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THESIS ABSTRACT 

Mediterranean-type ecosystems of southern California are exposed to 

atmospheric nitrogen deposition with some areas receiving 20-45 kg N ha-1 

annually. Although nitrogen is a limiting nutrient to plant growth, most 

nitrogen deposition in southern California occurs as dry deposition when 

plants are physiologically inactive due to seasonal drought. Due to this 

inactivity, it is unclear whether or not plants can utilize the additional nitrogen. 

The effects of nitrogen fertilization on aboveground plant production were 

tested in coastal sage scrub and chaparral ecosystems, and the effects of 

nitrogen deposition on post-fire recovery were observed in chaparral 

ecosystems. I found that experimentally added nitrogen did not result in 

increased production in either coastal sage scrub or chaparral sites. The 

vegetation did absorb added nitrogen but did not allocate aboveground 

production. Chaparral ecosystems did not respond to nitrogen deposition 

with increased rates of total or shrub biomass production post-fire but did 

show low density of large shrubs at high nitrogen deposition sites and high 

density of small shrubs at low nitrogen deposition sites. Since vegetation 

absorbs nitrogen but does not allocate it to increased production, it is 

important to discover the fate of the nitrogen because nitrogen deposition is 

projected to increase in southern California in future years. 

Key words: disturbance, Mediterranean-type ecosystems, semi-arid 

ecosystems, Adenostoma fasciculatum, Ceanothus, air pollution 
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CHAPTER 1 

INTRODUCTION 
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BACKGROUND 

Air pollution is a growing problem in many urban areas (Vitousek et al. 

1997), especially in southern California (Bytnerowicz et al. 1987, Fenn et al. 

2003a). One of the consequences of air pollution is the deposition of nitrogen 

onto terrestrial and marine ecosystems (Vitousek et al. 1997). The South 

Coast Air Basin of southern California, which is comprised of portions of Los 

Angeles, Orange, Riverside and San Bernardino Counties, is exposed to 

some of the highest levels of nitrogen deposition in the world (Fenn et al. 

1998, 2002, 2003a). South-facing slopes of the San Gabriel and San 

Bernardino MOtmtains are the most exposed areas and can receive inputs of 

1 nitrogen between 20-45 kg N ha- per year (Fenn et al. 2003a), but some 

1 areas, especially at high elevation, can receive up to 145 kg N ha- annually 

(Fenn and Poth 2004). 

Atmospheric nitrogen pollution comes primarily from two sources: the 

use of fertilizer and the burning of fossil fuels (Boring et al. 1988, Vitousek et 

al. 1997, Fenn et al. 1998, Fenn et al. 2003a). It is estimated that the burning 

12 of fossil fuels contributes more than 25 Tg N per year (1 Tg = 10 g) and 

fertilizer production contributes more than 86 Tg N per year of nitrogen 

deposition (Galloway et al. 1994). Nitrogen deposition occurs in various 

chemical forms including nitrous oxide (N20), nitric oxide (NO), ammonium 

(NH4 +), ammonia (NH3), nitric acid vapor (HN03), particulate (aerosol) nitrate 

(N03-) and peroxyacetyl nitrate (PAN), though oxidized forms (N02, HN03, 
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PAN) dominate in areas near photochemical smog sources resulting from the 

burning of fossil fuels (Bytnerowicz and Fenn 1996, Fenn et al. 2003a). In 

general, nitrogen oxides result from the burning of fossil fuels, and ammonia 

and ammonium result from fertilizer production and use (Bytnerowicz and 

Fenn 1996). 

The effects of nitrogen deposition on aquatic ecosystems have been 

extensively studied. High nitrogen deposition can decrease water quality 

(Vitousek et al. 1997) and clarity (Jassby et al. 1994, Sickman et al. 2003) 

and increase toxic algae blooms (Burkholder et al. 1992). Nitrogen deposition 

causes elevated nitrate in runoff to aquatic ecosystems from chaparral in the 

southwestern Sierra Nevada (Williams et al. 1996, Fenn and Poth 1999, Fenn 

et al. 2003b). 

Nitrogen deposition can also have impacts on human health. Nitrogen 

deposition has been shown to exacerbate asthma in children (McConnel et al. 

1999) and indoor nitrous oxide (N20) pollution may cause as many as two 

million deaths per year in developing countries (Wolfe and Patz 2002, 

Townsend et al. 2003). Increased inorganic nitrogen in surface water may 

also increase the abundance and distribution of malaria carrying Anopheles 

mosquitoes (Rejmankova et al. 1991, Teng et al. 1998, Townsend et al. 2003) 

and Culex and Aedes mosquitoes which are vectors of La Crosse 

encephalitis, Japanese encephalitis and West Nile virus (Walker et al. 1991, 

Toth and Melton 2000, Sunish and Reuben 2001, Townsend et al. 2003). 



4 

Nitrate in drinking water from fertilizer runoff is a problem in both developing 

and developed countries and can cause health problems including 

reproductive damage, methemoglobinemia and cancer (Kramer et al. 1996, 

Townsend et al. 2003). 

