and N availability.
The seasonal trends of cumulative 28-d mineraliza-
tion for unwatered-unfertilized control soils are sum-
marized by Fig. 2. This figure emphasizes the general
decline in N availability (75% average decline) as en-

Table 5. Effects of water and N amendments (P <0.10)
on net N mineralization (28-d incubation) averaged

across depth and location.

vironmental conditions gradually changed from dry,
in spring of 1984, to unusually wet, in the spring of
1985. Table 5 shows that an overall change in the
effectiveness of the water and N treatments occurred
in parallel with the declining N availability. During
July and October 1984, water reduced potential min-
eralization by 22% (averaged across depth, location,
and month) but had no effect in March (Table 5). The
6 mm/week treatment was notably lower than the 25
mm/month treatment. In contrast, N fertilizer had no
effect on potential mineralization in the dry July sam-

Sample Treatment Inorganic Nt

July 84 and Oct. 84 pooled
Supplemental water effects

Mar. 85

0 mm
6 mm/week
25 mm/month
0 mm
6 mm/week
25 mm/month

Nitrogen fertilizer effects (10 g N m'' yr')
July 84

Oct. 84 and Mar. 85 pooled

- N
+ N
- N
+ N

mg kg-'

13.2a
8.9b

11.7ab
5.3
6.2
5.7

13.8
13.4

5.7a
9.0b

24

D) 20
*+~s

^ 16

i 12

I
JUL
84

DEPTH LOCATION
— 0-10 Canopy
— 0-10 Open

-e— 10-20 Canopy
••A- 10-20 Open

OCT
84

MAR
85

t Letters indicate significant differences at P <0.10.

Fig. 2. Seasonal comparison of net N mineralization in 28-d incu-
bations of soil collected from unwatered unfertilized plots. Mean
July 1984 mineralization (averaged across depth and location) is
significantly greater than October 1984 and March 1985 (P <
0.10; Student-Newman-Keuls Test).
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Table 6. Effects of drying at 35 °C and amendments of water and N on N mineralized during leaching incubations. T,t

Amendment
type Treatment

Days

14 28 56 84 112 140 168 192

-mg mineralized N kg'1

Field-moist soils
Watert

N

Watert

N

None
+ 6 mm/week
+ 25 mm/month
None
+ N

None
+6 mm/week
+ 25 mm/month
None
+ N

1.2
0.8
0.9
0.8a
l.lb

2.1a
1.5b
1.5b
1.6
1.8

10
6
7
7
8

12
9

10
9

11

20a
12b
15b
14
17

23a
15b
17b
16
20

36a
22b
27b
26
30
Air-dry
37a
22b
27b
27
30

52a
32b
39b
36
44

soils
54a
30b
43b
40
42

64a
39b
49b
45
55

67a
35b
50b
48
51

69a
43b
55b
50
59

72a
37bc
55bd
53
55

73a
47b
59b
54
64

79a
41bc
61bd
58
60

79
53
64
62
68

86a
45bc
67bd
63
66

83
57
67
65
72

Effects of air drying
All Field-moist

Air-dry
l.Oa
l.Vb

7a
lOb

15a
18b

28
28

40
41

50
50

55
54

59
59

65
65

69

t See Table 1 supplementary notes on interpretation of watering effects.
t Letters indicate significant differences at — <0.10. Water-nitrogen interactions were not significant.

pies but increased potential mineralization in the Oc-
tober 1984 and March 1985 samples.

Spatial variation of mineralizable N in this Chi-
huahuan Desert shrubland was similar to that found
by Charley and West (1977) in semiarid shrublands
in Utah. The spatial pattern of mineralizable N is sim-
ilar to patterns of other soil properties in shrub-dom-
inated arid and semiarid ecosystems (Charley and
West, 1975; Parker et al., 1982; Virginia and Jarrell,
1983). This study shows that N mineralization poten-
tial varies significantly through time and that the re-
sponses of mineralization potential to perturbations
also may vary in time and space (treatment X time,
treatment X depth, or treatment X location interac-
tions). In this case, averaging across depth and loca-
tion appears to have provided a valid indication of
overall mineralization. However, because of the spa-
tial and temporal variability of this environment, gen-
eralizations based on averages across microsites or
seasons should only be made after careful study of the
variation.

