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THESIS ABSTRACT

Southern California native plant communities, such as coastal sage scrub
(CSS) and chaparral, are subject to a wide range of atmospheric nitrogen deposition
produced from anthropogenic sources. The effect ofN deposition on the soils of two
such plant communities- Santa Margarita Ecological Reserve (CSS) and Sky Oaks
Field Station (chaparral) - was recently studied (90, 92). An in situ N-addition
experiment has been conducted at these two sites to simulate deposition of
atmospheric nitrogen compounds. Permanent plots (1 0 x 1Om) were exposed either
to ambient N deposition alone (the control plots), or received an additional 50 kg N
ha" 1 yr- 1 ofNIW03 fertilizer (experimental plots) during the fall. Microbial biomass
and extractable inorganic nitrogen (N03- + NJ4) concentrations were measured
every three months over a one-year period.
Extracts of soil samples from theN-added plots at both Santa Margarita and
Sky Oaks had significantly higher levels of N03 - than the control plots. There were
no significant differences in microbial biomass between treatments (control v.
manipulated (N-added)) at the two sites; there were significant effects of time on
microbial biomass at both sites, however.
The rates of microbial transformation of nitrogenous compounds were also
examined over a ten-day period of soil incubation under controlled conditions. There
were no differences in the potential for net ammonification between the control and
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N-added plots at either site. There was, however, a significant increase in potential
nitrification in the N-added plots in chaparral, and both sites showed a significant
seasonal effect on net nitrification rates.
These results indicate that nitrification rates may increase in response to
deposition of anthropogenic N in both coastal sage scrub and chaparral habitats.
These fmdings have implications for the potential loss ofN as N03- in runoff into the
groundwater or as greenhouse gas products (NO and N2 0) from microbial
nitrification processes.
Keywords:

Microbial

biomass;

ninhydrin-reactive

N·
'

Nitrogen

ammonification; nitrification; mineralization; global climate change.

cycle;

1

INTRODUCTION

The Nitrogen Cycle
Life on Earth is constrained by many different factors: temperature, pressure
(both atmospheric and water), sunlight, available moisture, and many others. At a
fmer level of detail, the requirements for life become more elemental, in both a
figurative and literal sense. For example, some organisms thrive in the presence of
oxygen, while others are poisoned by it.
The processes of life are also dependent upon the availability of certain
essential nutrients.

Organisms use these nutrients to synthesize macromolecules:

DNA and RNA, proteins, lipids and carbohydrates. As with oxygen or any other
resource that an organism cannot synthesize itself, too much or too little of the
resource can determine whether the organism - or perhaps the entire population survives or disappears. Such is the case with nitrogen: perhaps simultaneously the
most abundant and scarcest nutrient of all.
Earth's atmosphere is composed of approximately 78% nitrogen, but it is in
diatomic (Nz) molecular form and is not immediately usable by most organisms (19).
The atmosphere contains some 3,900,000,000 teragrams (10 12 g, abbreviated Tg) of
nitrogen. The pool of nitrogen in the oceans is roughly 23,500 Tg. The total of all of
the nitrogen in soil and taken up by terrestrial plants and animals comes to< 500 Tg
(52). The movement (fluxes) between those three pools is mediated to a great extent
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by microbes (aquatic and terrestrial bacteria, as well as fungi involved m
decomposition and recycling of organic compounds and mycorrhizal fungi that form
symbiotic relationships with plants via roots) (6, 66). The nitrogen in the tissues of
plants and animals (and including the microbes themselves) is in a fixed, organic
form, and can be readily re-used. Nitrogen is a limiting resource, however, in that
growth of additional biomass cannot occur without available organic or inorganic N
(53). With the exception of relatively small amounts of nitrogen fixed by inorganic
processes, the movement of N between the different pools - and the corresponding
transformation of N compounds taken up and cast off by living organisms - is a
process made possible by microbes.
Within

terrestrial

ecosystems,

codependencies

have

developed

over

evolutionary time between soil microbes and plants. Plants (the "primary producers")
obtain energy from sunlight, carbon from atmospheric C02, and hydrogen from soil
moisture; all other nutrients are obtained from the aqueous soil solution. Nitrogen,
the most critical and most limiting of nutrients in terrestrial ecosystems (88), is
provided by nitrogen-fixing microbes. Nitrogen in the plants' tissues is returned to
the soil solution through the actions of microbial decomposers. Plant populations
within the community evolved with the constrained nutrient levels maintained by the
resident microbial populations. The primary producers, in part, are subject to the
limited productivity of the soil microbes.
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The research described in this thesis is focused on the responses of soil
microbes to changes in nitrogen levels resulting from atmospheric deposition. 1bis
additional source of N is expected to have broad effect on the microbes - and
secondary effects on the higher organisms within the community.

Flow of Nitrogen Between Pools
Nitrogen occurs in many forms in soil, freshwater streams and lakes, oceans
and the atmosphere. The major pathways, pools and agents of transformation of
nitrogenous compounds (N) are illustrated in Figure 1.

Figure 1 - The Global Nitrogen Cycle. Flow of N compounds to terrestrial systems are indicated
by solid lines; dashed lines indicate fluxes of N returning to atmospheric pool. White lines are
natural fluxes of nitrogen; yellow lines are anthropogenic, human-source fluxes.

The dominant form of atmospheric N is molecular N2 : two atoms of nitrogen
held tightly together by a triple covalent bond.

This form of N is nonreactive,

essentially inert and unusable by most forms of life; consequently, insufficient levels

4
of available nitrogen tend to limit the rates of growth of plants in most ecosystems
(36, 87, 88). Most living organisms require N to be "fixed", converted into reactive
forms such as ammonium and nitrate (NH/ and N03-, respectively) (30).
The cracking and subsequent reduction of the triple bond in N2 is a chemically
endergonic reaction. Formation of reactive forms of N in the atmosphere is catalyzed
by high-energy lightning, which causes oxygen (02) and N 2 molecules to react and
form nitric oxide (NO), which further oxidizes to nitrogen dioxide (N02), and then
oxidizes again to form nitric acid (HN03).

Nitric acid and other nitrogenous

compounds soon precipitate out of the atmosphere through wet or dry deposition on
land, oceans and freshwater streams and lakes, and are readily taken up by living
organisms. The total amount of nitrogen fixed by lightning - the primary form of
natural, abiotic nitrogen fixation- is about 10-20 Tg yr- 1 (30, 53); a similar amount of
gaseous forms of N is volatized back to the atmosphere, however, when lightning
strikes the soil surface and vaporizes organic materials.
The industrial synthesis of ammonia for use as inorganic fertilizer (the HaberBoschprocess, developed in 1913) adds~ 100 Tg N yr- 1 to croplands worldwide (34).
Agricultural N fixation by leguminous crop plants adds~ 40 Tg N yf 1 (33). Little of
the ammonia from these two sources, however, directly enters the native plant
communities of Southern California.
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Anthropogenic Additions of Nitrogen to the Atmosphere
The global nitrogen cycle began to change with the Industrial Revolution,
starting in the middle of the 18th century. The combustion of fossil fuels to feed
present demands for energy adds more than 20 Tg yr- 1 of reactive forms of N to the
atmosphere, either through release of sequestered N (by burning of coal and crude oil)
or from oxidation of atmospheric N to NO (during combustion of refmed petroleum
products) (30, 34, 89). In the western United States, the rate of increase of the
concentration of varied forms of atmospheric N compounds follows the rate of
increase in human populations, particularly through the period of 1980-2000 (24).
Anthropogenic sources of N in the atmosphere include transportation,
agriculture, production of electricity from fossil-fuel-powered plants, and industrial
operations. The combustion of fossil fuels (gasoline, diesel and coal in particular)
lead to significant additions of oxides of nitrogen (NOx), largely in the form of the
mono-nitrogen oxides nitric oxide (NO) and nitrogen dioxide (N02), but also nitrous
oxide (N20) and various ionic compounds such as nitrite (N02-) and nitrate (N03l.
Oxides of nitrogen are highly reactive in the atmosphere.

In chemical

reactions catalyzed by ultraviolet rays in sunlight, NOx compounds react with water
vapor to first form nitrogen dioxide and then nitric acid, which may eventually
become acid rain, smog or trophospheric ozone (22). As with lightning-fixed forms
of N, anthropogenic N returns to the Earth' s surface through wet or dry deposition.
Large areas of southern California forests, shrublands and desert spaces - particularly
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those downwind of the anthropogenic sources of nitrogenous compounds - are
subject to N deposition.

The deposition of dry (fme particulate) nitrogen occurs

mostly in the warm, dry summer and fall months (23), when temperature inversions
trap pollutants near urban basins. The dry season is followed by wet deposition of N
during periods of higher precipitation in the winter months. The overall result of this
deposition is a chronic application of nitrogen fertilizer, exceeding 100 kg N ha- 1 yr- 1
in some areas, which may be sufficient to increase biological activity and radically
alter the composition of communities in ecosystems that had evolved with lower
concentrations of this essential nutrient (12, 23, 26).

Microbial Roles in the Nitrogen Cycle
Microbes, both bacteria and fungi, perform critical functions in the global
nitrogen cycle. They can be grouped into three major categories: nitrogen fixers
(which reduce N2 to NH/), nitrifiers (which oxidize nitrogen compounds), and
denitrifiers (which reduce nitrogen compounds) (66, 84, 85). These groups are found

in both terrestrial and aquatic ecosystems.
To a great extent, soil microbes are responsible for converting nitrogenous
compounds into different molecular forms.

The steps of oxidizing ammonia into

nitrite and nitrate - as well as the steps of reducing nitrate back to molecular nitrogen
- are catalyzed by enzymes synthesized by highly-conserved genetic sequences in the
genomes of a large variety of microbes (69).
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Terrestrial diazotrophic (nitrogen-fixing) bacteria - some free-living, but
others in close, symbiotic relationships with plants- reduce N2 to NH/ (Figure 1).
Overall, these microorganisms fix gaseous N2 and make it available to terrestrial
ecosystems at the rate of 175 Tg yr· 1 (66). It is important to note that not all
ammonium produced by the nitrogen fixers is taken up by plants or other organisms.
While ammonium is a cation that easily adsorbs to soil particles, a portion (roughly
62 Tg yr- 1) of the ammonium can be transformed into ammonia, a volatile compound
that easily returns to the atmosphere (66). The process of nitrogen fixation is often
associated with plants.

However, the ability to biologically reduce inorganic,

molecular nitrogen is unique (as far as is known) to gram-negative prokaryotes (56).
The reaction is inhibited by oxygen, and must take place in an anaerobic microenvironment (meaning that the process can still be performed by aerobic microbes).
The production of ammonia from N 2 is an endergonic reaction (8G0 =630 kJ/mol),
and requires an input of energy (ATP).
The next major group of soil microbes is the autotrophic nitrifying bacteria
(Figure 1). These nitrifiers can be divided into two distinct groups of genera. The
first group is the ammonia-oxidizing bacteria (AOB) (41 ), identified by the genus
prefix Nitroso- (i.e., Nitrosococcus, Nitrosomonas and Nitrosospira) (71); these
genera oxidize ammonium into nitrite (N02·). The second group of nitrifiers is the
nitrite-oxidizing bacteria (NOB), identified by the genus prefix Nitro- (i.e.,

Nitrobacter, Nitrococcus, Nitrospina and Nitrospira) (71); these genera oxidize nitrite
to nitrate (NOJ} Nitrate, in particular, is a form of N that is readily taken up by
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plants, and is often a component of man-made fertilizers. Unlike positively-charged
ammonium that may linger in soil, the nitrate anion is highly mobile and can quickly
leach out of soil if sufficient moisture is present . The loss of nitrogen (mostly in
nitrate form) through leaching is estimated to be about 90 Tg yr- 1 (66).
The AOB and NOB perform the important function of converting ammonia
into nitrite and nitrate. The "true" nitrifiers are very slow-growing organisms (41 ).
Their rate of growth is governed by their source of energy: as a group, both the AOB
and NOB are chemolithoautotrophs, and depend upon the aerobic oxidation of
ammonia to nitrite, and then of nitrite to nitrate, for the energy necessary for cell
growth (29). The oxidation of ammonia to nitrite has an electron potential (Eo') of
+0.34V, and produces only -130.12 kJ/rxn, while oxidation of nitrite to nitrate has an
Eo' of +0.43V (56), and generates -153.8 kJ/rxn.

