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THESIS ABSTRACT 

Southern California's geography and expanding population have caused an 

increasing amount of atmospheric nitrogen (N) deposition into semi-arid 

shrubland ecosystems. However, the effects of N deposition on semi-arid 

shrublands of Southern California are still poorly known and must be 

addressed. This research investigated soil nitrogen storage in several areas 

of Southern California, which received different levels of exposure to 

atmospheric nitrogen pollution. Soil samples from five sites of varying 

atmospheric deposition were analyzed for available and total N, and C, pH 

and soil organic matter content. The results indicate that soil derived from 

sites with high pollution exposure had correspondingly higher total N and 

extractable N, lower pH, and lower C:N ratios than sites with lower pollution 

exposure. Analysis of resin bags buried below the soil surface (0-1 0 em) 

showed that accumulation rates of both NH4 and N03 were 1-2 orders of 

magnitude higher at polluted air sites than at clean air sites, and that soil pH 

was 0.5 pH point lower in high N pollution sites. These data suggest that 

atmospheric N deposition can significantly increase soil N storage and rates 

of N cycling in southern California shrublands. 

Key words: Nitrogen, carbon, storage, cycling, deposition, C:N, chaparral, 
coastal sage scrub. 
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Introduction 

Scientific evidence shows that human activity generates more reactive 

N than any other natural process. The amount of nitrogen deposition within 

the United States has doubled from 1961 to 1997 (Fenn et al., 2003b) as a 

result of fertilizer production, fossil fuel combustion, and widespread 

cultivation of N2-fixing crops (Aber, 1992; Aber et al., 1995; Vitousek et al., 

1997). This has dramatically altered nutrient cycling globally by doubling the 

rate of N fixation, and causing atmospheric nitrogen-deposition rates to 

increase more than tenfold over the last 40 years to current values of 16-31 

kgN ha -1 yr -1 in the northeastern portions of the United States and greater 

than 60 kgN ha -1 yr -1 in heavily polluted portions of central Europe (Tietema 

and Beier, 1995; Kelly et al., 2002; Matson et al., 2002; Stevens et al., 2004; 

Bowen and Valiela, 2001; Holland et al., 2005, Fenn et al., 1998; Fenn et al., 

2003a; Driscoll et al., 2003). 

As a result, plant growth may be affected, which in turn may directly 

affect the carbon (C) and nitrogen (N) cycling and storage of terrestrial 

ecosystems (Vitousek et al., 1997). Soil and plants represent important pools 

of C and nutrients, and both are likely to be altered by additional amounts of 

anthropogenic N-deposition (Fenn et al., 1998). Because N availability 

generally limits terrestrial ecosystem production, increases in N input have 

the capacity to cause corresponding changes in C input and storage (Asner et 

al., 1997). 
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Recent studies performed in Europe and the northeastern portion of 

the United States show that chronic N-deposition can lead toN-saturation, 

where available nitrogen exceeds the total combined plant and microbial 

demand (Aber, 1992; Korontzi et al, 2000; Agren and Bosatta, 1988; Aber et 

al, 1995; Fenn et al., 1998). However, results from these studies may not be 

applicable to semi-arid ecosystems. For example, the semi-arid ecosystems 

of the western United States receive more N-deposition during the 'dry' 

summer season (June-August period) (Bytnerowicz et al, 1987), most of 

which becomes available as a large and rapid pulse during the spring-rainy 

season. Because of this, anthropogenic N is more apt to be lost as runoff 

and/or leached from the soil (Riggan et al., 1985; Fenn and Poth, 1999). 

Alternately, in northeastern portions of the United States, N is deposited in the 

form of "wet" deposition. Thus, in northeastern portions of the United States 

less N is lost through runoff and leaching because N and water availability are 

associated with plant N-uptake and productivity (Fenn et al., 1998). 

In forested regions of the western U.S., nitrification and leaching are 

high regardless of N deposition (Fenn et al., 1998), so these processes are 

less likely to be significantly altered by high N-deposition. Western 

ecosystems also experience fire, which dramatically alters ecosystem C and 

N cycling processes. Initially, a direct loss of N from forest fires may occur 

due to the combustion of fuel (Christensen, 1994); however, depending on 

the intensity of the fire, nutrients resulting from burned above ground 
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vegetation (ash-fall) are transferred to the soil, resulting in a transient 

increase in available soil phosphorous, ammonium (NH4) and nitrate (N03) 

(Christensen, 1973; Grogan et al, 2000; Wan et al., 2001 ). Additionally, N in 

ash is subject to rapid mineralization and nitrification, which correspondingly 

increases the amount of available NH4 and N03, even though total soil N 

levels may be lower (Christensen, 1973; Grogan et al., 2000; Wan, 2001). 

This surge of available nutrients from ash-fall is usually short lived, due to 

nutrient up-take by vegetation, or from losses due to leaching and erosion 

(Schlesinger, 1997). 

These differences in ecosystem properties show that N and C are 

cycled and stored differently in the western U.S. forested regions than in 

Europe and the northeastern portions of the U.S., suggesting fundamental 

differences in the response of semi-arid ecosystems to atmospheric N 

deposition. 

Nitrogen-deposition in southern California 

Anthropogenic N-deposition has increased significantly in the western 

United States in recent years (Bytnerowicz & Fenn, 1995). Nitrogen 

deposition in the western U.S. currently ranges from 1 to 4 kgN ha - 1 yr - 1 

over much of the region to as high as 30 to 90 kgN ha - 1 yr - 1 downwind of 

major agricultural and urban areas (Fenn et al, 2003a). Concentrations of 

atmospheric N in the South Coast Air Basin (SCAB), which comprises 

Orange, Riverside, and portions of San Bernardino and Los Angeles 
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Counties, are about 20 times higher than in remote regions, and N deposition 

is 2-7 times higher than that reported for eastern North American and non

urban forests (Fenn and Poth, 1998; Fenn et al., 1998; 2003b). Due to the 

geography and seasonal weather characteristics of the SCAB, an 

atmospheric inversion layer traps pollutants within the basin. This inversion 

layer is created by a combination of intensive day time heating of the coastal 

land mass, coupled with the upwelling of cooler on shore breezes crossing 

the urban and industrialized areas (Padgett et al., 1999). Thus, polluted air is 

essentially unable to move eastward due to the San Gabriel and San 

Bernardino mountain ranges that arise on the edges of the Los Angeles 

Basin. This creates a trap for the nitrogenous pollutants, which eventually fall 

to the earth in a dry form during the hot summer months. 

Dry-deposited N accumulates on the canopy and forest floor surfaces. 