Leaching Mineralization Potentials
Supplemental water decreased inorganic N produc-

tion during the intermediate stages (days 14-112) of
the incubation of field-moist soils (Table 6). This is
reflected by significantly lower rate constants for the
large-slow pool (k2) of the watered treatments (Table
7). Significant differences were present throughout the
incubations of air-dry soils (Table 6) and correspond-
ing differences were present in the pool-size parameter
of the large-slow pool (N2: Table 7). MANOVA con-
firmed that watering effects in the field-moist soils were
restricted to the rate parameter of the large-slow pool
(k2). However, MANOVA suggested that all four pa-
rameters of the air-dry soils were affected to some ex-
tent. Overall, these data suggest that drying widened
the differences between soils from the three watering
treatments. This parallels results from the batch min-
eralization potentials in that watering effects were more
detectable in drier soils (July 1984, October 1984) than
in wet soils (March 1985).

No significant differences in mineralized N were
found for the N fertilizer treatment in either the field-
moist soils or the air-dry soils although fertilization
significantly increased the inorganic N level of the field-
moist soils (Table 6). However, significantly different
parameter values were found for the field-moist soils:
higher k2 values suggest that N fertilizer increased the
quality of the large-slow pool (Table 7). The greater
sensitivity of wet soils to N effects parallels results
from the batch mineralization potentials where rela-
tively moist soils (October 1984, March 1985) re-
sponded to N fertilizer but dry soils did not (July 1984).

Air-drying consistently increased inorganic N and
mineralized N during the first 14 d of incubation across
all treatments (Table 6). A corresponding increase in

Table 7. Effects of drying at 35 °C and amendments of water
and N on leaching incubation parameters for the double

exponential equation {N, = Nt - JVie~*'*
+ N, -^2e-^.t4

Amendment
type Treatment

Parameters

N,
mg kg-'

k,

d-'
N2

mg kg-'
k,

d-
Field-moist soils

Watert

N

None 13
+ 6 mm/week 9
+ 25 mm/month 11
None
+ N

12
10

0.067
0.058
0.065
0.061
0.066

74
52
67
61
67

0.01 29a
O.OlOOb
0.0093b
0.0091a
0.01 23b

Watert§ None
+ 6 mm/week
+ 25 mm/month
None
+ N

Air-dry soils
13
11
10
10
12

0.111
0.148
0.114
0.108
0.140

85a 0.0117
42bc 0.0108
68bd 0.0109

Effects of air drying
AU§ Field-moist

Air-dry
11
11

0.063a
0.124b

65
65

64
65

0.0111
0.0112

0.0107
0.0111

t See Table 1 supplementary notes on interpretation of watering effects.
J Letters indicate significant differences at P <0.10. Water-nitrogen in-

teractions were not significant.
§ MANOVA significant at P <0.01.
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the rate constant of the small-fast pool (/c,) suggests
that drying increased organic N quality (Table 7) prob-
ably as result of enhanced turnover of microbial bio-
mass and soil organic matter (Marumoto et al., 1982;
Bottner, 1985).

The interactions of air-drying with the water and N
fertilizer treatments indicate that drying effects are the
net result of several processes tending to decrease or
increase N availability. The overall tendency appears
to be to increase N availability, which supports our
original hypothesis. However, the process is more
complicated than we had anticipated. For example,
mineralization rates in dried N-fertilized soils and
dried 6 mm/week soils tended to be lower than their
field-moist counterparts indicating potential for net
losses under certain circumstances. The net effect of
drying seems to be dependent on the history of the
soil. It is interesting that the direction of the drying
effect was the inverse of the drying-episode frequency
experienced by the soils in the field: drying tended to
increase mineralizable N in the unwatered controls
(infrequent drying episodes) and decreased it in the 6
mm/week (frequent episodes). Possibly the frequent
episodes in the 6 mm/week plots depleted the fraction
of organic matter made available by soil drying.

It should be noted that the conditions of the air-
drying experiment were quite mild compared to field
conditions where surface soil temperatures daily ex-
ceed 45 °C in June and 6 months can pass without
precipitation. The field conditions are actually more
similar to conditions of oven-drying experiments
which show dramatic increases in N turnover (Mar-
umoto et al., 1982). Such conditions existed when the
July 1984 soils were collected for the batch mineral-
ization potentials and can explain the observed high
mineralization rates. The effects of the experimental
water treatments provide an explanation for the de-
clining mineralization potential during the following
months of wet weather.