The small amount of energy

released through oxidation of ammonia and nitrite results in very little ATP being
generated by the cells, and they subsequently have very slow growth rates.
The denitrifiers, those that reduce nitrate back to molecular nitrogen, also
have a large affect on the amount of available nitrogen in terrestrial ecosystems
(Figure 1). One of the reduction stages is the reduction of nitrite (N02 ) to nitric
oxide (NO), followed by reduction of nitric oxide to nitrous oxide (N20).

The

products of both of these reactions are gaseous forms of nitrogen which are released
back to the atmosphere at the rate of about 135 Tg yr- 1 (66). The gaseous oxides of
nitrogen are also causes for concern: they are greenhouse gases that trap energy in
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the atmosphere and contribute to global climate change (95).

The genera of

denitrifying bacteria, like the nitrogen-fixing bacteria, are primarily anaerobes, and
use an electron acceptor other than oxygen. Denitrifiers use nitrate and nitrite as the
electron acceptors, and those inorganic, nitrogenous compounds are eventually
reduced to N 2 (58).
Beyond the autotrophic nitrifiers, other genera of bacteria - as well as many
strains of fungi - are capable of oxidizing ammonium to nitrate using organic
material in the soil as their carbon and energy source (49, 67).

For these

heterotrophic nitrifiers, no energy is obtained directly from the oxidation of ammonia
to nitrate, and the overall rate of nitrate production may be as much as four orders of
magnitude lower than that of the autotrophs (50).

However, the heterotrophic

nitrifiers grow much more rapidly, and can simply out-compete the autotrophs in the
community of soil bacteria (49).

This large and diverse group of heterotrophic

nitrifiers are the "decomposers", who mineralize and release nitrogen from
compounds that had been immobilized by living cells (the biotic or "organic" pool of
nitrogen), and return it to the soil in the form of nitrate (63).
With the exception of the autotrophic '"true" nitrifiers (the AOB and NOB),
most of the terrestrial bacteria in the three groups described above are
chemoorganotrophs:

they obtain their carbon through the decomposition and

oxidation of organic carbon compounds (root exudates and other carbohydrates in the
rhizosphere, plant litter, animal wastes, dead microbial cells, etc.). The end product
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of the oxidation of these carbon compounds is C02. The efflux of carbon dioxide
from the soil surface (0-1 0 em) is a direct product of aerobic respiration by soil
microbes, when glucose (and other carbohydrates) is consumed in the tricarboxylic
acid cycle (83). In the absence of exogenous carbon - such as in carbon-limited
environments - cells may go into a state of reduced metabolic activity, and will
consume internal stores of carbon compounds simply to maintain cellular viability
(85).
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Objectives and Hypotheses
The primary goal of this research is to quantify how experimental N
deposition alters concentrations of inorganic nitrogen in the soil of chaparral and
costal sage scrublands of Southern California- in particular, the potential for changes
in net ammonification, net nitrification and overall net nitrogen mineralization. A
second goal is to monitor the response of the microbial community to inputs of added
N by comparing microbial biomass in soil samples taken from plots exposed to
nitrogen fertilizer to that of control plots that received only ambient levels of
nitrogen.
The native plant communities (coastal sage scrub and chaparral) in Southern
California are adapted to low levels of available inorganic N (ammonium and nitrate)
and other critical compounds in the soil (1, 38, 86). Southern California forests and
shrublands adjacent to high-pollution urban areas are exposed to heavy atmospheric
N deposition; anthropogenic sources (fossil fuel combustion, automobile exhaust)
contribute 2545 kg N ha" 1 yr" 1 (12), mostly in the form of dry, particulate N and
gases.

Areas that are less exposed experience substantially less atmospheric N

deposition, approximately 4-8 kg ha- 1 yr- 1 (24).

To assess the effects of heavier

atmospheric N deposition on soil microbial biomass and processes, experimental
plots at the two study sites received applications of nitrogen fertilizer

(N~N0 3 )

at

the rate of 50 kg N ha" 1, while control plots at the same sites receive no additional N
fertilizer.

Soil samples obtained from these different N treatment regimes were

compared to measure the effects of the added N.
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N-induced changes in microbial activity (as represented by rates of potential
ammonification and nitrification) were quantified through chemical assays that
measured the production or consumption of ammonium or nitrate.

Changes in

microbial biomass in response toN-additions were monitored by measuring changes
in concentrations of nitrogenous compounds taken up (immobilized) by bacteria in
the soil (48, 68).
These measurements were used to test the following hypotheses: if nitrogen is
a limiting factor in these habitats, then as the availability of nitrogen increases,
1. the rate of microbial activity (e.g., nitrification, oxidation of ammonium to
nitrate) will increase, and
2. the biomass of soil microbes will increase.
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MATERIALS AND METHODS

Research Sites
Two different sites were used in this study (site characteristics are
summarized in Table 1): Santa Margarita Ecological Reserve (SMER) is a coastal
sage scrub southern California plant community.

The two sites involved in this

research have been previously used as "clean" reference sites in studies of the effects
of dry deposition of atmospheric nitrogen oxides and other pollutants (90, 92).

SMER is a 1760-hectare reserve located in SW Riverside County, California,
managed by San Diego State University. The research site faces SSE-SSW, has a 911 ° slope, and is at an elevation of 24 7 m above sea level. The soil texture is sandy
clay loam. The plant community at SMER is approximately 35 years old and is
dominated by mature, drought-deciduous shrubs, including black sage (Salvia

mellifera E. Greene) and California sage (Artemisia californica Less.) (nomenclature
according to Jepson (39)). There is considerable standing dead wood at the site. At
the end of the study period (June, 2007) shrub cover was 0. 79±0.072 m 2 m-2
(mean±SE; there was no difference between control and N-added plots in shrub
cover), and shrub density was 1.63±0.417 and 5.05±3.996 plants m-2 in the control
and N-added plots (mean±SE), respectively (G. L. Vourlitis, unpublished data). The
average annual rainfall recorded at the SMER South Met B weather station for
calendar years 2002-2007 was 30.0 em (http://gcrg.sdsu.edu).
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The second site is Sky Oaks Field Station (SOFS), which is a chaparral plant
community typical of southern California. SOFS is a 493-hectare reserve located in
NE San Diego County, California, and is also managed by San Diego State
University. The research site is at an elevation of 1418 m above sea level, faces SESW, and has a slope of 4-10°. The soil texture is sandy loam. Evergreen shrubs
dominate the chaparral plant community at SOFS, including chamise (Adenostoma

fasciculatum Hook. & Am.), red shank (Adenostoma sparsifolium Torrey), and
Nuttall's scrub oak (Quercus dumosa Nutt.). The research site at SOFS burned by an
extensive wildfire in July 2003.

Prior to that fire (March, 2003), shrub cover

averaged 0.83 m 2 m-2 , and after the fire (December, 2004) shrub cover declined to
0.02 m 2 m-2 •

As of June 2007, shrub cover had rebounded to an average of

0.44±0.087 (mean±SE, no statistical difference between treatments) in the control and
manipulated plots. Shrub density at SOFS was 4.64±0.913 plants m-2 (mean±SE, no
statistical difference between treatments) in the control and manipulated plots (G. L.
Vourlitis, unpublished data). The average annual precipitation recorded at the SOFS
Main Met A weather station for calendar years 2004-2007 was 34.9 em, both rain and
snow (http://gcrg.sdsu.edu).

The experimental layout at each site is a randomized design of eight 1Ox 1Om
plots. The replicate plots at both SMER and SOFS are arranged in pairs: one plot is
randomly designated to receive the addition of inorganic N fertilizer (the
manipulated/experimental plot); the other plot is the un-manipulated control. The in

situ N manipulation consists of an application of 50 kg N ha- 1 as granular NI-4N03
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(applied at the end of the fall, 2006 field sampling campaign) during a single
application with a hand-held broadcast spreader.

The rate of N addition was

consistent with the maximum rate ofN deposition observed in high-pollution areas of
southern California (25, 57).

The plot pairs are laid out to prevent cross-

contamination through leaching of N from the manipulated plot(s) to the control
plot(s). Plot pairs are arranged horizontally across the face of the hill slopes, and are
separated by a 5 m buffer. Plots are also separated vertically on the slope by a
minimum of 50 m, and are staggered across the face of the hillsides.
Table 1 - Location and properties of the research sites. Lat:Long and elevation data measured
on-site using handheld GPS (GPSmap 76S, Garmin Ltd., Olathe, KS). Rainfall data (avg em
yr-1) for calendar years 2002-2007 are from the Global Change Research Group web site
(http://gcrg.sdsu.edu). Data for soil texture and dominant vegetation are from Vourlitis, et al.,
2007 (92).

Elevation
(m)

Rainfall
(em)

Soil
textural
class

Dominant
vegetation:
speciest

SMER

247

36

Sandy clay
loam

Coastal sage
scrub: Ac, Sm

SOFS

1418

53

Sandy
loam

Chaparral: Af, As

Site

Lat:Long
(N:W)

t Ac=Artemisia californica; Sm=Salvia melliftra; Af=Adenostomafasciculatum;
As=Adenostoma sparsifolium.
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Field Sampling
Soil samples were collected at SMER and SOFS over a four-season sequence
on the dates shown in Table 2.
Table 2 -Collection dates for soil samples at Santa Margarita Ecological Reserve (SMER) and
Sky Oaks Field Station (SOFS) for the four seasons from Fall, 2006 to Summer, 2007.

Site

Fall,
2006

Winter,
2007'

Spring,
2007

Summer,
2007

SMER

06 Oct 2006

12 Jan2007

28 Mar 2007

01 Jun 2007

SOFS

13 Oct 2006

26 Jan2007

30 Mar 2007

08 Jun 2007

Soil samples were obtained from two randomly-selected points within each
plot at each of the two sites (randomized points were used to reduce bias and
influence from variations in the soil, litter and plant cover). At each of the two points
within the plot, the surface (0-1 Ocm) layer of the soil was sampled using a 1.8 em
diameter T-bar with an internal volume of ~26 cm3•

The soil was placed into

separate, sterile polyethylene bags (e.g., Whirl-Pak).
The sample bags of soil were transported back to CSUSM in an insulated
cooler stocked with frozen freezer packs. The temperature inside the cooler varied,
depending on the length of time required to return from the site and ambient air
temperatures. Samples were stored in the lab at 4oc until ready for processing.
Measurements of soil characteristics (e.g., pH, soil moisture, extractable
inorganic N) and assays (e.g., microbial biomass) are averaged between the two soil
samples within each of the replicate plots.
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Soil Surlace C02 Efflux (Respiration)
One indicator of microbial activity is the rate of COz evolving from the soil
surface, as mineralization of soil organic matter to COz occurs during heterotrophic
cellular respiration (66). The rate of C02 emission from the soil was sampled with a
portable photosynthesis analyzer (LI-6200, LI-COR Inc., Lincoln, NE, USA), fitted
with a LI-6000-09 dynamic, closed-system, sampling chamber system, portable gas
analyzer.