Then, periods of seasonal precipitation make the deposited N available for 

soil N transport, uptake, and microbial immobilization (Bytnerowicz and Fenn, 

1995). Thus, most of the N deposited to chaparral and coastal sage 

shrublands becomes available as a large and short-lived pulse when plant 

physiology potential is severely limited by drought conditions (Bytnerowicz 

and Fenn, 1995), and it is unclear how much of this deposited N actually is 

retained by semi-arid shrublands. 

Previous research confirms that chronic atmospheric N inputs can lead 

to various negative effects such as non-N nutrient deficiencies, soil 
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acidification, and elevated concentrations of nitrate in soil and ground water 

streams (Padgett et al. 1999; Bytnerowicz and Fenn, 1995; Fenn et al., 

2003a; Vourlitis and Zorba, 2006). However, given the potential asynchrony 

between N deposition and plant demand, the issue of whether or not 

ecosystem C and N cycling and storage of Mediterranean-type shrublands 

are affected by these chronic N inputs still needs to be addressed. Thus, the 

overall goal of this research is to quantify the soil N and C storage and cycling 

of semi-arid Mediterranean type shrublands exposed to varying amounts of N 

pollution. 

Hypotheses and Rationale 

Prior research established the existence of a nitrogen deposition 

gradient across southern California (Bytnerowicz and Fenn, 1995; Fenn and 

Path, 1998; Fenn et al, 1996; Padgett et al., 1999), and there is a need for 

research that quantifies the potential for N deposition to alter the soil C and N 

cycling and storage of semi-arid shrublands. For the purposes of this 

research we established multiple sites in both polluted and clean air regions 

in the SCAB and portions of north San Diego County. The overall goal of this 

research was to quantify how N-deposition pollution exposure alters the soil C 

and N cycling and storage in semi-arid shrublands. To fulfill this goal, this 

research tested the following hypotheses (stated in the positive form for 

clarity): 
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Hypothesis #1: Soil carbon storage will increase significantly in semi

arid shrublands of southern California when exposed to high levels of 

anthropogenic nitrogen deposition. 

Rationale: C and N cycles are coupled through processes of organic matter 

decomposition and accumulation (Asner et al., 1997), thus an increase in 

atmospheric N-deposition will promote a parallel increase in soil C storage 

(Asner et al., 1997). Due to chronic N limitation to plant growth (Fenn et al., 

1998, Fenn and Poth, 1998, Vitousek, 1997), atmospheric N deposition to 

semi-arid shrublands in southern California will cause an increase in soil C 

storage, through increased primary production and soil organic matter 

accumulation. Increased organic matter accumulation has been observed in 

forests that experience chronic N inputs from high N-deposition (Fenn et al., 

1998). If the amount of total soil N increases, then an increase in organic 

matter decomposition is likely due to increased litter quality and lower soil C:N 

values; however, if the rate at which the organic matter is being stored 

surpasses the rate at which it is being decomposed then soil C storage will 

increase (Asner, 1997; Paul and Clark, 1996). 

Hypothesis #2: Soil N availability and total soil nitrogen storage will 

significantly increase in semi-arid shrublands of southern California 

when exposed to increased levels of N-deposition. 

Rationale: Soils represent a large N pool, exceeding 80% of total ecosystem 

N capital (Fenn et al., 1998). Soil N occurs as organic or inorganic N, with 
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NH4 and N03 representing 2 to 5% of total soil N and 95% or more of total 

available (extractable) N in surface soils (0-10cm). Ammonium and nitrate 

are the most important inorganic forms of N for plant metabolism, and are 

produced from the aerobic decomposition of soil organic matter and/or N

deposition (Tisdale et al., 1993). Although total soil N pools are large and 

relatively stable, any additional inputs of N from atmospheric deposition are 

expected to increase both N03 and NH4 and organic N, and potentially 

increase rates of nitrification and soil N mineralization processes (Fenn et al., 

1998; Paul and Clark, 1996; Riggan et al., 1985). Thus, soils and vegetation 

in high N-polluted regions are expected to exhibit an increase in available and 

total N content. 

MATERIALS AND METHODS 

Research Sites 

Research was conducted at five sites of varying N-deposition in 

southern California (Table 1 ). Two sites were located in areas of low N

pollution (Padgett et al, 1999), the Santa Margarita Ecological Reserve 

located in SW Riverside County, and the Sky Oaks Field Station located in 

NE San Diego County. The other three sites were located in high N pollution 

areas, the Motte Rim Rock Reserve (Riverside County), San Dimas 

Experimental Forest (Los Angeles County), and the San Bernardino National 

Forest (San Bernardino County) (Padgett et al, 1999; Fenn et al., 2003a; 

Zorba and Vourlitis, 2003). Sites within a given shrubland type (chaparral or 
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Table 1. Location and properties of the research sites. Santa Margarita Ecological Reserve (SMER) in SW Riverside County, 
Motte Rimrock Reserve (MAR) in NW Riverside County, Sky Oaks Field Station in NE San Diego County, San Bernardino 
Natonal Forest (SBNF) in western San Bernardino County, and the San Dimas Experimental Forest in southern Los 
Angeles County. Rainfall data are from the SMER web site (http://fs.sdsu.edu/kf/reserves/smer/), MAR (J. Messin, UCR, 
unpubl. data), SOFS (http://www.sci.sdsu.edu/GCRG/), SBNF (City Creek Fire Station), and SDEF (Dunn, 1988). Data 
for soil texture and dominant vegetation are from Vourlitis et at., (unpubl. data) . 

Elevation Annual 
Rainfall 

Site Lat:Long (N:W) (m) (em) Soil textural class Dominant vegetation: speciesf 

SMER 33°29': 11 ro9' 338 36 Sandy clay loam Coastal sage scrub: Ac, Sm 

MAR 33°48':11r15' 485 33 Sandy clay loam Coastal sage scrub: Ef, Ac, Sm 

SOFS 33°21 ':116°34' 1418 53 Sandy loam Chaparral: Af, As 

SBNF 34°19':117°18' 807 56 Sandy loam Chaparral: Af, Sm 

SDEF 34°10':117°44' 451 68 Sandy loam Chaparral: Af, Sm 

t Ac = Artemisia californica; Sm = Salvia melifera; Ef = Eriogonum fasciculatum; Af = Adenostoma fasciculatum; As = 
Adenostoma sparsifolium. 
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coastal sage scrub) were selected based on their similar vegetation 

composition, slope aspect (south-southwest), rainfall, and soil texture. Soil 

texture was classified as a sandy-loam for chaparral sites and a sandy-clay 

loam at coastal sage scrub sites (Table 1 ). Surface (0-1 Ocm) soil N03 

concentrations ranged between 50-60J..LgN/g at Motte Reserve (MRR) and 2 

J..LgN/g at Santa Margarita Ecological Reserve (SMER) (Zorba and Vourlitis, 

2003). Atmospheric N03 and NH4 concentrations co-vary with soil N03 

concentrations (Padgett et al., 1999) indicating that anthropogenic N

deposition has altered levels of available soil nitrogen. 