Although much is known about how anthropogenic nitrogen deposition 

affects aquatic ecosystems, less is known about how it affects terrestrial 

ecosystems. In general, nitrogen is a limiting fa~tor in terrestrial plant growth 

(Kirkby 1981, Vitousek and Howarth 1991). Nitrogen deposition has been 

shown to increase net primary production in eastern (Boring et al. 1988), 

boreal (Vitousek 1982) and tropical forests (Giardina et al. 2003). However, 

for roots to be able to take up nitrogen from the soil, the nitrogen has to be in 

solution, and, without sufficient water, nitrogen will not be taken up by the 

plant (Larcher 2003). Most of the nitrogen in southern California (85-90%) is 

deposited in the late summer and early fall as dry deposition and becomes 

available as an ephemeral pulse following the first rainfall or heavy fog 

(Riggan et al. 1985, Bytnerowicz and Fenn 1996, Fenn et al. 1998, 2003a), 

when deposited nitrogen becomes available in solution. However, vegetation 

is largely dormant when atmospheric deposition is highest due to production 

limitations from seasonal drought (Poole and Miller 1975, Gray and 

Schlesinger 1981, Bytnerowicz and Fenn 1996, Larcher 2003), and it is 

unclear whether vegetation can utilize the brief pulse of available nitrogen. 
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Much research has been done on the effects of nitrogen deposition 

(wet and dry) in the northeastern United States and Europe (Bytnerowicz and 

Fenn 1996). Forests in these areas have shown nitrogen saturation in 

response to high nitrogen inputs (Aber et al. 1989, Bytnerowicz and Fenn 

1996, Fenn et al. 1998), where levels of available nitrate and ammonium 

exceed plant and microbial nutrient demands (Aber et al. 1989). In the case 

of nitrogen saturation, continued nitrogen addition no longer causes an 

increase in productivity because the ecosystem is no longer nitrogen limited, 

but instead continued nitrogen input can cause limitation in other nutrients 

such as phosphorus (Mohren et al. 1986). Less is understood about how 

nitrogen deposition affects semi-arid ecosystems of the western United States 

and to what extent ecosystems may experience nitrogen saturation. 

Chaparral and coastal sage scrub (CSS), or soft chaparral, 

ecosystems are Mediterranean-type ecosystems, which are characterized by 

warm, dry summers and mild, wet winters (Barbour et al. 1999). Most of the 

rainfall occurs in a few storms from November through April (Keeley 2000). 

Chaparral vegetation is generally evergreen and sclerophyllous (hard-leaved) 

such as Adenostoma fascicu/atum Hook and Arn., Adenostoma sparsifolium 

Torr. and Ceanothus species, whereas coastal sage scrub vegetation is 

drought-deciduous and soft-leaved as is the case with Artemisia califomica 

Less. and Sa/via mellifera Greene (Barbour et al. 1999). Mediterranean-type 

ecosystems are areas of high biodiversity (Cowling et al. 1996) comprised of 
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woodlands, savanna, semi-desert and shrublands, and usually occur between 

the 30th and 40th parallels in each hemisphere (Barbour et al. 1999). 

Mediterranean-type ecosystems are also heavily influenced by the frequent 

occurrence of fire (Barbour et al. 1999, Keeley 2000). 

With the population of North America increasing, nitrogen deposition is 

expected to increase 25% by 2020 (Galloway et al. 2004). With the problem 

of anthropogenic nitrogen deposition not disappearing in the near future, 

increased understanding of the ability of coastal sage scrub and chaparral 

vegetation to utilize deposited nitrogen is crucial to further understanding of 

the terrestrial nitrogen and carbon cycles of these ecosystems. If terrestrial 

ecosystems are not able to utilize the deposited nitrogen, leaching of excess 

nitrogen could cause groundwater degradation (Riggan et al. 1985, Fenn et 

al. 1996, Vitousek et al. 1997), eutrophication of aquatic ecosystems 

(Vitousek et al. 1997, Townsend et al. 2003), and/or an increase in 

greenhouse gas emissions (Galloway 1994, Fenn et al. 1996, Fenn et al. 

1998). 

GENERAL METHODOLOGY 

Chaparral and coastal sage scrub sites were selected along an 

established nitrogen deposition gradient (Padgett et al. 1999, Fenn et al. 

2003a, Tonnesen et al. 2007) in southern California to determine how 
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atmospheric nitrogen deposition affects coastal sage scrub and chaparral 

production and chaparral post-fire recovery. The sites were sampled four 

times annually for three years to determine how atmospheric nitrogen 

deposition affects coastal sage scrub and chaparral production. 