The C02 concentration in the sampled gas was determined using an

infrared gas analyzer (IRGA) (LI-6250, LI-COR Inc., Lincoln, NE, USA).
Two measurements (the first at ~0900 h, and the second at~ 1430 h local time)
were made from randomly-located, permanently-installed soil respiration collars (n=2
per plot). The soil respiration collars were polyvinyl chloride (PVC) pipe couplers,
with 10.8 em internal diameters, buried 4.5 em into the soil surface, for a surface area
of91.5 cm2 and a total soil volume of 407 cm3 •
One of the gas hoses was disconnected from the sample chamber prior to
placement onto the respiration collar, to ensure that the internal pressure within the
collar was the same as the external (atmospheric) pressure. The gas hose was then
reattached to the sampling chamber, closing the system, and air was circulated
between the chamber and the IRGA at a flow rate of ca. 1.2 L min" 1 using the LICOR internal pump.

The C02 concentration within the sampling chamber was

scrubbed with soda lime for a few seconds to bring the internal C02 concentration to
below ambient.

The scrubber was then turned off, and the respiration rate was
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measured after the internal C02 concentration equilibrated to the ambient C02
concentration.

Each recorded measurement was an average of three separate

observations of C02 concentration taken over a 45 second period, and each
measurement took approximately 3-4 minutes to complete depending on the soil C02
efflux rate.
Soil C02 efflux was calculated as the rate of change in C02 concentration
over time (f.!mol m-2 s- 1) using the LI-6200 software (55). The LI-COR LI-6200 is
designed to analyze rates of photosynthesis; it calculates and reports the C02 flux as
if COz was being "consumed" by the sample being measured (living photosynthetic
tissue or cells). Soil respiration involves an efflux of C02 as carbon leaves the soil
system and returns to the atmosphere.

By convention, rates of soil respiration

measured by photosynthesis analyzers were multiplied by -1 to produce a positive
value for the reporting of soil-surface C02 efflux (SSCE).
Simultaneous with measurement of soil respiration, soil temperature was
determined through use of a digital temperature probe (model 51 II, Fluke
Corporation, Everett, WA, USA). The probe was inserted into the soil ~ 10-14 em
deep, directly adjacent to the PVC collar used to measure soil respiration.
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Laboratory Analysis
Soil characteristics such as pH and soil moisture were assessed to determine
general characteristics of the soil. Soils with lower pH (increased acidity) may be
indicative of soils with higher rates of nitrification (12); higher moisture levels may
be due to higher concentrations of organic material, which is better able to retain
moisture than the mineral components of the soil (98).

Soil samples were sieved through a 2.0 mm mesh screen to remove gravel,
roots and other plant material, and larger soil fauna. Approximately 15 g of the
sieved, field-moist soil was weighed into a 125 ml Erlenmeyer flask (with weight
recorded onto a data sheet) for the measurement of pH. Thirty ml of deionized water
was added to the flask (for a 2:1 H20:soil ratio), and the flask was swirled gently to
mix. The flasks were then allowed to stand for 30 minutes, with occasional gentle
swirling. After 30 minutes, the pH of the soil solution was read with a pH meter
(model MP220, Mettler-Toledo, Schwerzenbach, Switzerland).

To account for

"background" pH in the deionized water, five water blanks were also measured.

Gravimetric soil moisture content was determined by loss of water mass from
the soil after a period of drying. Individual soil samples were dried in porcelain
crucibles, which were first labeled and then weighed empty, with weights recorded on
a data sheet. For each of the soil samples, 6-7 g of sieved, field-moist soil was
measured into a porcelain crucible. The mass of the crucible + soil was recorded on
the data sheet. The crucibles were then placed into an oven at 105°C for 24 hours.
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After the 24-hour drying period the crucibles were removed and allowed to cool to
room temperature. The mass of the crucible + oven-dry soil was then measured and
recorded on the data sheet. The soil moisture (H20 % by mass) was determined as
the loss of the mass of H20 during the drying period, and calculated as:

m-d
8 =--xlOO
g

where:

8g

(Eq. 1)

d

is

the

gravimetric

moisture

content

of

the

soil,

m is the mass of the fresh, field-moist soil prior to drying, and

d is the mass of the same soil sample after drying in the 105 °C oven.
The maximum water holding capacity (WHC) of a soil sample is the amount
of water that can be retained by the soil through capillary forces alone - a function of
the texture (clay/sand/soil content) of the soil. The WHC of the soils used in the
research was determined through a gravimetric method, using a procedure adapted
from Barkay (7) and Fuller (32).

Measurement of Total C and N
A sub-sample of field-moist soil was used to determine total in-situ carbon
and nitrogen concentrations; the sieved and dried soil was ground to a fme powder in
a ball mill (model MM 200, Retsch GmbH & Co., Haan, Germany). The total C and
N (CTOT and NTOT) proportions ofthe soil were determined by dry combustion in 6x9
mm tin capsules with an elemental analyzer (model ECS 4010, Costech Instruments,
Valencia, CA, USA). C and N measurements in the soil samples were assessed
against a standard curve produced from an acetanilide series.
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Measurement of Microbial Biomass N and Microbial Activity
Microbial activity was measured as potential nitrification and ammonification
using aerobic, 10-day laboratory incubations (76). Microbial biomass N of the soil
was determined based on the colorimetric ninhydrin assay first described by Moore
(60), and further refmed by Joergensen and Brookes (47). The overall procedure is
described briefly below (Figure 2).

Adjustment to 40% WHC and conditioning: Measurement of microbial
activity and biomass required the adjustment of soil water content to 40% WHC.
Soils adjusted to 40% WHC provide near-optimal conditions for microbial activity
(76) and for optimization of the subsequent chloroform fumigation and extraction
efficiency (14, 65, 97). The soil samples were moistened and conditioned with a
procedure adapted from the Rothamsted Research method (35). A sub-sample of ~25
g of each of the field-moist soil samples was weighed out into a clean glass 50 ml
beaker, and deionized H20 was added to adjust the samples to 40% water holding
capacity (WHC), based on the average gravimetric soil moisture for the site (Table 1).
J
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Table 3 - Adjustments to soil samples for 40% WHC. Bg is the average % gravimetric soil
moisture content(% H 20 by mass) for the field-moist soil at each site for the specified season.

Season
F06

W07

Sp07

S07

Site

Bg

SMER

2.18±0.30

diH20added
(g 25g"1 soil)
2.92

SOPS

1.59±0.13

2.96

SMER

3.39±0.15

2.71

SOPS

3.02±0.30

2.67

SMER

3.61±0.30

2.13

SOPS

4.29±0.42

1.95

SMER

1.50±0.06

3.06

SOPS

0.67±0.07

3.12

The soil was gently stirred to evenly distribute the moisture, which was then
covered with a Kimwipe® held in place with a rubber band. The beakers containing
all of the moistened soil samples for each site (16 in total) were then placed into a
polypropylene storage container, along with a beaker containing
maintain the moisture in the soil samples) and a beaker with
absorb respired C02).

~50

~50

ml of water (to

ml of soda lime (to

The cover was placed onto the storage container, and the

storage container was then sealed with lab tape. The sealed container was placed into
a cabinet, and the soil samples were allowed to incubate aerobically at 25°C in the
dark for 10 days.

Potential net ammonification and nitrification was calculated as the change in
NH/ and N03• concentrations, respectively, over the 10-day incubation period.

Ammonium and nitrate concentrations of the field-moist soil samples were subtracted
from corresponding~+ and N03. concentrations of the un:fumigated soil samples at
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the end of the incubation period to determine net ammonification and nitrification
rates, respectively (76).

Field-Moist Soil
Sample

+
Determine Soil
H20%

~

I

+

Soil Adjusted to
40%WHCand
Conditioned
(25°C 10d in dark)

Subsample 11
Extract NH4+ & N03
with 0.5M Kp04

I

+

_if_

Unfumigated Soil
Sample

CHCI 3
Fumigation (24h)

+

+

Subsample 12
Extract NH/ & N03
with 0. 5M Kp04

Subsample t3
Extract N-t4+ & N03with 0.5M Kp04

+
Assay for NinhydrinReactive N (Microbial
Biomass)

Figure 2 - Summary flowchart of soil processing, with extraction of inorganic N, chloroform
fumigation of sub-samples, and measurement of ninhydrin-reactive N to estimate microbial
biomass.

The soil samples were conditioned at 40% WHC for ten days at 25°C in the
dark, as was described in the Methods section above. After the conditioning period,
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the soil samples were prepared for the chloroform fumigation and extraction (CFE)
process.

First, any sprouted seeds were removed and discarded prior to further

division of the samples. Next, the incubated soil was divided into two subsamples of
~10

g each. One subsample (subsample #2 in Figure 2) was placed into a numbered

125 ml Erlenmeyer flask for 0.5M K2S04 extraction of inorganic N without
chloroform fumigation.

The second subsample (subsample #3 in Figure 2) was

placed into a numbered 50 ml beaker for chloroform fumigation and subsequent 0.5M
KzS04 extraction of inorganic N. The soil moisture of the conditioned soil samples
was known, and it was then possible to determine the oven-dry mass of the
subsamples of soil partitioned into the beakers and flasks.

These weights were

recorded onto separate data sheets.
Fumigation and soil extraction: The chloroform fumigation and extraction
(CFE) procedure used in this study is based on that described by Brookes, et al. (10).
The soil samples measured into 50 ml beakers (subsample #3 in Figure 2) were then
placed into a vacuum desiccator along with a 50 ml beaker containing approximately
25 ml of ethanol-free chloroform (Fisher Scientific #C607SK-1).

The air was

evacuated from the desiccator, lowering the internal pressure to bring the chloroform
to boiling, and the desiccator was covered in black plastic to block out light. The soil
samples were fumigated for 24 hours. The 125 ml Erlenmeyer flasks holding the
other subsamples (#2 in Figure 2) were sealed with Parafilm® and stored at 4°C.
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Extractable N (free ammoniwn, nitrate and biomolecules released from the
lysed bacterial cells) in the soil was removed with 0.5M KzS04 at a 4:1 solution:soil
ratio. After the 24-hour chloroform fumigation cycle had completed, the chloroform
vapors were evacuated from the vacuwn desiccator. The fumigated soil samples were
then transferred to corresponding 125 ml Erlenmeyer flasks by rinsing with 2x20 ml
of 0.5M K2 S04. The unfumigated soil samples were retrieved from the 4 oc storage,
and 40 ml of0.5MK2 S04 was added to their flasks. The flasks were then placed onto
an orbital shaker (MaxQ 2000, Barnstead International, Dubuque, Iowa, USA) and
shaken at 200 rpm for 60 minutes (62). After the shaking cycle had completed, the
solutions were transferred to 50 ml centrifuge tubes, which were then spun at 2400
rpm for five minutes. Approximately 30 ml of the supernatant was then syringefiltered (0.45

~-tm)

into labeled polypropylene wide-mouth bottles (Fisher Scientific

#02-896A) and the extractant was stored at -20°C. For each group of soil samples
extracted, five no-soil 0.5MKzS04 blanks were also prepared to assess background N
levels and to monitor for potential contamination in the extract procedure.
The extracts were placed into storage at -20°C immediately upon completion
of the extract procedure to minimize potential for fungal growth. If stored at 4 °C, a
heavy precipitate formed, with CaS04 and KzS04 crystals (47) coming out of solution
in less than twelve hours. The citric acid buffer in the ninhydrin assay successfully
pushes the crystals back into solution in the lower pH.
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The concentrations of extractable ammonium (3) and nitrate (81) in the
solution were determined colorimetrically on an auto-analyzer (QuickChem 3000,
Lachat Instruments, Milwaukee, WI, USA). The concentration of the ammonium-N

in the fumigated extract Oess the ammonium-N in the unfumigated extract) represents
the amount of ammonium released by lysis of the microbial cells during the
chloroform fumigation process.
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Ninhydrin assay for microbial a-amino compounds: Ninhydrin binds to
and forms a purple complex with biomolecules and other compounds with free aamino groups.