Nitrogen pollution exposure in varying locations throughout southern 

California played a critical role in determining site location. However, site 

selection was also affected by logistical and security constraints, and all sites 

are managed by either state or federal entities, secured by locked gates, and 

periodically patrolled by management or law enforcement personnel. Due to 

the amount of equipment involved in sampling and testing, convenient access 

was also essential. 

Sample Collection 

Four 10 x 1Om plots were randomly located at each site. Between fall 

2002 (September) and summer (June) 2004 soil samples from each plot at 

each site were measured for chemical and/or physical properties. These 

measurements were made seasonally during the spring-rainy months (March-
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May), hot-dry summer months (June-August), fall (September-November), 

and winter months (December-February). 

Soil sample locations were randomly selected using a random number 

table from 2-4 points within each plot. During spring (April) and fall 

(September) two samples per random point were obtained using a bucket 

auger (volume of auger: 174 ems). One sample was collected from the upper 

surface soil (0-10cm), and the second sample was obtained from subsurface 

depths (30-40cm). Sampling using the bucket-auger assured the most 

accurate estimate of bulk-density, and the easiest way to access soil at the 

subsurface depths. However, over time this type of soil sampling could prove 

invasive and might cause potential damage to the study plots. Therefore, a 

less invasive approach was used during the winter (January) and summer 

(June) months, in order to preserve the integrity of the sampling sites. During 

these months at-bar (1.8 ems) soil core was used to extract samples from the 

surface (0-1 Ocm) depths only. 

Resin-bag Samples 

Anion and cation resin bags installed in soil have been used to 

simulate the ion uptake action of plant roots, quantify N mineralization, and 

assess transport of N in soil (Robertson et el., 1999). Upon harvesting resin 

bags from the field, potassium chloride (KCL) extractions were performed 

(Robertson et al., 1999) to provide an index of available NOs and NH4 that 

had accumulated in the resin bags. 
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In our study, resin-bags were assembled in a non-sterile laboratory 

setting, and constructed of 5.1 em x 12.7cm pieces of 160-mesh nylon that 

were sown individually along the sides and bottom (Fig. 1 ). Fifteen grams of 

anion resin and fifteen grams of cation resin were combined to yield a total of 

30 grams of total resin (US Filter), which were then mixed together and 

placed in a single resin-bag that was tied with butcher string at the top of the 

resin bag. Bags were placed at the surface (0-1 Ocm) of the soil, collected 

seasonally (every 3 months) from fall 2003 to summer 2004, and analyzed for 

extractable N03 and NH4. After harvesting, resin-bags were stored at 4°C in 

a refrigerator until extracted for exchangeable N03 and NH4. 

Handling of Soil 

Soil sampled from fall 2002 through summer 2004 was harvested from 

field study sites and stored in a refrigerator the same day of collection. Soil 

was analyzed within 1-4 days after initial harvesting for specific physical and 

chemical soil properties needed to test hypotheses 1 and 2 (Fig. 2). Placing 

samples in the refrigerator minimized the potential for microbial activity that 

may have been enhanced due to the disturbance of sampling (Robertson et 

al, 1 999). 

Before starting the soil physical and chemical analysis, a portion of 

fresh soil was removed and analyzed for soil moisture, soil organic matter 

(SOM), pH, and extractable N03 and NH4. The remainder of the soil was air

dried, sieved through a 2 mm sieve, and analyzed for total Nand C (Fig. 2). 



Construct soil resin-bag from 
5.1 em x 12.7cm pieces of 

silkscreen material 

12 

Fill resin-bag with 15g of 
anion resin and 15g of cation ~ Label and tag r-. Place resin-bag 

resin resin bag 1 Ocm below surface 

Extract soil available N03 

and NH4 using 2M KCI 
141 
.. 1---_____ _, 
~ 

lr 

Analyze N03 and NH4 
calorimetrically using an auto

analyzer 

After approximately 3 months 
harvest/replace resin-bags 

Once harvested from field, 
resin-bags were be stored in 

refrigerator until analysis 

Figure 1. Soil resin-bag handling and processing for accumulative available NH4 

and N03 analysis. 



Obtain soil sample from field 
(0-10cm) or (30-40cm), place in 4°C until 

initial sample processing 

Obtain soil and bag wt. 

Sieve Soil 
(2mm) 

Process fresh 
soil immediately 

Soil water & 
SOM (6g soil} 

Extract soil available N03 and 
NH4 using 2M KCI (1 Og soil) 

Air-dry soil 
(24 hr.) 

Store leachate 
sample at 4°C until 

further analysis 

Figure 2. Soil handling and processing for chemical and physical analysis. 
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Sample Analysis 

Soil organic matter determination (SOM). Loss on ignition was used to 

quantify the mass organic matter content. Freshly sampled field soil was 

weighed in 5-6g increments and placed in small crucibles and reweighed for a 

combined weight (soil and crucible) (Fig. 2). Soil samples were then dried at 

1 05°C (Robertson et al., 1999), and reweighed 24 hours later to determine 

soil water content. After soil water determination, samples were placed in a 

muffle furnace and ignited for one hour at 705°C. The difference in weights 

before and after ignition in the muffle furnace represented the amount of SOM 

lost upon ignition (Robertson et al., 1999), and thus indicative of the 

percentage of SOM in the overall soil sample. Percent SOM was calculated 

by obtaining the total amount of dry soil for a given crucible, subtracting this 

amount by the loss on ignition that occurred for that sample, and dividing this 

amount by the amount of dry soil obtained for that particular sample (mass of 

dry soil - mass loss on ignition/mass of dry soil = % SOM). Dry soil was 

calculated by subtracting the dry mass of soil by the mass of the crucible 

(mass of dry soil+ crucible (g)- mass of crucible (g)= mass of dry soil). 

SOM data were used to test hypothesis #1 because loss on ignition 

quantifies the amount of oxidizable organic matter in the soil (Robertson et 

al., 1999). Thus, if N-deposition increases plant and/or litter productivity, then 

sites exposed to high N pollution should also have higher SOM. 
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Soil pH. Soil pH measurements were determined on a 1 :2 (w/v) mixture of 

soil and deionized water (Robertson et al., 1999). Soil samples consisting of 

15g of soil were placed into a 125m I Erlenmeyer flask. Erlenmeyer flasks 

were then filled with 30 ml deionized water and left to sit for 30 minutes (Fig. 