Site selection 

In this study from December 2003 through November 2006, a total of 

four research sites in southern California were utilized (Figure 1-1): three 

were chaparral and one was coastal sage scrub. Within each ecosystem 

type, sites were selected based on similar characteristics including rainfall, 

elevation, soil texture, vegetation, slope, and logistical and security 

constraints (Table 1-1). The sites were designated as either high- or low

deposition on estimated nitrogen deposition. Low nitrogen deposition sites 

had nitrogen deposition levels similar to non-polluted coastal areas. One of 

the chaparral sites burned during this study, while the other two burned a year 

before, just prior to the study's initiation. All of the sites, however, burned 

within a 14-month period. 

The Sky Oaks Field Station (SOFS) site is a low-deposition chaparral 

site located in northeastern San Diego County, California, within a research 

reserve managed by San Diego State University. The site is 1418 m above 

sea level, has a 4-10° slope with a SE-SW aspect and receives an average of 

57 cm of precipitation annually which is comprised of about 90% rain. Using 
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data from a high-resolution (4 km2
) Community Multiscale Air Quality (CMAQ) 

N-deposition model (Tonnesen et al. 2007) nitrogen deposition (wet + dry) is 

estimated at 8.1 kg N ha-1 annually (Table 1-1). This site burned in July of 

2003. Prior to burning, the site was a mature stand (50 years) dominated by 

the evergreen shrub Adenostoma faseieulatum (Table 1-1). Following the 

fire, the site was dominated by A. faseieu/atum resprounts and seedlings, 

Ceanothus greggii A. Gray and herbaceous "fire followers" such as 

Penstemon speetabilis Thurb. and Triehostema parishii Vasey. 

The San Dimas Experimental Forest (SDEF) site is a high-deposition 

chaparral site is located in the San Gabriel Mountains within the Angeles 

National Forest of northern Los Angeles County, California, and is managed 

by the United States Forest Service. The site is 451 m above sea level, has a 

slope of 4-12° with a SE-SSW aspect and receives an average of 44 em of 

rainfall annually. Nitrogen deposition (wet + dry) is estimated at 18.4 kg N 

ha-1 annually (Table 1-1). Prior to burning in September of 2002, the site was 

a 42-year-old stand of primarily Adenostoma faseieulatum. Following fire, the 

site was dominated by A. faseieulatum and Ceanothus erassifolius Torr. with 

other shrubs such as Malosma laurina (Nutt.) Abrams and Baeeharis 

salieifolia (Ruiz and Pav.) Pers., and invasive annuals such as Hirshefeldia 

ineana Lagr.-Fossat, Bromus teetorum L. and Avena fatua L. 

The San Bernardino National Forest (SBNF) site is a high-deposition 

chaparral site located in the San Bernardino Mountains of San Bernardino 
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County, California. The site is 807 m above sea level, receives on average 

56 cm of rainfall annually and is located on a 4-10 0 slope with a SE-SW 

aspect. Nitrogen deposition (wet + dry) is estimated at 11.9 kg N ha-1 

annually (Table 1-1). Prior to burning in October of 2003, the site was a 35-

year-old stand dominated by Adenostoma fasciculatum but had more open 

space than SOFS and SDEF. Following the fire, the site was dominated by 

A. fasciculatum and Ceanothus crassifolius with other shrubs such as 

Dendromecon rigida Benth and Eriodictyon trichocalyx A. Heller and invasive 

annuals including Bromus tectorum. 

The Santa Margarita Ecological Reserve (SMER) is a low-deposition 

coastal sage scrub site located in southern Riverside County, California, and 

is within a research reserve managed by San Diego State University. The 

site is 338 m above sea level, receives on average 33 cm rainfall annually 

and is located on a 9-110 slope with a S-SWaspect. Nitrogen deposition (wet 

+ dry) is estimated at 6.3 kg N ha-1 annually (Table 1-1). The site is a 35-

year-old stand dominated by Artemisia californica and Salvia mellifera. There 

is little other vegetation, which consists primarily of Gutierrezia californica 

(DC.) Torr. and A. Gray, Yucca whipplei Torr. and several Gnaphalium 

species. 
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Experimental Design 

This study had a manipulative and an observational component. For 

the manipulative portion of the study, eight 10 x 10m (100 m2
) plots were set 

up at the two low-deposition sites (SOFS and SMER). At these sites, four of 

the eight plots were randomly selected to receive in-situ nitrogen addition in 

the form of ammonium nitrate (NH4N03) fertilizer in the fall of each year 

beginning in 2004, and four unfertilized plots served as unmanipulated 

controls. The fertilizer was added in an amount equivalent to 50 kg N ha-1 to 

simulate atmospheric nitrogen deposition levels consistent with areas of 

highest deposition in the South Coast air basin of southern California and 

future deposition projected by increases in population and fossil fuel 

emissions (Riggan et al. 1985, Galloway et al. 1994, Bytnerowicz and Fenn 

1996, Fenn et al. 2003a). NH4N03 was used because NH3 and NOx are the 

primary forms of dry nitrogen deposition in southern California (Fenn et al. 