These biological ninhydrin-reactive nitrogen compounds (BNIN)

include individual amino acids, peptide sequences, complete proteins, free
ammonium and other compounds bearing a-amino groups (47).

Increases in

ammonium concentrations after chloroform fumigation are due to the release of
ammonium from the lysed bacterial cells.
The concentration of BNIN in the extract solution is determined by comparison
against a standard curve produced from absorbance values obtained from a dilution
series of a known concentration - the 1000 JlM leucine standard. The 1000

JlM

leucine solution was prepared in 0.5M K2 S04 over a range of concentrations (0, 50,
100, 250, 500, 750 and 1000 JlM); a separate standard was prepared each season. A
water blank was also used for later calibration of the spectrophotometer.
Individual assays were prepared with 0. 75 ml of the K2S04 soil extract, mixed
with 1.75 ml of citric acid buffer (citric acid and sodium hydroxide dissolved in
deionized HzO, pH adjusted to 5.0) and 1.25 ml of ninhydrin reagent (ninhydrin and
hydrindantin dissolved in 750 ml of DMSO, combined with 250 ml of 4M lithium
acetate buffer at pH 5.2), gently mixed together in a 16xl50 mm test tube (Pyrex,
9820 16XX).

The test tubes with the KzS04 soil extracts, leucine solutions and water blank
were placed together in a 40-position test tube rack, which was then placed into a
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vigorously-boiling water bath (model 186, Precision Scientific, Chicago, IL). The
temperature setting on the water bath and the volume of water in the bath was such
that the water returned to boiling within two minutes of the test tube rack being
placed into the water. The test tubes are then heated at 100°C for 25 minutes. After
the heating period the test tube rack was removed from the water bath and allowed to
cool to room temperature on the bench top.
After the solutions had cooled, 4.5 ml of 1:1 95% ethanol:water was added,
and the tubes were gently swirled to mix the solution. The absorbance of each of the
samples was then read at 570 nm (1 em path length) in a spectrophotometer (DU 520,
Beckman Instruments, Fullerton, CA), using 1.5 ml of the K2S04 extract/ninhydrin
reagent solution in polystyrene semimicro cuvettes.
The biomass ninhydrin-reactive N (BNIN) - the total concentration of all
ninhydrin-reactive amino acids, peptides, proteins, free ammonium and other a-amino
groups - was calculated as:

BNIN

where:

= nr-Nfum - nr-Nunfum

(Eq. 2)

nr-Nfum is the ninhydrin-reactive N in extracts of fumigated soil, and
nr-Nunfum is the ninhydrin-reactive N in extracts of unfumigated soil.
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Biomass ammonium-N CBNHJ-N) was determined colorimetrically on the autoanalyzer, and represents only the free ammonium component in the K2S04 extract
solution. BNH3-N was then calculated as:

BNH3-N

where:

= NH3 ~-- NH3unf_

(Eq.3)

NH3Jum is the ammonium-N in extracts of fumigated soil, and
NH3urifum is the ammonium-N in extracts ofunfumigated soil.
Biomass a-amino N (Ba-N) is the ninhydrin-reactive N component in the

K2S04 extract solution representing only the biomolecular nitrogen compounds
(individual amino acids, peptides, proteins and other biomolecules with free a-amino
groups). Ba-N can then be computed as:

(Eq. 4)
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Statistical Analysis
Calibration (standard) curves were produced for determination of water
holding capacity in soil samples, as well as for nitrogen concentrations in the K2S04
soil extracts during the ninhydrin assay. These calibration curves were developed
using simple linear regression equations.
Repeated measures analysis of variance (ANOVA) was used to investigate the
effects ofN additions to the manipulated plots at the two research sites. To compare
differences in soil characteristics (e.g., concentrations of extractable inorganic
nitrogen compounds, pH, soil respiration, total N and total C) and microbial dynamics
(e.g., net ammonification, net nitrification, net mineralization and microbial biomass),

results were compared between treatments (control v. N-added) and across time (four
seasons, fall2006- summer 2007). Mauchley's test of sphericity was used to ensure
homoscedasticity of the data.

When the assumption of homoscedasticity was

violated, the Greenhouse-Geisser epsilon correction was applied to the degrees of
freedom in calculating significance, and Greenhouse-Geisser degrees of freedom are
reported with the relevant significant F values. Posthoc comparisons (Tukey's HSD)
were also used to examine specific differences between the groups when significant
differences were found in the results of the ANOVA tests.
Statistical calculations were made with Microsoft® Excel® 2008 for Mac
(Microsoft Corporation, Redmond, WA, USA) and SPSS 16.0 for Mac (SPSS Inc.,
Chicago, IL, USA); charts and graphs used in this document were created with
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SigmaPlot 11 (SysStat Software, Inc., San Jose, CA, USA) and Microsoft Excel 2008

for Mac.
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RESULTS
Soil Conditions
A summary of the soil characteristics and respiration rate from SMER and
SOFS is presented in Table 4.
The acidity (ph) of the soil was measured in the field moist soil samples.
While the mean pH in theN-added plots tended to be lower at both sites relative to
the control plots (Figure 3), neither SMER nor SOFS had significant differences in
pH due to the added N treatment (SMER: Fo,6>=2.823,p=0.144; SOFS F(l,6)=3.342,
p=O.ll7).

Both sites, however, showed significant effects of time (SMER:

F(3,Is)=3.570,p=0.035; SOFS F{3,Is)=7.785,p=0.002). In addition, Sky Oaks also had

a significant treatmentxtime interaction (F(3,I8)=3.404,p=0.040).
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86.75

6.50

6.50

6.25

6.25
l:

a.6.00

i6.oo
5.75 --'--- _.Control
-D- N-added
5.50
F06
W07 5p07

5.75

~Control

- -o - N-added

5.50
507

F06

W07
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Figure 3 - Soil acidity (mean pH~SE) at SMER (A) and SOFS (B) as a function of season.
F06=FaU, 2006; W07=Winter, 2007; Sp07=Spring, 2007; S07=Summer, 2007. There was no
effect of N addition on soil pH at either site; both, however, had a significant effect (p<O.OS) of
time (seasons), and SOFS had a significant timex treatment interaction.
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Soil moisture was measured in the

field~moist

soil samples. There was no

effect of N additions on soil moisture (8g, =HzO%) at either SMER (F(l,6)=0.090,
p=0.775, Figure 4A) or SOFS (F(1,6)=1.703, p=0.240, Figure 4B).

There were,

however, significant effects of time at both SMER (F(3,Is)=29.499, p<O.OOl) and
SOFS (F(3,Is)=37.088, p<O.OOl); soil moisture was highest through winter and spring
during the rainy season, and lowest during the smnmer and fall. Neither site had a
significant treatmentxtime interaction.

B s.oo

As.oo
4.00

- ' - - - - - ---±-- - -

~-

~ 3.00 --1'---,....-..-""'"'---~

-,g~2.00
.
_ _ __._. Control
1 00

-D- N-added

0.00 -----.,....------,--..,....--

0.00
F06

W07

5p07

507

F06

W07

5p07

507

Figure 4- Soil moisture (H20 %; mean:t:SE) at SMER (A) and SOFS (B). There was no effect of
N additions on the soil moisture at either site; both sites, however, showed significant effects of
time on soil moisture. n=4 for aU treatments.

Soil temperatures at both sites closely followed the overlying air temperatures;
consequently, there were no significant differences between treatments (control v. Nadded) at either site.
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The effect of N-addition on the rate of soil surface C02 efflux (SSCE) was
analyzed (Figure 5).

The between-treatment effect at Santa Margarita was not

significant (Figure SA; F(l,6)=0.056, p=0.821); the effect of added N at SOFS was,
however, very close to significant (F(l,6)=5.567, p=0.056), with the control plots
exhibiting higher SSCE than the added plots (Figure 5B).

Both sites showed

significant seasonal effects (SMER: F(3,1&)=29.048, p<O.OOl; SOFS: F(3,I&)=13.110,

p<O.OOl), and temporal effects of SSCE tended to follow trends in soil moisture
levels and, to a limited extent, soil temperature (Table 4).
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Figure 5 - Soil Surface C02 Emux (SSCE; mean:t:SE) at SMER (A) and SOFS (B). Differences
in SSCE between treatments at SMER averaged <3% in each season; differences at SOFS
averaged 29.2% higher in the control plots, leading to the near-significance of the betweentreatment effect. n=4 for aU treatments.

Actual climatic conditions (7-day average air temperatures and precipitation
events) along with the field sampling dates for the two sites are illustrated in Figure 6,
indicating the potential influence of temperature and precipitation on microbial
dynamics.

Table 4- Measured Characteristics of Soils at Research Sites. Values shown are the means ±SE of two measurements of surface soil
(0-lOcm) within each plot (n=4) for the seasons of fall 2006 (F06), winter (W07), spring (Sp07) and summer (S07) 2007.