2). To insure a homogeneous mixture, soil slurries were manually swirled 

before taking pH measurements. After 30 minutes, pH measurements were 

taken using a calibrated pH meter. The pH electrode was calibrated using 3 

standard pH buffers (pH 4.0, 7.0 and 1 0.0), and Dl-water blanks were 

measured every 10-12 samples to test for stability and consistency. 

Soil pH data were used in part to test hypothesis #2. There is an 

increased availability of H+ ions produced by the reaction kinetics of 

nitrification (when NH4 is transformed to NOs), which results in lower pH 

values or acidic soil. Leaching can also cause a decline in pH because of 

leaching of base cations with NOs (Paul and Clark, 1996). Thus, lower soil 

pH values, or more acidic soils, were expected at the high N pollution sites 

due to the increased abundance of N and potentially increased incidence of 

nitrification (Fenn et al, 1996). 

Determination of total organic soil C and N. Total soil C was analyzed 

using dry combustion (Robertson et al., 1999). The analyzer (Perkin Elmer 

2400 Series II) utilized a dry combustion method to convert total soil C and N 

to simple gases (C02 and N2). This method of analyzing soils is known for 
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being extremely accurate in analyzing for total (organic and inorganic) N and 

C, (Robertson et al., 1999). 

Soil was dried and sieved (Fig. 2) before CHN analysis was performed, 

and sub-samples consisting of 30-50 Jlg of soil were weighed and placed into 

small tin capsules. Once the soil was placed inside the tin-capsules, 

capsules were folded over to create a tight tin-packet, which enclosed the soil 

sample during the combustion phase of the reaction. The tin capsules also 

served as a combustion catalyst (Nelson and Sommers, 1996). Soil samples 

were com busted in the CHN analyzer oven at 1010° C. The products 

produced from the combustion of these reagents included C02 , H20, and N2 , 

which were quantified as a function of their thermal conductivities (Perkin 

Elmer Instruction Manual, 2003). 

Data obtained from these analyses were used in part to test whether 

shrublands exposed to high atmospheric N pollution had higher soil C storage 

than shrublands exposed to low N pollution (hypothesis #1 ). Total soil N data 

provided by CHN analysis were used to test hypothesis #2 because these 

data directly quantify the changes in the total soil N pool along the 

anthropogenic N-deposition gradient. 

Determination of extractable soil nitrate (N03) and ammonium (NH4). 

Extractable inorganic soil nitrogen (N03 + NH4) was obtained from soil 

samples and resin-bags with 2M KCI (Robertson et al., 1999). Approximately 

1 Og of soil were added to 40 ml of 2M KCI solution and samples were placed 
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on an orbital bench-top platform shaker table for 1 hour at 200rpm speed. 

After 1 hour of continuous shaking, samples were removed and the soil slurry 

was poured into a 50ml centrifuge tube and centrifuged for 5 minutes at 2000 

rpm. The clear supernatant was then decanted using a 30ml syringe, and 

filtered using a 0.4-micron sterile nylon syringe filter. The leachate was 

stored at 4°C until analysis (Fig. 2). Soil resin-bag samples were processed 

in a similar manner except that resin bags were extracted in 1 OOml of 2M KCI 

solutions. Extractable N03 and NH4 were analyzed colormetrically using an 

autoanalyzer (Quikchem 3000, Lachat Instruments, Milwaukee, WI, USA) 

following methods 12-1 07 -04-1-B and 12-1 07 -06-2-A, respectively. 

To obtain soil extractable N03-N and NH4-N on a mass per unit area 

basis (g/m2
) the following calculations were performed. First, KCI analysis 

yielded a N03-N and NH4-N concentration (mg/L) that was converted to a 

mass of N per unit soil dry weight (j..tg N/g dry soil) by multiplying by the ratio 

of the extract volume and the soil dry weight. This value was converted to 

mass per unit area by multiplying the mass per unit soil dry weight by the soil 

bulk density (g/cm3
) and the sample depth (1 0 em). 

Both soil and resin KCI extract data provided information that was 

used to test hypothesis 2, because an increased amount of extractable soil 

and resin N03 and NH4 may be indicative of increased N-input and cycling in 

areas of high N pollution. 
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Statistical Analysis 

A General Linear Model (GLM) was used to test differences in 

response variables between high and low N deposition sites. When data 

failed an Anderson-Darling normality test, data were log (LN) transformed to 

stabilize the variance or to achieve normality of distribution. LN transformed 

data were then analyzed with general linear model (GLM) using Minitab 14 

Statistical software, with N-deposition, time, and vegetation type as fixed 

effects. 

Differences in degrees freedom occurred between seasons, nitrogen 

deposition site and vegetation type because soil was sampled at the surface 

(0-1 Ocm) and subsurface (30-40cm) during the fall and spring seasons. 

During the winter and summer soil was sampled from the surface only. 

All Chaparral sites burned during the course of this study. Sky Oaks 

Field Station (SOFS) burned in July 2003, San Dimas Experimental Forest 

(SDEF) burned in September 2002, and San Bernardino National Forest 

(SBNF) burned in October 2003. This caused unavoidable gaps in data, 

specifically for SDEF and SBNF, which were inaccessible following fire. 

Thus, at times only data from SDEF or SBNF were available. However, when 

data from both sites were available data were averaged for high N deposition 

chaparral sites. 
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RESULTS 

Soil organic matter (SOM) 

Percent soil organic matter (SOM) in surface soils (0-1 0 em) varied 

significantly with time (F7,136 = 2.46; p<0.021 ), N deposition (F1,136 = 4.18; 

p<0.043), and vegetation type (F1,136 = 7.16; p<0.008; Table 2). Soil organic 

matter content in surface soil was 0.5% higher at the low-N coastal sage sage 

scrub (CSS) site, Santa Margarita Ecological Reserve (SMER), than the high

N site, Motte Rimrock Reserve (MRR), during the summer 2003 and winter 

2004 seasons (Fig. 3A) (Table 2). Similarly, percent SOM in the surface soil 

was on average higher at the low-N chaparral site, Sky Oaks Field Station 

(SOFS), than at the high-N sites, San Dimas Experimental Forest and San 

Bernardino National Forest (SDEF and SBNF) (Fig 38). 

In subsurface (30-40 em) soil, percent SOM was also on average 

higher at low-N CSS and chaparral sites than at the high-N CSS and 

chaparral sites (Fig. 3) (Table 3). SOM at the subsurface varied significantly 

with time (Fs,5s = 4.29; p<0.008) and N deposition (F1,5B = 20.82; p<0.001 ), but 

did not vary significantly between vegetation type. Soil organic matter was 

consistently 0.5-1.5% higher at low-N CSS and chaparral sites than the high

N sites (Fig.3) (Table 3). 