2003a). At each of the eight plots per site, the measurements outlined in the 

following chapters were performed four times per year in the winter 

(December-January), spring (March-April), summer (June-July) and fall 

(September-October). Results from the measurements were used to 

compare added nitrogen and control plots within each ecosystem type to 

determine the effects of the nitrogen deposition on the vegetation. 

For the observational portion of the study, post-fire recovery at the low

deposition chaparral site SOFS was compared to two high-deposition sites, 
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SBNF and SDEF. All three chaparral sites burned within a 14-month period 

in the 2002-2003 fire season. At each of the high-deposition sites, four 100 

m2 plots were set up and measurements were performed as described in the 

manipulation portion above. The measurements were compared between the 

control plots of the low-deposition chaparral site SOFS and the high

deposition sites SBNF and SDEF to determine how nitrogen deposition 

affected post-fire recovery. 

Taxonomy 

To ensure accuracy and reflect the most recent information, the 

Jepson Flora Project's Online Interchange (2007) was used for all plant 

species treatments and designations of California native and non-native 

species. 



Figure 1-1. Map showing locations of study sites: Sky Oaks Field Station (SOFS), San 
Bernardino National Forest (SBNF), San Dimas Experimental Forest (SDEF) and Santa 
Margarita Ecological Reserve (SMER). Image courtesy of Google Earth. 



Table 1-1. Site characteristics and locations of the study sites. Total nitrogen deposition (wet + dry) were estimated from a high
resolution Community Multiscale Air Quality (CMAQ) nitrogen deposition model from Tonnesen et al. (2007). Rainfall data were from 
the Western Regional Climate Center (www.wrcc.drLedu, verified 29 March 2007) for locations near the study sites and represent over 
50-year averages (Vourlitis et al. 2007b). Data for soil texture and bulk density for SOFS, SDEF and SMER are for the upper 0-10 cm 
soil layer from Vourlitis et al. (2007c). Soil texture and bulk density data for SBNF are for the upper 0-10 cm soil Vourlitis and Pasquini 
(2008). Fire occurrences for SOFS, SBNF and SDEF are from personal observations. Stand age for SMER from Santa Margarita 
Ecological Reserve website (http://fs.sdsu.edu/kf/reserves/smer/). 

Sky Oaks San Bernardino San Dimas Santa Margarita 
Field Station National Forest Experimental Forest Ecological Reserve 

Characteristic (SOFS) (SBNF) (SDEF) (SMER) 

Latitude and longitude (N:W) 33°21 ': 116°34' 34°19':117°18' 34°10':117°44' 33°29': 117°09' 

California county San Diego San Bernardino Los Angeles Riverside 

Vegetation type Chaparral Chaparral Chaparral Coastal sage scrub 

Nitrogen deposition (kg N ha-1 y-l) 8.1 11.9 18.4 6.3 

Elevation (m) 1418 807 451 338 

Annual Rainfall (cm) 57 56 44 33 

Sand, silt, clay (%) 78,14,8 78,16,6 71,18,11 68, 19, 13 

Soil texture class Sandy loam Loamy sand Sandy loam Sandy loam 

Soil nomenclaturet Ultic haploxeroll Typic xerorthent Typic xerorthent Lithic haploxeroll 
3Bulk Density (g cm- ) 1.34 1.28 1.26 1.22 

Dominant speciestt Af, As, Cg, Qd1 Af, Cc Af, Cc, Qcf Ac, Sm 

Slope/aspect 4-10·'SE-SW 4-10·'SE-SW 4-1i/SE-SSW 9-1 f/s-sw 
Burned July 2003 October 2003 September 2002 > 35 years ago 

Stand age prior to burn 50 years 35 years 42 years N'A 

tSoil nomenclature for SOFS from Moreno and Oechel (1992), for SDEF from Riggan et al. (1985), and for SMER from Knecht (1971). 
tt Ac = Artemisia californica; Af = Adenostoma fasciculatum; As = Adenostoma sparsifolium; Cg = Ceanothus greggii; Cc = Ceanothus crassifolius; Qd = Quercus 
dumosa; Qcf = Quercus durata; Sm = Salvia mellifera. 
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CHAPTER 2 

NITROGEN ADDITION AND PRODUCTION 
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ABSTRACT 

Terrestrial ecosystems of southern California receive some of the 

highest levels of nitrogen deposition in the world due to air pollution. Some 

exposed areas in the mountains can routinely receive inputs of 20-45 kg N 

ha-1 per year. Because Mediterranean-type ecosystems of southern 

California are typically nutrient poor and nitrogen is a limiting nutrient in plant 

production, it was hypothesized that increases in nitrogen availability would 

result in increased production. To test this hypothesis, measures of 

aboveground production were compared between nitrogen fertilized and 

control plots at a coastal sage scrub and a chaparral site with low 

atmospheric deposition. Results showed no effect of nitrogen addition on 

aboveground production at either site. Data indicate that the vegetation is 

taking up experimentally deposited nitrogen, but it appears that the nitrogen is 

not being used for aboveground production. Explanations that may account 

for this are: 1) vegetation at these site are "luxury consuming" nitrogen 

(uptake in excess of biotic demand), 2) production at these sites is either not 

nitrogen limited, or is co-limited by nitrogen and another resource (likely 

water), or 3) the nitrogen is being used in another way (e. g. increased 

photosynthesis for plant defense and/or carbon storage, and/or increased 

belowground production). Since nitrogen deposition in southern California is 

projected to increase 25% by the year 2020, it is important to determine the 

extent to which these ecosystems can utilize deposited nitrogen. 
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INTRODUCTION 