Water-N Availability Relationships
The results of both the batch and leaching proce-

dures indicate that supplemental water reduced po-
tential mineralization rates supporting our original
hypothesis. There are also indications that the min-
eralization potentials of the 6 mm/week soils were
lower than those of the 25 mm/month soils. The loss
of mineralizable N from watered plots was probably
initiated by increased mineralization rates occurring
early in the experiment prior to soil sample collection
in 1984. Two factors probably contributed to faster
mineralization rates in watered plots during the initial
stages of the experiment: (i) greater overall moisture
availability, and (ii) more frequent wetting and drying
episodes. The 6 mm/week treatment is more effective
than the 25 mm/month treatment in both respects.
These results appear to conflict with those of Schimel
and Parton (1986), who found greater mineralization
associated with a single simulated monthly precipi-
tation event than with simulated weekly or biweekly
events delivering the same monthly total of moisture.
However, their experiment excluded roots so that
drying and wetting cycles did not occur in the small
frequent event treatments but did occur in the single

monthly event treatment. They suggested that the oc-
currence of drying/wetting cycles associated with small
frequent events could increase mineralization rates to
levels higher than observed in their single monthly
event treatment.

Once N is mineralized, several mechanisms can re-
move it from the soil and the rates of these processes
may be increased by wetter conditions. Some of these
processes cause temporary losses, but their association
with wetter conditions may significantly reduce po-
tential productivity. These include increased N uptake
by plants and immobilization of N by microbes during
decomposition. The decomposition of N-poor roots
of annual plants responding to wetter conditions may
be a particularly important temporary N sink (Parker
et al., 1984). Denitrification is increased by moist con-
ditions and has been shown to be important in other
desert ecosystems (Westerman and Tucker, 1978; West
and Skujins, 1978). Ammonia (NH3) volatilization is
favored in soils of the type most common on the Jor-
nada LTER site (high pH, coarse texture, and low cat-
ion exchange capacity), especially during the drying
phase (Nelson, 1982). Leaching is an important loss
in many ecosystems but it seems unlikely in the Chi-
huahuan Desert since creosotebush roots extend far
below the 40-cm caliche layer that indicates the nor-
mal depth to which water penetrates. However, recent
findings at this site of elevated NOj concentrations
(20-50 mg N kg"1) at 1- to 3-m depth indicate that
leaching cannot be eliminated as a possible N loss
mechanism (R.A. Virginia, unpublished). There are
insufficient data available at present to ascertain if any
or all of these processes are important in these soils.

The results of the leaching experiments can be used
to estimate changes of mineralizable N due to the
treatment effects. We performed these calculations us-
ing the mean of the field-moist and air-dry soils to
provide the most general estimates. Estimated miner-
alizable N (Af, + jV2) for the unwatered control, 25
mm/month, and 6 mm/week treatments were 93, 78,
and 57 mg kg~', respectively. This suggests that the
water treatments caused an average loss of 25 mg kg~'
N which equals 27% of the mineralizable N and 6%
of the total N. No significant differences in total N
values were found for water treatments but this is not
surprising because the least significant difference (P <
0.10) for the effects of water treatments on the 0 to 10
cm, under-canopy soils is 51 mg kg"1.

CONCLUSIONS
(1) Increased N mineralization resulting from the

N fertilizer treatments indicates that N immo-
bilization by soil microbes is a significant pro-
cess in this desert soil.

(2) Decreased N mineralization resulting from the
supplemental water treatments suggests that un-
usually wet weather can reduce N availability.
Reduced N availability probably results from
initially faster N mineralization accompanied
by increased N losses.

(3) Small-frequent precipitation events (6 mm/
week) caused greater N losses than did large-
infrequent events (25 mm/week), probably be-
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cause the greater frequency of drying-wetting
episodes associated with the former.

(4) Increased mineralization from air-dried soils
suggests that drought can increase N availability
under subsequent wetter conditions.

(5) Significant interactions between air-drying and
water and N treatments indicate that drying ef-
fects are the net result of several processes, and
that specific effects are dependent upon both the
past and current status of the soil.
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