Total soil nitrogen and carbon 

Total surface soil N storage did not vary significantly over time (F7,136 = 

1.43; p<0.241 ), but did vary significantly between vegetation type (F1,136 = 
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Figure 3. Mean (.± 1 SD) percent surface (0-1 0 em; A and B) and sub surface (30-
40 em; C and D) soil organic matter (SOM) at low and high coastal sage scrub 
(left panels) and chaparral (right panels) sites. The low and high N pollution N 
pollution coastal sage scrub site were the Santa Margarita Ecological Reserve 
(SMER) and the Motte Rimrock Reserve (MRR), respectively, while the low and 
high N pollution chaparral sites were the Sky Oaks Field Station (SOFS) and the 
San Dimas Experimental Forest (SDEF) and San Bernardino National Forest 
(SBNF), respectively. N=4 plots per site, except for high nitrogen pollution 
chaparral sites where N=4-8 plots per site. 



Table 2. Surface (0-10 em) soil nutrient data in low and high N polluted sites. Data are mean(± 1SD; n=4 plots per site). 
SOM =%soil organic matter, N03 =extractable nitrate (g/m2

), NH4 =extractable ammonium (g/m2
), C= Total% organic 

carbon, N= Total % organic nitrogen, C:N= soil C:N ratio, R-N03 =Accumulated nitrate in surface soil resin bags (Jlg N/g 
dry soil), R-NH4 =Accumulated ammonium in surface soil resin bags (Jlg N/g dry soil). The low and high N pollution 
coastal sage scrub site were the Santa Margarita Ecological Reserve (SMER) and the Motte Rimrock Reserve (MAR), 
respectively, while the low and high N pollution chaparral sites were the Sky Oaks Field Station (SOFS) and the San 
Dimas Experimental Forest (SDEF) and San Bernardino National Forest (SBNF), respectively. A general linear model 
(GLM) was used to test for differences between season (Seas.), nitrogen-deposition site (N) and vegetation type (veg.), 
with the value of the F-statistic (F), degrees of freedom, and P-value (P), listed. Significance is reported at the p=0.05 
level. Data were collected fall, winter, spring and summer from fall 2002-summer 2004. Significant differences are 
boldfaced. 

Index SMER MAR SOFS SDEF/SBNF Seas: F1,1 36 ; P N: F1,13s; P Veg: F1,136 ; P 

SOM 4.9±0.9 4.2±1.1 4.0±0.8 3.8±0.9 2.5; 0.021 4.2; 0.043 7.2; 0.008 

c 1.1±0.2 1.3±0.3 1.2±0.4 1.4±0.5 0.3; 0.847 4.7; 0.031 0.9; 0.341 

N 0.08±0.01 0.10±0.02 0.06±0.02 0.08±0.03 1.4; 0.241 22.6; 0.000 8.4; 0.005 

C:N 13.0±1.0 12.0±0.3 18.0±2.0 15.0±2.0 4.0; 0.011 6.6; 0.013 44.9; 0.000 

PH 6.7±0.2 6.3±0.3 6.5±0.2 5.7±0.3 3.3; 0.003 1 02.3; 0.000 35.6; 0.000 

NO a 0.4±0.3 1.1±0.7 0.6±0.4 2.4±1.5 5.0; 0.000 6.6; 0.011 1.5; 0.216 

NH4 0.2±0.1 0.4±0.3 0.3±0.2 1.6±1.0 9.3; 0.000 37.6; 0.000 18.6; 0.000 

R-NOa 27.0±15.0 759.0±43.0 53.0±37.0 302.0± 156.0 18.4; 0.000 26.3; 0.000 14.2; 0.000 

R-NH4 13.0±10.0 216.0±11 .0 9.3± 6.4 61.0±24.0 10.4; 0.000 28.1; 0.000 5.9; 0.018 



Table 3. Subsurface (30-40 em) soil nutrient data in low and high N polluted sites. Data are mean (± 1 SD; n=4 plots per 
site). SOM =%soil organic matter, N03 =extractable nitrate (g/m2

), NH4 =extractable ammonium (g/m2
), C= Total% 

organic carbon, N= Total% organic nitrogen, C:N= soil C:N ratio, R-N03 =Accumulated nitrate in surface soil resin bags 
(1-!g N/g dry soil), R-NH4 = Accumulated ammonium in surface soil resin bags (1-!g N/g dry soil). The low and high N 
pollution coastal sage scrub sites were the Santa Margarita Ecological Reserve (SMER) and the Motte Rimrock Reserve 
(MRR), respectively, while the low and high N pollution chaparral sites were the Sky Oaks Field Station (SOFS) and the 
San Dimas Experimental Forest (SDEF) and San Bernardino National Forest (SBNF), respectively. A general linear 
model (GLM) was used to test for differences between season (Seas.), nitrogen-deposition site (N) and vegetation type 
(veg.), with the value of the F-statistic (F), degrees of freedom, and P-value (P), listed. Significance is reported at the 
p=0.05 level. Data were collected fall, winter, spring and summer from fall2002-summer 2004. Significant differences 
are boldfaced. 

Index SMER MRR SOFS SDEF/SBNF Seas: F3,58 ; P N: F,,58 ; P Veg: F1,58 ; P 

SOM 4.3±0.7 3.0±1.0 4.0±0.5 3.4±0.7 4.3; 0.008 20.8; 0.000 0.1; 0.757 

c 0.3 ±0.1 0.4±1 .0 0.6±0.2 0.6± 0.3 5.5; 0.026 0.2; 0.631 11.9; 0.002 

N 0.03±0.01 0.04±0.01 0.03±0.01 0.05±0.02 5.9; 0.022 6.9; 0.014 0.0; 0.951 

C:N 9.0±2.0 9.4±1.5 20.0±3.4 10.5±2.2 1.3; 0.273 8.3; 0.007 20.0; 0.000 

PH 7.1±0.1 7.0±0.3 6.0±0.2 6.0±0.2 2.8; 0.047 26.3; 0.000 130.7; 0.000 

N03 0.1±0.1 1.0±0.7 0.3±0.1 1.9±0.9 6.9; 0.000 15.3; 0.000 1.7; 0.198 

NH4 0.1±0.1 0.2±0.2 0.2±0.1 1.9±0.9 5.2; 0.003 5.7; 0.020 17.4; 0.000 
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8.36; p< 0.005) and as a function of N deposition (F1,136 = 22.6; p< 0.001) 

(Table 2). On average, both CSS and chaparral sites exhibited increased soil 

Nat the high N pollution sites (Fig. 4A and B), and overall, the high N-CSS 

sites had higher levels of soil N than the high N-chaparral sites. 