Nitrogen is a limiting factor in plant growth, and increases in nitrogen 

availability typically increase growth (Kirkby 1981, Vitousek and Howarth 

1991). Nitrogen has been shown to increase net primary production (NPP) as 

demonstrated by increased litterfall mass in eastern (Boring et al. 1988) 

boreal (Vitousek 1982) and tropical forests (Giardina et al. 2003). Increased 

nitrogen availability increases aboveground and belowground biomass in 

temperate forests (Nadelhoffer et al. 1985), root length in Chilean matorral 

(Kummerow et al. 1982), and root and shoot biomass in a coastal dune-slack 

community of southern California (Vourlitis 1991). Increased production in 

response to nitrogen deposition may cause terrestrial ecosystems to act as a 

greater sink for anthropogenic CO2 (Peterson and Melillo 1985, Schindler and 

Bayley 1993). Nitrogen deposition may not result in increased production if 

ecosystems are already nitrogen saturated where nitrogen input is in excess 

of biotic demand (Aber et al. 1991, Fenn et al. 1998), or if other mineral 

nutrients such as phosphorus are or become limiting (Mohren et al. 1986). 

Nitrogen deposition can also lead to changes in species composition. In 

Europe, nitrogen deposition causes shrublands to convert to grasslands 

(Bobbink 1991), and, in the Great Plains of the United States, nitrogen 

deposition is implicated in the expansion of forests (Kochy and Wilson 2001). 

Nitrogen deposition can also alter forest carbon cycling and fire cycles by fuel 
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accumulation (Grulke and Balduman 1999, Fenn and Poth 2001). Whether or 

not these patterns hold true for chaparral and coastal sage scrub is less clear. 

In Mediterranean shrub ecosystems, including chaparral and coastal 

sage scrub, shrub growth has been shown to be limited by low soil nutrient 

availability, and shrub production has been stimulated by nitrogen fertilization 

(Kummerow et al. 1982). Nitrogen addition resulted in increased production 

of Adenosfoma fasciculafum and Ceanofhus greggii (Hellmers et al. 1955, 

McMaster et al. 1982). Other research indicates that Adenosfoma 

fasciculafum experiences most of its nutrient uptake in the winter during 

rainfall when plants were not experiencing aboveground growth (Mooney and 

Rundel 1979, Shaver 1981). These results suggest that evergreen plants 

store nutrients in old tissue (leaves and stems) during the non-growth period 

for use in subsequent growth periods when nutrient demands are greater 

(Mooney and Runde11979, Shaver 1981). In coastal sage scrub ecosystems, 

nitrogen addition resulted in increased biomass of Salvia leucophyl/a and 

Ceanofhus megacarpus (Gray and Schlesinger 1983) and increased shoot 

yield of Artemisia californica, Encelia farinosa and Eriogonum fasciculafum 

(Padgett and Allen 1999). Although nitrogen addition generally stimulates 

production, nitrogen deposition has also been shown to cause declines in 

coastal sage scrub vegetation through conversion to grasslands (Westman 

1981, Allen et al. 1998, Padgett and Allen 1999) and increases in non-native 

vegetation (Allen et al. 1998, Minnich and Dezzani 1998). This increase in 
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non-native vegetation may be caused by greater relative responses to 

nitrogen by non-native annuals than the responses of native shrubs 

(McMaster et al. 1982, Padgett and Allen 1999). 

Because nitrogen deposition in southern California is primarily (85-

90%) dry deposition in the late summer and early fall when vegetation is 

largely dormant due to drought, it is unclear whether and to what extent 

deposited nitrogen is utilized by vegetation when it becomes available as a 

brief pulse following the first rainfall (Riggan et al. 1985, Bytnerowicz and 

Fenn 1996, Fenn et al. 1998, 2003a). 

HYPOTHESIS 

Coastal sage scrub and chaparral vegetation will show increased 

aboveground production in response to experimental dry-season nitrogen 

deposition. 

METHODS 

Aboveground biomass 

Aboveground biomass was estimated at chaparral and coastal sage 

scrub sites (Table 1-1) that contained nitrogen fertilized and control plots four 

times per year, seasonally, using non-destructive dimensional analysis 

(Bonham 1989). Vegetation at least 20 cm in height was measured within a 2 
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m radius (12.57 m2
) circular subplot located in the center of each plot. 