Site

Plots

Season
F06

SMER

SMER

SOFS

SOFS

1

Control

N-added

Control

N-added

pH
6.37±0.09

Soil
temp

0.225±0.012

24.1±0.44

2.60±0.52

8g (%)

2

(oC)

WFPS
(%) 3

Total C
(mg g·1
soil)

Total N
(mg g·1
soil)

7.17

21.70±2.105

4.17±0.092

7.58

10.90±1.278

1.21±0.273

W07

6.37±0.07

0.407±0.038

13.8±0.05

3.33±0.26

Sp07

6.65±0.08

0.259±0.035

14.7±0.20

3.77±0.49

952

6.25±1.143

0.53±0.075

S07

6.06±0.08

0.268±0.026

23.4±0.25

1.55±0.10

3.51

16.95±1.090

1.32±0.061

F06

6.45±0.18

0.216±0.010

24.6±0.47

1.76±0.21

5.72

17 .23±0 .841

3.95±0.060

W07

6.03±0.08

0.370±0.032

14.3±0.11

3.45±0.21

6.91

11.22±1.040

1.38±0.368

Sp07

6.27±0.15

0.231±0.011

14.8±0.03

3.45±0.17

8.53

8.50±1.772

1.08±0.460

S07

6.18±0.17

0.313±0.035

24.0±0.43

1.45±0.06

2.94

12.74±2.842

1.16±0.222

F06

6.12±0.03

0.534±0.059

20.1±0.62

1.65±0.25

4.41

9.12±0.692

0.42±0.080

W07

6.60±0.07

0.849±0.049

9.6±0.62

2.68±0.44

6.90

12.60±1.113

0.63±0.050

Sp07

6.47±0.04

0.896±0.069

12.7±0.36

3.86±0.31

10.17

7.35±0.315

0.43±0.051

S07

6.34±0.06

0.668±0.131

22.6±0.98

0.61±0.10

1.58

9.37±1.865

0.75±0.155

F06

6.14±0.13

0.463±0.049

20.5±0.46

1.52±0.11

4.29

8.06±1.485

0.35±0.065

W07

6.28±0.12

0.620±0.064

9.6±0.48

3.36±0.38

9.45

14.32±0.038

0.98±0.123

Sp07

6.14±0.13

0.696±0.020

12.2±0.31

4.72±0.77

13.22

10.04±1.823

0.56±0.057

S07

6.20±0.05

0.491±0.057

21.8±0.34

0.73±0.10

2.09

11 .09±2.706

1.04±0.481

SSCE = Soil Surface C0 2 Efflux (soil respiration)
8 8 = % gravimetric soil moisture content
3
WFPS =Water-Filled Pore Space
2

SSCE 1
(J.t.mol m·2
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Extractable NH, + and N03Inorganic nitrogen (NH/ and N0 3) was extracted from the field-moist soil
samples using 0.5M K2S04 • The concentrations of each compound were consistently
higher- but not always significantly so- in theN-added plots as compared to the
control plots (Figure 7 and Figure 8).
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The results of repeated-measures ANOVA analysis showed that [NH/] varied
significantly at Sky Oaks between N-added and control treatments (F(l,6)=56.201,
p<0.001), as well as across time (F(1.877,8.262)=14.236,p=0.003), and with a significant
time treatment interaction (F(1.877,8.262)=13.458, p=0.004).

Repeated-measures

ANOVA showed similar significant differences for [N03-] between theN-added and
control plots (F(l,6)=22.954, p=0.003), as well as across time (F(1.877,8.262)=6.464,
p=0.032), and with a significant timextreatment interaction (F(1.877,8.262)=6.998,
p=0.027).
The N -added plots had higher concentrations of both ammonium [NH/] and
nitrate [N03-] than did the control plots (Figure 8C and D, respectively). The NH/ in
the manipulated plots increased from a low in fall of 1.37±1.10 1-1g N g- 1 soil dw
(mean±SE, n=4), immediately prior to the application of the NILN03 fertilizer, to a
peak of 42.90±7.16 1-1g N g- 1 soil dw in winter (Figure 8C). The N03- in theN-added
plots followed a similar pattern (Figure 8D), increasing from 2.83±0.30 in fall to
14.18±3.901 1-1g N g- 1 soil dw. The concentrations of both compounds declined over
the next six months. Ammonium concentration in theN-added plots fell by nearly
91% to 3.87±0.75 1-1g N g- 1 soil dw in the spring; by summer [NH/] had nearly
tripled, increasing to 10.04±6.36 1-1g N g- 1 soil dw. The decline in [N03-] in theNadded plots was less rapid than that of [NR.l; in spring [N03-] had fallen nearly 58%
from the winter peak to 6.00±1.33 1-1g N g- 1 soil dw, and fell another 62% by the
summer to 2.26±0.75 1-1g N g- 1 soil dw.
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With the exception of the high-N concentration winter samples, the
ammonium concentration (mean±SE) in theN-added plots at SOFS was 5.09±2.25, as
compared to 0.83±0.23 f-tg N g- 1 soil dw in the control plots. Similarly for nitrate
1

concentrations at SOFS, the N-added plots averaged 3. 70±0.68 f-tg N g- soil dw for
1

the fall, spring and summer soil samples, compared to 1.45±0.20 f-tg N g- soil dw in
the control plots.

Extractable inorganic N concentrations at Santa Margarita tended not to be
significantly different between treatments (Figure 8A). Ammonium concentrations in
theN-added plots in the spring was 1.76±0.95 f-tg N g- 1 soil dw, marking the low
point across all seasons, and was actually lower than the full-year average of
1.79±0.29 f-tg N g- 1 soil dw in the control plots. Ammonium concentrations increased
in the N-added plots between the spring and summer, rising over 400% to 2.54±0.52
f-tg N g- 1 soil dw. However, results of repeated-measures ANOVA tests indicate that
there were no significant differences between treatments (F(l,6)=3.717, p=0.102) or
across time (F(3,18)=1.194, p=0.340), nor was there a significant timextreatment
interaction.

Conversely, there was a significant effect of N-addition on the nitrate
concentration at Santa Margarita (Figure 8B). Nitrate concentrations in N-added
plots from the fall samples was 1.97±0.21 f-tg N g- 1 soil dw, and increased to
26.77±18.70 f-tg N g- 1 soil dw by the summer.

In the control plots, nitrate

concentrations rose from 0.75±0.14 f-tg N g- 1 soil dw in the fall to 6.45±1.55 J.!g N03-
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1

g- soil dw in the summer, with an annual average of 3.57±0.67 ~g N g- soil dw. The
1

results of repeated-measures ANOVA tests indicate that [N03-] in theN-added plots
was higher than in the control plots (F(l,6)=17.479, p=0.006); however, the effect of
time was not significant (F(3, 1s)=1.612, p=0.251), and there was no timextreatment
interaction.

Total C and Total N
Total carbon (CTOT) and total nitrogen CNToT) soil concentrations were
determined by dry combustion (76). The results of repeated-measures ANOVA tests
indicate that there were seasonal variations at both sites. At Santa Margarita (Figure
9C), peak CTOT concentrations occurred in fall for both N-added (17.23±0.84 mg C
g- 1 soil dw) and control plots (21.70±2.10 mg C g- 1 soil dw) (mean±SE, n=4). CTOT
declined to low values in spring (N-added=8.50±1.77, control=6.25±1.14 mg C g- 1
soil dw) before increasing again in the summer. While there was a seasonal effect at
SMER (F(1,6)=22.588,p<0.001), the between-treatment effect was not significant, nor
was there a significant timextreatment interaction. Total nitrogen at SMER (Figure
9A) followed a pattern similar to that of CTOT, with maximum values in fall for both
N-added (3.95±0.06 mg N g- 1 soil dw) and control plots (4.17±0.09 mg N g- 1 soil
dw). Low values for NTOT at SMER occurred in the spring (N-added=1.08±0.460,
control=0.53±0.075 mg N g- 1 soil dw), and increased slightly in the summer season.
There was a seasonal effect for NTOT at SMER (F(l.339,8.o33)=72.488, p<0.001), the
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between-treatment effect was not significant, nor was there a significant
timextreatment interaction.
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Total N concentrations in the field-moist soil samples at Sky Oaks (Figure 9B)
varied from low values in fall for both theN-added (0.35±0.07 mg N g- 1 soil dw) and
control plots (0.42±0.08 mg N g- 1 soil dw), to peak values in summer (Nadded=l.04±0.48, control=0.75±0.16 mg N g- 1 soil dw) (means±SE, n=4). Neither
treatment varied far from the twelve-month averages, however (N-added=O. 73±0.14,
control=0.56±0.06 mg N g· 1 soil dw). While the Nror in the N-added plots averaged
higher than that of the control plots, the results of the repeated-measures ANOVA
showed no significant differences at SOFS between treatments or across time.
Total C (mg N g· 1 soil dw) concentrations at Sky Oaks showed slightly more
variation (Figure 9D), with a significant seasonal effect (F(J,ls)=3.753,p=0.030). The
CTOr in the N-added plots tended to be higher than in the control plots, ranging from
low values in fall (N-added=8.06±1.49, control=9.12±0.69 mg N g· 1 soil dw) to peak
values in winter (N-added=l4.32±0.04, control=12.60±1.11 mg N g- 1 soil dw)
(means±SE, n=4). Cror concentrations in the spring and summer fell within the F06W07 ranges for the two treatments, and a repeated-measures ANOVA test on the
CTOr concentrations showed that there was no significant difference between the
treatments.
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Net Ammonification, Nitrification and Mineralization
Changes

during

the

10-day

conditioning/incubation

period

m

the

concentrations of ammonium and nitrate were compared between theN-added and
control soils. After the soil had been sieved and homogenized, the soil moisture
adjusted to 40% WHC and the soil samples allowed to incubate for 10 days, the
potential for microbially-mediated changes in ammonium and nitrate concentrations
could be assessed, by measuring the concentrations of inorganic N (NH/ and N03-)
in O.SMK2S04 extracts of the unfumigated soil samples.
The role of nitrifying microbes in the nitrogen cycle can be observed in the
transformation of organic, immobilized N into ammonium (ammonification) and
conversion of ammonium into nitrate (nitrification); the change in [N~+] and [N0 3-]
in the K2S04 extracts between the field-moist and unfumigated soil are the effects of
microbial processes. The trends in net ammonification (consumption/transformation
of nearly all available ammonium) and net nitrification (production of nitrate across
all treatments) can be seen in Table 5. The difference in ~+] between the fieldmoist soil samples and the unfumigated, conditioned samples is a measure of net
ammonification.

Net ammonification - the release of ammonium from organic

compounds in the soil during processes of decomposition - was generally negative,
indicating that NH3/N~+ was normally immobilized or converted into nitrite (and
subsequently nitrate) by nitrifying bacteria.
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Together, NH/ and N0 3- represent the total pool of inorganic N in the soil;
microbial ammonification and nitrification reallocate and redistribute N in the soil and can also increase or decrease total inorganic N availability (Figure 10).
Table S - Comparison of inorganic N pools between field-moist and unfumigated soil extracts
1
from winter soil samples. FM=[N] t.Lg g-1 soil dw in field-moist soil samples; Unfum=[N] Jig gsoil dw in unfumigated 40% WHC soil samples; A %=change in N03- or Nil/ over the ten-day
period.

Treatment

N type

FM

Unfum

A%

No3-

4.10±0.66 12.02±0.90

+293%

NH/

2.14±0.33

0.02±0.03

-99.99%

18.24±2.88 28.87±4.94

+158%

SMERC

No3SMERM
NH/

5.93±0.81

0.79±0.49

-65.1%

No3-

1.36±0.14

5.69±0.48

+418%

NH/

1.05±0.17

0.25±0.15

-76.2%

No3-

14.18±3.90 23.57±4.52

+166%

NH/

42.90±7.16 37.99±7.31

-11.4%

SOFSC

SOFSM

Net ammonification was very consistent in the control plots at Santa
Margarita (Figure 11A), with slightly more variation in the N-added plots (Figure
liB). The low rate of net ammonification occurred in soil samples from spring for
both treatments (N-added= -1.18±0.40, control= -0.43±0.13 f!g N produced

t 1 soil

dw), and peak rates occurred in samples from summer for both treatments (N-added=
-6.43±4.36, control= -2.28±0.55 !!g NH/ produced g- 1 soil dw). Negative values for

net ammonification indicate an overall decrease in [NIL.+], due to concurrent
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nitrification and/or immobilization. While seasonal averages of ammonification were
greater for theN-added soils (-3.70±1.13 1-tg NH/ produced g" 1 soil dw) than for the
control soils (-1.60±0.27 ~-tg NHt produced g- 1 soil dw), there was no significant
difference from N-additions between treatments (F{l,6)=4.474, p=0.079). There were
also no significant differences at SMER for time, nor was the timextreatment
interaction significant.
Ammonification in the soil samples at Sky Oaks (Figure 11C & D) followed a
similar pattern to that of Santa Margarita.