Total soil N at the subsurface soil depths varied significantly over time (F3,ss = 

5.86; p<0.022) and as a function of N deposition (F1,ss = 6.89; p=0.014), but 

not between vegetation type (F1 ,ss = 0.01; p<0.951) (Table 3). On average, 

total soil N was higher at the high-N sites than at the low-N sites, and the 

greatest differences in levels of soil N were seen at the high N-chaparral sites 

during fall 2002 (Fig. 5A and B). 

Total surface soil C did not vary significantly over time (F7,136 = 0.27; 

p<0.847), or between vegetation type (F1,136 = 0.92; p<0.341 ), but did vary 

significantly as a function of N deposition (F1,136 = 4.86; p<0.031; Table 2). 

On average, surface soil C was 0.2-0.5% higher at high-N sites than at the 

low N sites (Fig. 4C and D). 

Total soil Cat the subsurface soil depths varied over time (F3,58 = 5.53; 

p<0.026) and between vegetation types (F1,58 = 11.94; p<0.002), but not as a 

function of N deposition (F1 ,ss = 0.24; p<0.631) (Table 3). In general, total soil 

C at the subsurface depths was 0.1 - 0.2% higher at both the high-N CSS 

and chaparral sites during the fall 2002 and spring 2003 (Fig. 5C and D). 

Soil C:N at the surface varied significantly over time (F1,64= 4.00; 

p<0.011) , between vegetation type (F1 ,64= 6.56; p<0.013) and as a function of 
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Figure 4. Mean (±1 SD) total surface soil (0-10cm) nitrogen (A and B), carbon (C 
and D) and soil C:N ratio (E and F) at low and high N pollution coastal sage 
scrub (left panels) and chaparral (right panels) sites. The low and high N 
pollution coastal sage scrub sites were the Santa Margarita Ecological Reserve 
(SMER) and the Motte Rimrock Reserve (MRR), respectively, while the low and 
high N pollution chaparral sites were the Sky Oaks Field Station (SOFS) and the 
San Dimas Experimental Forest (SDEF) and San Bernardino National Forest 
(SBNF), respectively. N=4 plots per site, except for high nitrogen pollution 
chaparral sites where N=4-8 plots per site. 
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N deposition (F1,64= 44.90; p<0.01) (Table 2). The surface soil C:N was 

higher at the low N sites, with the exception of summer 2003 when the high 

N-chaparral sites had a higher C:N value than the low N-chaparral site (Fig. 

4E and F). 

Soil C:N at subsurface depths varied as a function of N deposition 

(F1.sa= 8.32; p<0.007) and vegetation type (F1,sa= 19.95; p<0.001 ), but did not 

vary over time (Table 3). The subsurface soil C:N ratio was on average 1 to 2 

units higher at the high-N CSS site (Fig.5E). The chaparral subsurface soil 

C:N ratio showed even greater differences between the high and low N 

polluted sites (Fig. 5F); however, the C:N ratio of subsurface soil at the low N 

pollution site was substantially higher than that of the high N pollution sites, 

which was opposite to the results observed for CSS. 

Soil pH 

Surface soil pH values varied over time (F7,1s6=3.33;p<0.003), N 

deposition (F1.1s5=1 02.32;p<0.001 ), and between vegetation types 

(F1,1s6=35.62;p<0.001; Table 2). Regardless of ecosystem type, surface soil 

pH at the high-N pollution sites was on average 0.5 units lower than at the 

low-N pollution sites (Fig.6). Soil pH at the subsurface depth also varied over 

time (Fs,sa = 2.82; p<0.047), as a function of N deposition (F1,sa = 26.29; p< 

0.001) and between vegetation types (F1,sa = 130.72; p<0.001; Table 3). As 
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Figure 5. Mean (± 1 SD) total sub-surface soil (30-40cm) nitrogen (A and B), carbon 
(C and D) and soil C:N ratio (E and F) at low and high N pollution coastal sage 
scrub (left panels) and chaparral (right panels) sites. The low and high N 
pollution coastal sage scrub sites were the Santa Margarita Ecological Reserve 
(SMER) and the Motte Rimrock Reserve (MRR), respectively, while the low and 
high N pollution chaparral sites were the Sky Oaks Field Station (SOFS) and the 
San Dimas Experimental Forest (SDEF) and San Bernardino National Forest 
(SBNF), respectively. N=4 plots per site, except for high nitrogen pollution 
chaparral sites where N=4-8 plots per site. 
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observed with surface soil, subsurface soil pH was on average 0.5 points 

lower at high nitrogen polluted sites throughout the study period (Fig. 6C). 

Extractable soil N03 and NH4 

Extractable NOs at the soil surface varied significantly over time (F7,1S6 

= 5.06; p<0.001) and N deposition (F1,1s5= 6.61; p<0.011), but not between 

vegetation types (F1,1s6 = 1.55; p<0.216; Table 2). On average, extractable 

NOs at the soil surface was higher at the high-N sites (Fig 7A). Extractable 

surface and subsurface soil NOs was generally at its highest during the fall 

seasons at the high-N chaparral sites (Fig.7). Extractable soil NOs in 

subsurface soil varied over time (Fs,sa = 6.88; p<0.001) N deposition site (F1,sa 

= 15.35; p<0.001 ), but not between vegetation types (F1,58 = 1.69; p<0.198) 

(Table 3). The high-N sites had a 0.5 -1.5 g/m2 higher subsurface soil NOs 

content than the low-N sites, with the largest differences occurring during fall 

seasons (Fig 7). 

Extractable soil NH4 at the surface soil depth varied significantly over 

time (F7,1S6 = 9.34; p<0.001 ), N deposition (F1,1s6 = 37.55; p<0.001) and 

between vegetation types (F1,1s6= 18.57; p<0.001) (Table 2). Surface soil 

NH4 content was 0.3-1.5 g/m2 higher in NH4 at the high-N sites than at the 

low-N sites (Fig 8A and B). 

At sub-surface soil depths, extractable NH4 varied significantly over 

time (Fs,sa = 5.16; p<0.003), N deposition (F1,sa = 5.70; p<0.020) and 

vegetation type 
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Figure 6. Mean (± 1 SD) surface (0-1 0 em) and subsurface (30-40 em) soil pH at 
low N and high N pollution coastal sage scrub (left panels) and chaparral (right 
panels) sites. The low and high N pollution coastal sage scrub sites were the 
Santa Margarita Ecological Reserve (SMER) and the Motte Rimrock Reserve 
(MRR), respectively, while the low and high N pollution chaparral sites were the 
Sky Oaks Biological Field Station (SOBFS) and the San Dimas Experimental 
Forest (SDEF) and San Bernardino National Forest (SBNF), respectively. N=4 
plots per site, except for high nitrogen pollution chaparral sites where N=4-8 plots 
per site. 
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(F1,58 = 17.35; p<0.001) (Table 3). Subsurface soil NH4 content was on 

average 0.5 g/m2 higher at high-N CSS site than at the low-N CSS site (Fig. 