Vegetation under 20 cm was measured within a 0.5 x 0.5 m (0.25 m2
) subplot 

in the center of the plot. Plant volume was quantified by measuring the crown 

width at the widest point, the perpendicular width and the plant height, and 

calculated as shown in the following equation (Bonham 1989): 

(1 ) V= 7rD2 -h 
4 

where V is plant volume, 0 is average plant diameter and h is plant height. 

Plant volume was calculated assuming a cylindrical shape (Bonham 1989). 

Vegetation biomass was estimated from volume using regression equations 

that were developed for each species by harvesting measured plants of 

various sizes (Table 1-1). The shrubs were then dried at 80°C for at least one 

week and weighed. Shrub weight and volume data were natural log 

transformed to reduce variation. For species that did not occur frequently 

and/or lacking regression equations, generalized shrub and herbaceous plant 

equations were used (Table 1-1). In seasons where many annuals and 

grasses were present in the 0.25 m2 subplot, all herbaceous vegetation within 

the subplot was harvested, dried and weighed to directly measure biomass. 

Leaf area index 

Leaf area index (LAI) was calculated from measurements of 

photosynthetically active radiation (PAR) using a linear PAR/LAI ceptometer 
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(Decagon model PAR-80, Decagon Devices, Inc., Pullman, WA). PAR is the 

solar radiation between 400 and 700 nm in wavelength that plants use for 

photosynthesis (Decagon Devices, Inc. 2004). LAI of the canopy was 

calculated from differences in above- and below-canopy PAR using a method 

described in Goudriaan (1988) and the software provided by Decagon 

Devices, Inc. 

Measurements of LAI were performed four times per year, seasonally, 

at the center of each plot to coincide with the estimates of aboveground 

biomass. Measurements were performed at or near solar noon during 

periods of uniform light conditions (e.g. full sun or full cloud). When periods of 

non-uniform light were present, additional above canopy measurements of 

PAR were performed to adjust for changing light conditions. These data were 

used along with aboveground biomass regression equations to obtain a 

secondary estimate of leaf biomass. 

Litterfal/ 

Litterfall is plant leaves, twigs and other organic matter that falls to the 

ground to make up a litter layer. Litterfall was collected using four 25.4 x 25.4 

cm (0.0645 m2
) mesh traps that were randomly placed within each plot. 

Litterfall accumulated in these traps was collected four times per year, 

seasonally. In the field, rocks and soil were removed through the mesh of the 

traps. In the laboratory, litterfall was oven dried at 80°C for at least one week, 
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sorted a second time using a 1 mm mesh sieve to remove any additional non-

organic matter, and then weighed to the nearest 0.1 mg. 

Net primary productivity (NPP) 

Net primary productivity (NPP) was calculated for each year using 

production and litterfall as shown in the following equations (Gower et al. 

1999): 

(2) 

(3) 

where Pi is production over seasonal interval i, Bt is the current aboveground 

biomass, Bt-1 is the previous aboveground biomass measured three months 

earlier, NPP is net annual aboveground primary production and Di is litterfall 

at seasonal interval i. In equation 2 if Bt - Bt-1 was not greater than zero, then 

Pi = O. Pi and Di were then summed over the year to calculate NPP. 

Shoot elongation 

Shoot elongation was also measured to provide an additional index of 

shrub growth. Apical shoots of Adenostoma fasciculatum and Ceanothus 

crassifolius and greggii (chaparral) and Salvia mellifera and Artemisia 

californica (coastal sage scrub) were tagged, and the length of the shoot from 

the tag to the tip of the shoot was measured. At least six shoots per species 

were tagged in each plot. The tagged stems were measured at each of the 
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four seasonal collection periods. Shoot elongation was considered the 

difference between consecutive measurements. If tags became lost or fell off 

during the course of the study, they were replaced at the next collection 

period. 

Species richness 

Because all plants measured for biomass were also identified, species 

richness was also examined. Species richness for each plot was simply the 

number of species that occurred during each collection in the 2 m radius 

circular subplot. 

Statistical analysis and derived quantities 

Aboveground biomass and litterfall were estimated for the entire 10 x 

10m (100 m2
) plots based on the measurements within the subplots by 

dividing the total by the area of the subplot. All data presented in figures 

represent an average of four plots at each site (n = 4). Differences between 

control and added nitrogen plots were tested using repeated measures 

analysis of variance (RMANOVA). RMANOVAs were performed on data for 

each plot (n = 4) for each season. The factors used in the RMANOVA were 

nitrogen (i. e. control and added nitrogen) and time (i. e. season, year or time 

interval). If the distribution of data was non-normal, the data were either 

natural log or square root transformed to produce a normal distribution. In 
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cases where transformation did not result in a normal distribution, the 

RMANOVA was performed on non-transformed data since RMANOVA is 

robust to violations of normality (Zar 1999). Linear regressions to estimate 

aboveground biomass from plant volume, leaf biomass proportion as a 

function of the natural log of shrub volume, and RMANOVAs were performed 

using NeSS (NeSS version 2004, NeSS, Kaysville, Utah, USA). Statistical 

difference was accepted at an alpha of 0.05 (Zar 1999). 