The least amount of change in

ammonification occurred in soil samples from the control plots in spring (0.01±0.02
1-tg NH/ produced g" 1 soil dw); the lowest rate of ammonification for theN-added
plots occurred in fall (-0.17±0.38 ~-tg NH/ produced g" 1 soil dw). Peak rates occurred
m

samples

from

summer

for

both

treatments

-6.34±3.61, control= -1.68±0.51 ~-tg NH/ produced g- 1 soil dw).

(N-added=
While seasonal

averages of ammonification at SOFS were again greater for the N-added soils
(-3.35±1.27 ~-tg NH/ produced g" 1 soil dw) than for the control soils (-0.62±0.22 1-tg
NIL.+ produced g- 1 soil dw), there was no significant difference from N-additions
(F{l,6)=3.633,p=0.105). There were also no significant differences at SOFS for time,
nor was the timextreatment interaction significant.
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The difference in [NOn at the end of the incubation period is a measure of
net nitrification. The rntes of net nitrification were significantly different for time at
both sites, and there was also a significant treatment effect at Sky Oaks. At Santa
Margarita, the production of nitrate from ammonium (t-tg N g- 1 soil dw) varied from
low values in spring for both treatments (N-added=8.05±1.09, control=4.77±0.57) to
peaks in summer (N-added=16.48±2.65, control=14.60±2.40). The overall average
rate of nitrification in soil from the N-added plots at SMER was slightly higher
(9.06±1.41) compared to soil from the control plots (10.92±1.34 t-tg N g- 1 soil dw),
but the difference was not significant. There was, however, a significant effect of
time (F(l,6)=5.315, p=0.008) at SMER; the timextreatment interaction was not
significant.
At Sky Oaks, the nitrification rates were different for each treatment. Net
nitrification in soil from the control plots (Figure 11 C) ranged from a low value
(mean±SE) in the spring samples (2.22±0.41 t-tg N produced g- 1 soil dw) to a peak in
the summer samples (6.41±1.71 t-tg N produced g- 1 soil dw). In the soils from theNadded plots (Figure liD), the low season was fall (4.84±0.76 t-tg N produced g- 1 soil
dw) and the peak was winter (9.39±1.04 J,tg N produced g- 1 soil dw)_ Nitrification
was consistently higher in theN-added soil as compared to the control soil, and the
repeated-measures ANOVA test showed that the difference was significant between
treatments (F{l,6)=23.180, p=0.008).

There was also a significant effect of time

(F(3,1s)=5.749,p=0_006), but the timextreatment interaction was not significant.
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Net mineralization- the sum of net ammonification and net nitrification- was
statistically equivalent between treatments and across seasons at both SMER (Figure
12A) and SOFS (Figure 12B).
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At Santa Margarita (Figure 12A), net mineralization tended to be higher in the
control plots, relative to the N-added plots.

The lowest rates (mean±SE) of

52
mineralization occurred in spring soil samples from the control plots (4.34±0.48 11g N

i

1

soil dw) and in winter in theN-added soil (5.75±2.98 11g N g- 1 soil dw). Peak

rates

for

both

treatments

occurred

added=10.05±4.24 11g N g- 1 soil dw).

m

summer

(control=l2.31±1.98,

N-

The full-year seasonal averages for net

mineralization :from both treatments were very close (control=7.46±1.18, Nadded=7.22±1.27 11g N g- 1 soil dw), and were not significantly different either
between treatments or across time.
At Sky Oaks (Figure 12B), net mineralization tended to be slightly higher in
the soils :from theN-added plots (4.13±0.96 11g N g- 1 soil dw) compared to the control
plots (3.28±0.41 11g N g- 1 soil dw). Neither treatment presented any real variation
from their full-year averages, and there were no significant differences in net
mineralization in the SOFS soils either between treatments or over time.
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Measurement of Ninhydrin-Reactive N
Measurements of ninhydrin-reactive N in extracts of chloroform-fumigated
soil samples provide a means of determining the amounts of C and N immobilized in
microbial cells (2).

The ninhydrin assay measures the amount of ammonium in the 0.5M K2S04
soil extracts. The source of the ammonium may be intracellular compounds (e.g.,
amine groups of DNA, RNA, peptides, nucleic or amino acids, or free ammonium in
the cells), or free ammonium in the soil. The cellular compounds are released upon
lysis of the cells during the chloroform fumigation process; and all compounds are
biologically ninhydrin-reactive N

(BNIN,

from Eq. 2). Intracellular ammonium can be

isolated as [NH/] in the fumigated soil samples less the [NH/] in the unfumigated
samples (this is

BNH3-N,

from Eq. 3). The ammonium portion is subtracted from the

total concentration of BNIN, and the remainder is a-amino N

(Ba-N,

from Eq. 4), the

amine functional groups of nucleic and amino acids. From BNtN the amount ofN and
C immobilized in microbial biomass (NMic and CMic, respectively) can be estimated
(2, 47).

Concentrations of ninhydrin-reactive N

(BNIN)

at Santa Margarita (Figure

13A) varied significantly over time (F(3,1s)=3.926,p=0.026), from a low in spring for
both control and N-added plots (5.22±1.68 and 6.38±1.21 11g

BNtN

g" 1 soil dw,

respectively) to a peak in summer for both control and N-added plots (13.93±3.41 and
10.11±2.70 11g

BNIN

1
g- soil dw, respectively).

The

BNtN

concentrations were
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generally higher in soil from the control plots than in theN-added plots, with the
exception of the samples from spring. The effect of N addition at SMER was not
significant, nor was there a significant timextreatment interaction.
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Similar to SMER, there was a significant difference in BNIN over time at Sky
Oaks (F(3,18)=6.398, p=0.004, Figure 13B).

The lowest concentrations in BNIN

occurred in the soil samples from fall (control=5.27±0.97, N-added=3.95±0.70 1-1g
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BNlN

1

g- soil dw). Ninhydrin-reactive N concentrations rose in the control plots to a

peak of 11.63±2.11 !lg

BNIN

g- 1 soil dw in the winter soil samples.

BNIN

in theN-

added soil samples from SOFS changed little from F06-Sp07, averaging 4.92 !lg BNIN
g- 1 soil dw, before increasing to a peak of 11.13±3.24 !lg BNIN g- 1 soil dw in summer.
Also similar to SMER, the

BNlN

concentrations in soil from the SOFS control plots

were generally higher than in the N-added plots, with the exception of the samples
from summer. The effect ofN addition at SOFS was not significant, nor was there a
significant timextreatment interaction.

Microbes will preferentially take up (immobilize) N in the form of ammonium
rather than nitrate (5, 43), particularly when concentrations of soil organic matter are
low.

Concentrations of extractable NH/ in the un:fumigated soil samples were

compared to ninhydrin-reactive N at the end of the 10-day incubation/conditioning
period (Figure 14). The total nitrogen assimilated by the microbes and allocated to
amino/amide groups in amino and nucleic acids, combined with free intracellular
ammonium, was always far greater than the available NIL+ in the soil, regardless of
treatment or plant community. The only exception to this result occurred in winter in
soil samples from theN-added plots from SOFS, possibly due to a residual amount of
ammonium fertilizer applied at the end of the fall sampling campaign.
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Figure 14- Detailed results of Ninhydrin assay, comparing ninhydrin-reactive N (BNIN) to extractable ammonium in unfumigated soil
samples from SMER (A: control plots, B: N-added plots) and SOFS (C: control plots, D: N-added plots). BNIN• released from lysed
bacterial cells in chloroform-fumigated soil samples, is the sum of a-amino-N (Ba-N) and intracellular ammonium (BNHJ-N)· Means
shown for each variable (error bars omitted due to large and overlapping variances); n=4 for all treatments.
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The ratio of BNIN to extractable NH/ in the soil samples from the control plots
at SMER (Figure 15A) averaged 60:1 over the four seasons, and tended to be
approximately double that of the N~added plots (where the ratio was 28:1, excepting
the post-fertilization season of spring).
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Figure 15 - Ratio of immobilized microbial N (BmN) to extractable NH/ in unfumigated soil
samples. BNIN:Ext. NRa+ in soil from control plots at SMER (A) tended to be double that of the
N-added plots; 60:1 in the control plots (excepting the Sp07 results), and 28:1 in the N-added
plots. The ~:Ext. NB/ ratios in soils samples from SOFS (B) were similar, averaging nearly
32:1 in the control plots (excepting the W07 results), and 17:1 in the manipulated plots. Mean
ratioszSE; n=4 for aU treatments.
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The ratios of BN1N:Ext. NH/ from soil samples at Sky Oaks (Figure 15B)
were similar to the results from SMER. In the control plots, the ratio averaged 60: I
1-lg BNIN: NH/ g" 1 soil dw, and 28:1 ~-tg BNIN : NH/ g- 1 soil dw in theN-added plots.
The allocation of N by microbes in incubated soil samples from Santa
Margarita (Figure 16A) and Sky Oaks (Figure 16B) had small - and usually not
significant - differences. The two components of N assimilated by microbes are a.amino Nand intracellular N~+. In the incubated soil samples from Santa Margarita,
the microbes in theN-added plots tended to allocate a slightly-higher proportion of
their assimilated N to amino and nucleic acids, as compared to microbes in soil
samples from the control plots - though the results of a repeated-measures ANOVA
indicate that there was no difference between the two treatments (F(1,6)=0.852,
p=0.392). There was a significant effect of time, however (Fc3, 1s)=4.024, p=0.024).
The timextreatment interaction was not significant.
At Sky Oaks (Figure 16B), the general pattern was reversed, with microbes in
the incubated soil samples from the control plots placing slightly higher allocation of
N in their amino and nucleic acids, as compared to the microbes in soil samples from
the N-added plots.

There were no significant differences between treatments

(F(l,6)=2.281, p=O.l82) or over time (F(J,I8)=2.620, p=0.082) at SOFS, nor was the
timextreatment interaction significant.
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Figure 16- Ratio of ninhydrin-reactive Nina-amino groups to intracellular ammonium. There
was no difference in the ratio of microbially-immobilized N in amino and nucleic acids to
intracellular NH/ between treatments at either SMER (A) or SOFS (B). There was a seasonal
effect at SMER, though not at SOFS. Microbes in the soil samples from theN-added plots at
SMER tended to allocate greater amounts of N to amino and nucleic acids than did their
counterparts in the control-plot soils; the opposite was true at SOFS. Means:t:SE for both
variables, n=4 for all treatments.

The trend in allocation of assimilated N was similar across all four treatments
(Figure 16) - with a slight increase in intracellular NHt often coupled with a larger
decrease inN allocated to amino and nucleic acids (Figure 14)- over the seasons of
fall through spring, followed by a leveling off or slight increase from spring-summer.
The one exception was in the microbes from theN-added plots at SOFS from winter;
there was still a high concentration of extractable ammonium in the soil following
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fertilization in fall, and the microbes had slight increase in allocation to a.-amino N,
combined with an even larger increase in intracellular N~+.

Estimated Microbial Biomass C and N
The amount of ninhydrin-reactive nitrogenous compounds (i.e., ammonium,
amino acids, oligopeptides and proteins) that are released from lysed cells after
exposure to chloroform can be relatively low, compared to the total N taken up and
immobilized by the microbes.