8C). High-N chaparral soils were 0.2-0.3 g/m2 higher in extractable soil NH4 

(g/m2
) than the low-N subsurface soils, with the exception of fall 2002. During 

fall 2002 high-N chaparral soils were 1.0 g/m2 higher in extractable soil NH4 

than was reported for the low-N soils (Fig. 80). 

Accumulated extractable resin N03 and NH4 

Accumulated NOs in resin bags buried in the surface soil varied 

significantly over time (Fs,56 = 18.44; p<0.001 ), as a function of N deposition 

(F1 ,56= 26.30; p<0.001 ), and between vegetation types (F1 ,56 = 14.23; 

p<0.001; Table 2). Accumulated extractable resin NOs concentration from 

surface soil was on average 4 J.Lg N/g higher at the high-N CSS site, than at 

the low-N CSS site during winter 2004 and spring 2004 (Fig. 9). The largest 

differences in NOs concentration was noticed during fall 2003 and spring 

2004, where the high-N CSS site was on average 120 J.Lg N/g higher than the 

low-N CSS site (Fig. 9). Chaparral shrublands exhibited the same trend, 

where the concentration of accumulated NOs at high-N sites was 1 0 times 

higher than at the low-N chaparral N site during fall 2003 (Fig. 98). 

Accumulated extractable resin NH4 also varied over time (Fs,56 = 1 0.39; 

p<0.001 ), N deposition (F1,56 = 28.11; p<0.001 ), and between vegetation 

types (F1,56 = 5.90; p<0.001; Table 2). Accumulated extractable resin NH4 in 
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Figure 7. Mean {±1 SD) extractable surface (0-10 em) and subsurface (30-40 em) 
soil N03 (g/m2

) at low and high N pollution coastal sage scrub (left panels) and 
chaparral (right panels) sites. The low and high N pollution coastal sage scrub 
sites were the Santa Margarita Ecological Reserve (SMER) and the Motte 
Rimrock Reserve (MRR), respectively, while the low and high N pollution 
chaparral sites were the Sky Oaks Field Station (SOFS) and the San Dimas 
Experimental Forest (SDEF) and San Bernardino National Forest (SBNF), 
respectively. N=4 plots per site, except for high nitrogen pollution chaparral sites 
where N=4-8 plots per site. 



0.1 

"'E ..._ 
~ 0.01 
~ 
:::c 
z = 0.001 
"(5 
(/) 

Q) 

:0 
ca 
t5 
~ 0.1 
x 
w 

0.01 

0.001 

I 

Coastal Sage Scrub 

-LowN 
- HighN 

J 

~ I ~ 
f+ 

I ', 

I 

AI 
r 

t 
! 
1 

c! 
~ 

1 
l 
l 

[ 

Chaparral 

.L 

~ r-

~ rr 

F02 W03 8p03 803 F03 W04 8p04 F02 W03 8p03 803 F03 W04 8p04 

Season/Year 

31 

B 

D 

Figure 8. Mean {±1 SD) extractable surface (0-10 em; A and B) and subsurface 
(30-40 em; C and D) soil ammonium (NH4} at low and high N pollution coastal 
sage scrub (left panels) and chaparral (right panels) sites. The low and high N 
pollution coastal sage scrub sites were the Santa Margarita Ecological Reserve 
(SMER) and the Motte Rimrock Reserve (MRR), respectively, while the low and 
high N pollution chaparral sites were the Sky Oaks Field Station (SOFS) and the 
San Dimas Experimental Forest (SDEF) and San Bernardino National Forest 
(SBNF), respectively. N=4 plots per site, except for high nitrogen pollution 
chaparral sites where N=4-8 plots per site. 
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surface soil resin-bags was 1 0 times higher at the high-N CSS site than at the 

law-N CSS site (Fig. 9C), while accumulated resin NH4 at high-N chaparral 

sites was 1-2 orders of magnitude higher than at the law-N site, especially 

during the fall of 2002 to summer 2004 sampling seasons (Fig. 90). 

DISCUSSION 

Recent studies have established that a nitrogen deposition gradient 

exists in the semi-arid shrublands of Southern California (Bytnerowicz and 

Fenn, 1995; Fenn and Path, 1998; Fenn et al, 1996; Padgett et al., 1999). 

Since N is a limiting factor in plant growth, any additional atmospheric N input 

may potentially increase above ground litter pools and soil organic matter 

accumulation, thereby increasing below ground soil organic matter 

decomposition (Vitousek et al., 1997). Research that quantifies the potential 

for N deposition to alter soil C and N cycling and storage is necessary. Thus, 

the objective of this research was to quantify how N-deposition pollution 

exposure alters the soil C and N cycling and storage in semi-arid shrublands. 

Hypothesis 1 predicted that soil C storage would increase significantly 

in areas exposed to chronic levels of anthropogenic N deposition. To test this 

hypothesis, soil organic matter (SOM) and soil C accumulation were 

quantified in both low N and high N polluted soils. Results showed that while 

sites exposed to low N pollution had significantly higher SOM, law-N sites had 
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Figure 9. Mean (± 1 SD) Resin accumulated extractable nitrate (N03 : A and B) and 
ammonium (NH4; and C and D) in surface soil (0-10cm) at low N pollution and 
high coastal sage scrub (left panels) and chaparral (right panels) sites. The low 
and high N pollution coastal sage scrub sites were the Santa Margarita 
Ecological Reserve (SMER) and the Motte Rimrock Reserve (MRR), 
respectively, while the low and high N pollution chaparral sites were the Sky 
Oaks Field Station (SOFS) and the San Dimas Experimental Forest (SDEF) and 
San Bernardino National Forest (SBNF), respectively. N=4 plots per site, except 
for high nitrogen pollution chaparral sites where N=4-8 plots per site. During fall 
2003, high N pollution chaparral accumulated extractable soil nitrate and 
ammonium data was unavailable due, to the occurrence of forest fires that took 
place at high N pollution chaparral sites. 
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significantly lower soil C. Thus, these data support our hypothesis that soil C 

storage does increase in those areas exposed to high N deposition. 