RESULTS 

Total aboveground biomass 

Nitrogen addition did not affect total aboveground biomass for 

chaparral or coastal sage scrub manipulation plots, however, time was a 

significant factor in total aboveground biomass for control and added nitrogen 

plots for both ecosystems types (Figure 2-1). For the chaparral site (SOFS), 

aboveground biomass increased over the course of the study from winter 

2004 through fall 2006 to reach a peak biomass of 666.4 ± 200.3 g m-2 for the 

control plots and 343.9 ± 127.2 g m-2 for the added nitrogen plots (Figure 2-1). 

For the coastal sage scrub site (SMER), total biomass also increased over 

time and peaked in 2005 in spring and summer and reached a high in fall 

2006 of 631.2 ± 51.50 g m-2 for the control and 805.3 ± 153.6 g m-2 for the 

added nitrogen plots (Figure 2-1). 
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Leaf area index (LAI) 

Nitrogen addition also did not affect leaf area index (LAI) for chaparral 

or coastal sage scrub manipulation plots; although, there were significant 

differences in LAI over time for both ecosystem types (Figure 2-2). For the 

chaparral site, LAI generally increased between summer 2004 and fall 2006 

from 0.09 ± 0.12 m2 m-2 to 0.25 ± 0.04 m2 m-2 for control and from 0.16 ± 0.06 

m2 m-2 to 0.32 ± 0.11 m2 m-2 for added nitrogen plots (Figure 2-2). LAI was at 

an annual low in winter 2005 and spring 2006 and at a high in summer 2005 

and fall 2006 for SOFS. For the coastal sage scrub site, LAI varied from a 

low of 0.89 ± 0.04 m2 m-2 in fall 2006 to a high of 2.07 ± 0.52 m2 m-2 in 

summer 2005 in the control plots and from a low of 0.92 ± 0.20 m2 m-2 in fall 

2006 to a high of 1.75 ± 0.07 m2 m-2 in spring 2006 in the added nitrogen 

plots (Figure 2-2). In general, LAI reached an annual peak in the spring or 

summer and an annual low in the fall. 

Litterfal/ 

There was no effect of nitrogen addition on litterfall production for 

chaparral or coastal sage scrub manipulation plots. Litterfall did differ 

significantly over time (Figure 2-3). For the chaparral site, litterfall generally 

declined until summer 2004 then increased to a peak of approximately 20 g 

m-2 in winter 2006 (Figure 2-3). For coastal sage scrub, litterfall generally 

increased during the fall and winter of 2003 and 2004, but, in 2005, added 
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nitrogen plots exhibited a peak of 63.8 ± 33.3 in summer 2005 that was on 

average nearly two times that observed for control plots (Figure 2-3). 

Stem elongation 

Stem elongation was not affected by nitrogen addition for chaparral or 

coastal sage scrub manipulation plots. Significant annual variations in stem 

elongation were seen in the chaparral manipulation plots however (Figure 2-

4). For SOFS, stem elongation was greatest for both control and added 

nitrogen plots from winter 2004 to winter 2005, and stem elongation for 

control plots was nearly two-fold higher than added nitrogen plots (Figure 2-

4). Stem elongation was substantially lower for drier years with no difference 

between control and added nitrogen plots (Figure 2-4). There was no 

significant manipulation or temporal trends for stem elongation in the coastal 

sage scrub manipulation plots, and on average stem elongation varied 

between 2-17 cm yea(1 for both control and added nitrogen plots over the 3-

year study period (Figure 2-4). 

Net primary production (NPP) 

Net primary production (NPP) was also unaffected by nitrogen addition 

for chaparral or coastal sage scrub manipulation plots, but there were 

significant differences in NPP over time for both ecosystem types (Figure 2-

5). For SOFS, NPP from 2004 to 2005 increased from 259.3 to 492.0 g m-2 in 
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the control plots and from 94.5 to 340.4 g m-2 in the added nitrogen plots, 

corresponding to a 2.5 and 3-fold increase in NPP for control and added 

nitrogen plots, respectively (Figure 2-5). Between 2005 and 2006, there was 

little change in NPP for both the control and added nitrogen SOFS plots 

(Figure 2-5). For SMER, NPP increased almost linearly between 2004 and 

2006 from 547.3 to 1140.3 g m-2 for the added nitrogen plots, while NPP for 

control plots changed little between 2004 and 2005 then increased to 1209.5 

g m-2 in 2006 (Figure 2-5). 

Species richness 

Although species richness was not affected by nitrogen addition for 

chaparral or coastal sage scrub manipulation plots, there were significant 

seasonal variations in species richness (Figure 2-6). For SOFS, species 

richness was generally greatest in the spring and summer and lowest in the 

winter and fall (Figure 2-6). For SMER, species richness was fairly constant 

throughout the year with peaks in the spring (Figure 2-6). 