The ninhydrin assay measures primarily

macromolecules released from the cytoplasm (2, 47). Membrane-bound proteins even in damaged cells - are not fully accessible to the ninhydrin assay (46), and
extraction of nitrogen compounds immediately after fumigation with chloroform does
not allow time for further decomposition by extracellular enzymes of the
macromolecules (44). Consequently, the estimated total N immobilized by bacterial
cells has been found to be approximately 5xBNIN· Estimates for microbial biomass C
have had a far larger range, from approximately 21 to 65xBN1N (47, 78, 82),
apparently depending on soil types, duration of fumigation period, soil moisture level,
soil pH, and other factors.
From the pH ranges measured in the soil slurries from SMER and SOFS, it
was determined that the conversion factors from BNIN to microbial N CNMic
BNIN) described by Amato and Ladd (2) would be applicable.

conversion from BNIN to microbial biomass C (CMic

=

=

5 x

Similarly, the

21 x BNIN for soil pH> 5.0)
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described by Joergensen (46) would also be valid. Estimates for biomass C and N at
Sky Oaks and Santa Margarita are presented in Table 6.
Table 6 - Four-season averages for ninhydrin-reactive N ~), and estimates of microbial
biomass (CMic) and N immobilized by soil microbes (NMid· C=Control plots, M=N-added plots.
Means:t:SE, n=4 for all treatments.

Treatment

BNIN

CMIC

(tJ.g g·1 soil dw)

SMERC

9.78±1.80

205.43±37.82

48.91±9.00

SMERM

7.40±0.90

155.48±18.97

37.02±4.52

SOFSC

7.94±1.56

166.68±32.66

39.69±7.78

SOFSM

6.48±1.60

146.03±33.57

32.38±7.98

At both Santa Margarita and Sky Oaks, the CMic in the control plots was
consistently higher than that in the N-added plots (with two exceptions: spring at
S:MER and summer at SOFS). The values (mean±SE) for CMic at SMER ranged from
lows in spring soil samples (N-added=31.89±6.074, control=26.09±8.39 11g C g- 1 soil
dw) to peaks in summer (N-added=50.55±13.50, control=69.65±17.03 !J.g C g- 1 soil
dw). At Sky Oaks, the soil samples from fall had the lowest concentrations of CMic
(N-added=19.76±3.51, control=26.37±4.83 !J.g C g" 1 soil dw); winter samples had the
highest CMic in the control plots (58.17±10.57 !J.g C g- 1 soil dw), and summer had the
highest CMic concentrations in theN-added plots (55.67±16.20 !J.g C g- 1 soil dw).
To test the hypothesis that the microbial biomass (CMic) would be greater in
the manipulated plots than in the control plots, a repeated-measure ANOVA test was
conducted. There was no effect of the addition of N at either site. There was a
significant effect of time at SMER (F(3,ts)=3.926, p=0.026) as well as at SOFS
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(F(3,ls)=6.398, p=0.004); the timextreatment interactions were not significant at either
site, however.
The ratio of total C (CmT) in the field-moist soil samples was compared to
CMic (Figure 17), and tested via repeated-measures ANOVA.
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Figure 17 - Seasonal change in estimated microbial biomass (CMic) in soil samples inclubated at
40% WHC (A = SMER, B = SOFS) for 10 days in the dark at 25°C. MeanU:SE, n=4 for all
treatments.

The results of the repeated-measures ANOVA showed that there were no
effects of added N at Santa Margarita (Figure 17A), nor were there a seasonal effect.
The ratio of CmT : CMic generally declined over time in both treatments, from a peak
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values in fall of 124.4 and 132.7 mg C g- soil dw in the control and N-added plots,
respectively. The ratio reached a low point of 58.2 mg C g· 1 soil dw in winter in the
control plots, and 63.1 mg C g- 1 soil dw in theN-added plots. The average values,
however, were little different in either treatment: 90.1 and 91.3 mg CTOT g- 1 soil dw:
1 mg of CMtc in the control and N-added plots, respectively. The four-season average
percentage of total soil carbon immobilized by the microbes was 1. I% in both the
control and N -added plots at Santa Margarita.

Similarly at Sky Oaks, the repeated-measures ANOVA showed that there was
no effect of the added N on CToT (Figure 17B); there was, however, a seasonal effect
(£(3,18)=5.531, p=0.009) from the added Non the CTOT : CMic ratio at SOFS. The
ratio peaked for both the control (91.1 mg CTOT g· 1 soil dw: 1 mg CMic) and N-added
(87.1 mg CTOT g· 1 soil dw: 1 mg CMic) plots, and both declined over the four seasons
to low average values in summer (47.0 and 50.9 mg CTOT g· 1 soil dw: 1 mg CMic for
the control and N-added plots, respectively). Average ratios across the seasons in the
N-added plots were slightly higher (84.5 mg CTOT g- 1 soil dw : 1 mg CMic) than in the
control plots (65.1 mg CTOT g- 1 soil dw : 1 mg CMic). Over the four seasons, a
slightly higher percentage of CTOT was immobilized by the microbes in the
conditioned soil from the control plots (1.5%) relative to C assimilated by microbes in
conditioned soil from theN-added plots (1.2%).

The timextreatment interactions for CTOT : CMic were not significant at either
site.
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The estimated total N immobilized by the soil microbes (NMic) was also
examined, and compared against the total N (NToT), as measured by the dry
combustion method described above.
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Figure 18- Comparison of seasonal changes at SMER (A) and SOFS (B) in the ratio of total soil
N (NTOT) to estimated microbial immobilized N (NMic) in soil samples inclubated at 40% WHC
for 10 days in the dark at 25°C. There was a seasonal effect at SMER (F13•18r14.353,p<0.001),
but there was no effect from added N at either site. Means:t:SE, n=4 for all treatments.

There was no effect of added N on the ratio of NToT : NMic between
treatments in the conditioned soil samples from SMER (F(l,6)=0.873, p=0.386, Figure
18A). Peak ratios for both control and N-added plots occurred in fall (100.22±31.37
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and 128.58±15.63 mg NmT : 1 mg NMic g- soil dw, respectively).

The ratio

decreased for both treatments at SMER over the four seasons, to low values in
summer of 26.26±10.13 and 25.17±3.18 mg NmT : 1 mg NMtc g- 1 soil dw,
respectively. There was a strong effect of time at SMER: F(3,18)=14.353, p<0.001,
but no significant timextreatment interaction. With the exception of the peak ratio
values observed in fall (due to exceptionally-high NmT values [Figure 9A] and
average BNIN values [Figure 13A]), the average ratio in the soil samples from the
control plots was 29.0:1, and 35.6:1 in soil samples from theN-added plots. The
average percentage ofNMic out of the total N in the soil was 2.1% in the control plots,
and 1.7% in theN-added plots.
The ratio of total soil N to microbially-immobilized N in the soil samples
from Sky Oaks (Figure 18B) had a different pattern from that shown at SMER.
Average values for the ratios were nearly identical for the two treatments in fall and
summer, with some separation over winter and spring. There was no significant
difference between treatments at SOFS (F(J,lo)=1.522, p=0.272), nor were there
significant effects of time or in the timextreatment interaction. Over the four seasons,
the average NmT: NMic ratio was 15.1 and 22.6 mg NmT: 1 mg NMic g· 1 soil dw in
soil samples from the control and N-added plots, respectively. Total N concentrations
in the soil at SOFS were relatively steady (Figure 9B), as were the ninhydrin-reactive

N measurements (Figure 13B).
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DISCUSSION

This study relied on in situ field measurements and laboratory assays to assess
the potential for dry-season N input to alter microbial activity and biomass.
However, there was a relatively short timeframe (four seasons) of observations, only
four replicates in each of the treatments, and the resolution of observation of
microbial response and field sampling was not very fme. Through these chemical
analyses we may infer the activity of the microbes, but we are largely unable to
determine precise responses, either at a molecular level or within a short timeframe
after disturbance.
Given these caveats, it appears that the following conclusions were supported:
1. The first hypothesis, that the rate of nitrate production would be higher in the
plots exposed to additions of N at both SMER and SOFS as compared to the
control plots, was supported by the experimental results. It is important to note,
however, that the nitrification activity observed was in soil samples that had been
thoroughly homogenized through processing in the lab, then wetted to 40% WHC,
and allowed to incubate for 10 days in the dark at 25°C -the rate of nitrification
may be lower in situ, after a precipitation event. If precipitation is high enough in
areas of high atmospheric deposition of nitrogen, the potential for high rates of
nitrate production is very real.
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2. The hypothesis that the overall population of soil microbes (as measured by
microbial biomass) will increase in areas with greater deposition of anthropogenic
nitrogen must be rejected. There was no statistically significant difference in
microbial biomass - as determined through the ninhydrin assay - between control
and manipulated plots at either Santa Margarita or at Sky Oaks.

Increased Rates of Nitrification from Added N
Net nitrification rates were significantly higher in the N-added plots at SOFS
(Figure liD), and there was a significant effect of time on net nitrification at both
sites. Heterotrophic nitrifYing bacteria (and other decomposers) transformed organic
nitrogenous compounds into ammonium (nitrogen mineralization) (66, 85).
Autotrophic ammonia- and nitrite-oxidizing bacteria (AOB and NOB, respectively)
then converted the NH/ into N03 - (nitrification) (66).
Conditions in the soils of theN-added plots may be indicative ofN saturation
(15, 28). As described by Davidson, et al., nitrifYing bacteria may be a significant
source of nitrous oxide (N20) and nitric oxide (NO) emissions from the soil (16).
The soil samples were incubated for 10 days at 25°C after the water holding capacity
was adjusted to 40%. As the percentage of water-filled pore space (WFPS) rises in
N-saturated soils, emissions of the greenhouse gases N20 and NO increase, leading to
a loss of N from the soil (17, 26). The resulting loss of N due to N20 and NO
emission can be particularly acute - even in soils with WFPS <70%, where
denitrification may not occur (16) -when the labile C pool is low (26, 42).
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The levels of free, extractable inorganic N (N03- + NH/) did vary over the
course of the ten-day conditioning period. As can be seen in Figure 1OD, nearly all
available ammonium (except in the N-added plots at Sky Oaks in winter) was
consumed, presumably by the autotrophic AOB. It is unlikely that any significant
"new" ammonium had been synthesized by nitrogen-fixing bacteria from molecular
nitrogen (N2) during the incubation period.

The synthesis of ammonia from

molecular nitrogen (as catalyzed by the dinitrogenase enzyme in nitrogen-fixing
diazotrophs) requires the expenditure of stored energy: 16 molecules of ATP are
consumed for every molecule of N2 converted to two molecules of ammonia. This
first step in the nitrogen cycle is, in fact, the only step that requires the expenditure of
ATP.

Consequently, microbes (even nitrogen-fixers) will preferentially take up

available ammonia rather than synthesizing new ammonia from N 2.
Alternatively, the process of ammonification must be considered during the
10-day conditioning period. Many different groups of soil bacteria and fungi are
involved in the nitrogen mineralization, the decomposition of organic N sources to
ammonium (83). An increase in microbial activity has often been observed upon
rewetting of soil samples (51, 59), as was done during the incubation period. The
resulting decline in [NH/] observed in the unfumigated samples indicates that any
possible syntheses of ammonium through N fixation was less than the combined rates
of consumption and immobilization of ammonium.
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The rate of nitrification (decreases in ammoruum, with corresponding
increases in nitrate in the wetted soil samples over the ten-day conditioning period)
observed in this research coincides with and supports the rates observed by Vourlitis
and Zorba (91). Their fifty-week experiment involved incubation of soil samples
from the same two research sites used in this study; the samples were incubated in
micro-lysimeters and maintained at a constant temperature and soil moisture content,
with aqueous [N] measured from leachate passed through the soil samples. The
results of that research showed that increased availability of N (from atmospheric
deposition) in the soils of these two southern California plant communities
significantly increased potential N mineralization in the aerobic, surface layer of soil.
Similar increases in net nitrification rates were also observed by Sirulnik et al. (79),
Fenn et al. (28), and Vourlitis et al. (90)
When the ratio of moles of nitrate produced to moles of ammonium consumed
exceeds 1 (e.g., 1.1:1, 4.0:1, etc.), this is an indication that microbial activity in
addition to autotrophic nitrification is occurring (64).