However, how can C storage significantly increase with N pollution 

exposure while SOM significantly decreases? The answer to this question 

presumably lies with how N deposition affected soil and litter quality (C:N 

ratio) and the subsequent effects on SOM decomposition and mass loss. N 

deposition exposure can lead to an increase in tissue, litter, soil organic 

matter, and decrease in soil C:N ratio because atmospheric N input can 

enhance N storage (Asner et al., 1997; Paul and Clark, 1996; Rastetter et al., 

1992; Vitousek et al., 1997). Because of this, pools of SOM in low N polluted 

sites will have higher C:N ratios and will decompose more slowly, leading to 

higher SOM accumulation over time (Asner, 1997; Paul and Clark, 1996; 

Rastetter et al., 1992; Vitousek et al., 1997). Furthermore, N deposition tends 

to enhance decomposition of labile carbon (sugars, starches, and cellulose) 

while causing an increase in the stabilization of more recalcitrant C (Neff et 

al., 2002). These processes can lead to a situation where sites exposed to 

high N pollution exposure have low SOM content, from a higher rate of labile 

SOM mass loss, but high soil C content, from the buildup and stabilization of 

more recalcitrant C. 

Hypothesis 2 predicted that soil N availability and total soil nitrogen 

storage would significantly increase in the semi-arid shrublands of southern 

California when exposed to increased levels of N-deposition. To test this 
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hypothesis CHN analysis and KCI extractions were performed on soils and 

resin bags collected from low and high N polluted areas. Results from CHN 

analysis showed that total soil N was significantly higher in areas of high N 

pollution, than in areas of low N pollution (Fig. 4 and 5) (Table 2 and 3). 

Results from KCI extractions performed on soil samples and resin bags from 

areas of low and high N pollution showed that extractable Nand resin 

accumulated N (in the form of NH4 and N03) was significantly higher at high N 

polluted sites (Figs. 7-9), (Table 2 and 3). Thus, these data support our 

hypothesis that areas that receive chronic, high anthropogenic N deposition 

exhibit significant soil N enrichment. 

Atmospheric N deposition has the ability to increase N availability 

through direct fertilization, further changing the quantity and quality of litter, 

and N mineralization processes (Fenn et al., 1996; 2003a; Vitousek et al., 

1997; Currie, 1999). Nitrogen is often considered to be the element most 

often limiting to net primary production in terrestrial ecosystems (Vitousek and 

Howarth, 1991 ), specifically in CSS and chaparral shrubland ecosystems 

(Allen et al., 1998; Padgett et al. , 1999). Thus, in southern California 

shrubland ecosystems exposed to high N deposition, the fertilization affects 

elicited by N has resulted in the overall increases in plant growth, litter 

quantity and quality, and N availability (Vitousek and Howarth, 1991 ;(Fenn et 

al., 1996, 2003b; Vourlitis and Zorba, 2006; Matson et al., 2002). A soil's 

capacity to transform organic nitrogen in soil organic matter to inorganic 
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nitrogen-its nitrogen mineralization potential-is often used as an index of 

the nitrogen available to plants (Robertson et al., 1999). Our data showed that 

soil C:N ratios were lovyer in high N polluted CSS and chaparral ecosystems 

(Fig. 4 and 5) (Table 2 and 3), and a decline in the soil C:N ratio would 

invariably spur a rapid turnover of SOM, thereby speeding up rates of 

decomposition through simultaneous immobilization and mineralization of 

inorganic N (Fenn et al., 2003a; Currie, 1999). 

It is important to point out that although both high N CSS and chaparral 

sites exhibited higher available and total soil C and N, and lower C:N ratios, 

than low N deposition sites, there were still subtle differences in cycling and 

storage noticed between the two different vegetation types themselves. For 

example, C:N ratios and total C storage were higher at the high N polluted 

chaparral sites than at the high N CSS site (Fig. 4 and 5) (Table 2 and 3). 

This could be due to the fact that litter and soil organic matter from evergreen 

chaparral shrubs is rich in lignin content (Hobbie, 2000), which may inhibit 

deposition and mineralization under conditions of high N availability (Hobbie, 

2000; Vitousek and Howarth, 1991; Schlesinger and Hasey, 1981 ). Previous 

studies have also shown that anthropogenic N decomposition may increase 

leaf litter decomposition more in ecosystems characterized by low-lignin litter 

(CSS), than in those characterized by high-lignin litter such as chaparral 

(Hobbie, 2000). 



37 

Other differences noticed between CSS and chaparral vegetation 

types were in their abilities to uptake soil N. Coastal sage scrub has been 

noted for its high growth rate responses and ability to uptake N rapidly 

(Yoshida and Allen, 2004). Alternately, chaparral ecosystems are again 

characterized as having a high-lignin content, and are thus slower growing. 

Therefore, total N content in CSS ecosystems may have been larger than the 

total N content in chaparral ecosystems because of the differences between 

the two ecosystems. Coastal sage scrub ecosystems may have been 

particularly more responsive to the added input of N deposition in the high N 

polluted regions because chaparral may be resistant to effects of added N 

pollution due to N immobilization, slower growth rates and higher biomass 

than that of the CSS ecosystems (Allen et al., 2000). 

SIGNIFICANCE OF RESULTS 

This study expands the understanding of the effects of anthropogenic 

N deposition in semi-arid ecosystems in Southern California by examining soil 

C and N storage in different semi-arid shrubland ecosystems exposed to 

varying levels of N pollution exposure over a two-year period of time. The 

seasonal nature of the field sampling allowed for the monitoring of soil 

characteristics in regions of high and low N pollution during the hot and dry 

seasons (summer and fall) and cold rainy seasons (winter and spring). 

These results suggest that coastal sage scrub and chaparral 

ecosystems are retaining some of this additional atmospheric N, which in turn 
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is altering soil C storage and N availability. However, the amount of N lost 

from leaching and gaseous efflux (denitrification) remains unknown, and 

previous research in high-N polluted coniferous forests suggests that these 

avenues of N loss can be substantial (Fenn et al., 1996; Fenn and Path, 

1999). 

While high-N polluted CSS and chaparral ecosystems retained 

significant amounts of atmospheric N, the immediate threat of ecosystem 

deterioration due toN saturation, pointed out by previous research in the 

northeastern U.S. and Europe, cannot be determined with the data provided 

here. Whether southern Californian shrubland ecosystems are duration 

saturated still needs to be addressed through further research. Future 

studies such as these addressing issues of aboveground C and N allocation, 

belowground soil N mineralization, and soil microbial populations in high N 

deposition regions, are needed. These studies will further substantiate that 

semi-arid shrubland ecosystems may not be affected in the same way as 

other forested regions receiving high N input in the northeastern portion of the 

U.S. and Europe. 
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