As described earlier, the

autotrophic nitrifiers use the oxidation of ammonium as their sole energy source; for
each molecule of ammonium oxidized, one molecule of nitrate is produced as a waste
product (disregarding nitrogen atoms immobilized into other macromolecules by the
cell's metabolic processes). When greater molar amounts of nitrate are appearing in
the extracts from the unfumigated (conditioned) soil samples than can be accounted
for by moles of ammonium consumed, then there is the likelihood that heterotrophic
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nitrification (decomposition of organic materials by prokaryotic and eukaryotic
organisms) is occurring (64).
Increases in availability of inorganic N have both direct and indirect effects on
net nitrification rates.

Increased ammonium substrate permits increased activity

(cellular respiration) of ammonia- and nitrite-oxidizing bacteria, directly benefitting
the autotrophic nitrifiers, and leading to greater concentrations of nitrate in the soil.
Increased concentrations of inorganic N may also benefit the plants in the
community.
In summary, from the results of the chemical and statistical analyses it can be
concluded that given additional ammonium substrate, the AOB and NOB produced
greater amounts of nitrate in response to additions ofN, especially at SOFS.

Microbial Biomass
The concentrations of ninhydrin-reactive N (BNtN) shown in Figure 13 are
consistent with those reported by Joergensen and Brookes (47) for the ninhydrin
assay against a variety of soil types. Somewhat larger variations in the distribution of
theN components in the BNtN assay have been reported, however. Amato and Ladd
(2) reported a typical ratio of approximately 4:1 a-amino N to NH3-N - similar to the
results found in this research. However, Joergensen and Brookes (47) found much
higher concentrations of the ammonium component in their ninhydrin assay results,
with a-amino N representing approximately 30% of the ninhydrin-reactive N, and
NH3-N making up the remaining 70%. In their 1993 paper, Fenn eta!. reported
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similar CMic concentrations under chaparral shrubs in and around Sky Oaks along a
post-fire recovery gradient (27), and Potthoff et a/. reported similar results of their
2005 research (70) in perennial grasslands in central California (Carmel Valley).
Sirulnik, et al., reported similar concentrations of microbially-immobilized N (NMic)
in exotic grassland areas in Riverside County, CA (80).
Additions of nitrogen failed to increase microbial biomass at SMER or SOFS,
even though plots exposed to added N had increased rates of microbial activity.
These results suggest that rates of microbial turnover (e.g., cell growth, division and
death, etc.) were stimulated by added N. This interpretation is supported by Fisk and
Fahey (31), Bowden, et a/. (9), DeForest, et al. (18), Lee and Jose (54), and
Wallenstein (94), who all reported a corresponding decline in soil respiration after
additions of nitrogen. A root cause of the decrease in microbial biomass may be the
sensitivity of mycorrhizal fungal populations to additions of inorganic N.
Applications of NH/ and/or N03 - may suppress lignin-degrading exoenzyme
production by soil fungi (9, 18). Decreases in degradation of coarse carbon materials
(e.g., lignin) by fungi decrease the availability of SOM for the soil bacteria as well (9,

18). Both fungi and plants can decline from chronic nitrogen saturation (21); soil
microbes may actually be driven into a carbon-limited environment, as consumption
of available SOM - followed by severe drought and sudden rewetting of the soil causes rapid turnover in the microbial population, along with increases in
mineralization of carbon and nitrogen resources (15, 54).
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Unfortunately, the procedures followed in this research did not allow close
monitoring of changes in soil respiration rates during the 10-day incubation. The
procedure used for incubation of the soil samples included using beakers of soda lime
to absorb respired C02, but the soda lime was not assayed afterward (20, 3 7) to
determine how much C02 had been respired from the soil. In their 1987 paper, Kieft

et al. (51), described microbial response occurring most rapidly immediately after a
dry soil is wetted; they observed C02 evolution from wetted soils via gas

chromatography, sampling gas above the soil surface (in sealed Mason jars) every
two hours after adjustment of moisture.

Miller et al. (59), used a procedure to

observe changes in soil respiration rates over repeated rewetting cycles, and used an
infrared gas analyzer (IRGA) to measure soil respiration on a daily basis after
adjusting soil moisture in the samples.
Higher concentrations of inorganic N may lead to an increased rate of
turnover of the labile C pool in the soil; rather than being N-limited, the microbes in
theN-added plots have become C-limited. As described by Choi et al. in 2006 (13),
microbial immobilization of NI-4+ will occur -

rather than nitrification

(transformation of NI-4+ by ammonia-oxidizing bacteria into N03")

-

as long as

sufficient levels of organic C and moisture are available. While Choi et al. did not
directly measure the effect of increased microbial immobilization of N (under
amendments of organic C) on microbial biomass, other researchers have done so.
Bastida et al. reported in 2008 that both fresh and composted sewage sludge had
strong, positive effects on microbial biomass in soils of a semi-arid (Mediterranean)
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plant community (8). In their 2003 paper, Burger and Jackson (11) described much
lower concentrations of microbial biomass and microbial N immobilization of N03in agricultural soils in California's Central Valley under organic management
techniques as compared to croplands under conventional treatments (i.e., application
of inorganic N fertilizer).
One issue complicating the ninhydrin assay is the method of lysing the cells in
the bulk soil samples. No method of in situ biocide and lysis of bacterial cells in bulk
soils samples is 100% efficient (44), and the chloroform fumigation and extraction
method (CFE) has a killing efficacy of approximately 0.40 - 0.50 (61, 85). An
alternative method of fumigation is chloroform fumigation and incubation (CFI),
where the soils are exposed to chloroform vapors to lyse a portion of the microbial
population. After the initial exposure to chloroform under CFI, the samples are
incubated for 7-10 days, during which C02 evolved from the soil samples is trapped
in solution of NaOH, which is subsequently titrated to measure acidity (45). This
procedure is more complicated than CFE - and the results are at least as variable.
Muller et al., (61) found that sufficient numbers ofthe bacterial population (or ofthe
extracellular enzymes involved in decomposition of organic compounds) remained
viable during the 24h CHCh fumigation procedure. If the heterotrophic decomposing
microbes and/or their extracellular enzymes are not halted by the chloroform, their N
mineralization activities may continue - introducing a degree of variability into
estimates of microbial biomass and nitrogen mineralization rates.
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The optimum approach is to test out a range of methods to fmd the fumigation
and extraction protocol that is optimum for the soils under study (4)- which has not
yet been done for the soils from SMER and SOFS.

Distribution of N in the Soil
Extractable [N] was highest in the winter following the fall fertilization event,
especially for SOFS (Figure 7). The high values of NH3-N in the N-added plots at
Sky Oaks were likely a result of residual NII.N03 fertilizer remaining on or near the
soil surface. As is illustrated in Figure 6B, the amount of precipitation (snow and
rainfall) at Sky Oaks between the fall and winter sampling dates (13 October 2006
and 26 January 2007, respectively) was 3.65 em, apparently not sufficient to fully
mobilize the ammonium or nitrate. By comparison, at SMER (where the spikes in
NH3-N were not observed in the ninhydrin assay), the precipitation between the fall
and winter sampling dates (06 October 2006 and 12 January 2007, respectively;
Figure 6A) was 4.44 em.
Another factor may have contributed to the sustained concentration of
ammonium in the manipulated plots at SOFS: the chaparral plant community at Sky
Oaks is still recovering from the Coyote fire of July 2003. Shrub cover and density
were low relative to the coastal sage scrub community at Santa Margarita (G. L.
Vourlitis, unpublished data), which would reduce the amount of N uptake
(immobilization by plants), and cause more N to accumulate in the soil.
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Unusually high concentrations of N~+ (Figure 8A) and N03- (Figure 8B)
were observed in extracts from the field-moist soil samples from Santa Margarita in
the summer season. While these high values cannot be fully explained, they may be a
result of the processes of nitrogen mineralization (ammonification, followed by
nitrification) resulting from deposition of plant litter (e.g., leaves, flowers, stems, etc.)
from the drought-deciduous shrubs at SMER. Alternatively, there may have been a
persistent, residual mass

ofN~N0 3

fertilizer remaining in one of the replicate plots.

Research Conclusions
Dry-season N addition was found to stimulate microbial activity, but not to
increase microbial biomass. The increase in microbial activity has implications on
the N cycling and storage of southern California chaparral and CSS shrublands
exposed toN deposition. For example, an increase in N03- production can cause an
increase in N03"leaching to aquatic systems (74), especially in chaparral ecosystems
recovering from fire (73).

The ultimate fate of the N additions at Santa Margarita and Sky Oaks is still
unclear; the path followed by the ammonium and nitrate cannot be determined in this
study.

Other researchers have examined the outcome of stable

1

~ isotopic

compounds to determine how much of the added N was assimilated by soil bacteria
(11, 72), fungi and plants (40), remained as extractable inorganic N in the soil (99), or
was lost to the atmosphere through the ultimate N-cycle stage of denitrification (75,
96). Similar research may be necessary for the study plots used in this research;
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controlled mineralization experiments could be done in the lab (as has already been
done by Vourlitis et a/. (91, 93)), while stable-isotope concentrations could be
measured in soil, litter and plant-tissue samples from the field.
The formation of nitrate represents a ''tipping point" for the fate of nitrogen in
soil. Under normal conditions, nitrate will not accumulate in the soils of chaparral
and coastal sage scrub plant communities (85).

The optimal fate for nitrate is

immobilization into the cells and tissues of the soil microbes and plants in the
community - this depends, however, on sufficient availability of labile carbon and
soil moisture to support other physiological processes. Another possible path that
nitrate can follow is downstream. The N03- anion is a highly mobile molecule, and
doesn't readily bind to negatively-charged soil and clay particles (as does
ammonium); it can easily leave the soil system via water transport (leaching), leading
to eutrophication in ponds, reservoirs and other bodies of water (66), and can also
contaminate ground water supplies (77). A second option for loss of N from the
southern California ecosystems may occur in low levels of emissions of the
greenhouse gases nitric oxide (NO) and nitrous oxide (N2 0). As described in the
2000 paper by Davidson eta/. (16), as nitrifying bacteria oxidize ammonium, NO and

NzO may diffuse from the soil before they are fully converted to nitrate (with NO

being the more-likely form of lost N from the drier soils in the chaparral and CSS
communities). Loss ofNzO from the activities of nitrifying bacteria- as well as from
the denitrifying bacteria - is less likely because soil moisture conditions seldom reach
anaerobic levels. As was illustrated in [N03-] concentrations in the field-moist soil
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samples (Figure 8), nitrate resulting from N deposition may simply accumulate in the
soil- with varied deleterious effects (23)- until sufficient precipitation occurs either
to support immobilization or to flush the N03- out (12), or until a wildfire occurs and

mobilizes the nitrate (73).
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