DISCUSSION 

Due to nitrogen being a limiting nutrient in plant production, and since 

semi-arid, Mediterranean-type ecosystems of southern California have low 

soil and plant nitrogen (Kummerow et al. 1982), it was hypothesized that 
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experimental nitrogen deposition would result in increased production. 

However, in this study, there were no significant effects of nitrogen deposition 

on any measure of chaparral of coastal sage scrub productivity, including total 

aboveground biomass, leaf area index, litterfall production, stem elongation or 

net primary production. The only significant trends were temporal which can 

be attributed to seasonal rainfall patterns. These results are in contrast to 

other studies where nitrogen addition significantly increased biomass 

production of chaparral (Hellmers et al. 1955, McMaster et al. 1982) and 

increased biomass and shoot production of coastal sage scrub (Gray and 

Schlesinger 1983, Padgett and Allen 1999). 

There are a few possibilities why this study did not show significant 

increases in production in response to experimental nitrogen deposition. One 

possibility is that these sites are nitrogen saturated and therefore do not 

absorb experimentally deposited nitrogen. This explanation is not supported, 

however, by other data from these sites showing that plant tissue nitrogen is 

significantly higher in added nitrogen plots compared to control plots at both 

sites (Vourlitis et al. 2007a). Because vegetation is taking up added nitrogen, 

the plants are not nitrogen saturated. Another explanation is that plants at 

these sites are not nitrogen limited and are "lUXUry consuming" nitrogen 

(uptake in excess of demand; Driessche 1974, Chapin 1980). Vegetation 

may also be "lUXUry consuming" nitrogen to store for future growth when 

conditions are more favorable to growth. Storing nutrients for future growth 
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has been observed in plant growing in nutrient-poor soils (Rundel and 

Parsons 1980). This is important because nutrient availability often does not 

correspond with the growing season. Previous studies in chaparral have 

shown that growth and nutrient availability is uncoupled, but coastal sage 

scrub vegetation showed a linear growth response to increasing nutrient 

concentration (Gray and Schlesinger 1983). Plants at these sites also may 

not show increased production in response to nitrogen addition because 

plants in nutrient-poor sites often have low growth rates (Grundon 1972, 

Grime and Hunt 1975) and the length of this study was insufficient to see 

effects of added nitrogen. Finally, plants at these sites may co-limited by 

nitrogen and another nutrient such as potassium or limited by water. Since 

these two sites are semi-arid ecosystems, they are likely limited by water. 

Because nitrogen fertilization was done in the fall to correspond with the 

season in which most anthropogenic nitrogen is deposited, plant physiological 

activity was minimal due to seasonal drought. During this period, no growth 

was occurring in either site. When the spring rains came, the vegetation 

grew, but there was no significant difference between the control and added 

nitrogen plots. This lack of significant difference in growth between control 

and added nitrogen plots following the spring rains seems to indicate that 

plant growth at these sites is at least partially regulated by water because 

maximum growth occurred when water was available. Other studies that 

found increased production with nitrogen addition added dry nitrogen to 
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irrigated shrubs (Hellmers et al. 1955) or in the spring (McMaster et al. 1982) 

during periods of greater water availability. 

Although there were no significant effects of nitrogen found by this 

study, some interesting trends were suggested by the data. At the chaparral 

site SOFS, nitrogen appeared to negatively affect total aboveground biomass, 

litterfall production, net primary productivity and stem elongation but positively 

affect leaf area index. These trends may be due to differences between the 

plots rather than nitrogen addition. When SOFS burned in 2003, the added 

nitrogen plots seemed to have been more intensely burned than the control 

plots. When aboveground biomass was measured for the first time after the 

fire in winter 2004, the control plots had 6.5 times greater biomass on 

average than the added nitrogen plots. Since fire intensity can affect a 

number of aspects of post-fire recovery such as soil nutrients (DeBano and 

Conrad 1978), resprouting and the seed bank (Moreno and OecheI1991), 

this may help to explain the seeming negative effect of nitrogen addition at 

SOFS. The seemingly negative effect of nitrogen on measures of productivity 

at SOFS contrast the trend suggested that leaf area index somewhat 

increased with nitrogen. This increase in leaf area index, although 

insignificant, supports previous findings by Knops and Reinhard (2000) that 

nitrogen caused increased leaf area index in perennial grasses and of Pierce 

et al. (1994) that leaf area index increased as leaf nitrogen content increased. 

Since leaf area index is proportional to productivity (Monsi et al. 1973), 
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productivity and leaf area index should show the same trend. This may be 

explained by the relationship between leaf biomass and shrub size described 

by Black (1987) where older (i. e. larger) chaparral shrubs had a lower 

proportion of leaf weight compared to younger (i. e. smaller) shrubs. When all 

shrubs for which leaf biomass was available in this study were pooled and the 

leaf mass ratio (LMR) was plotted as a function of shrub volume, the 

proportion of leaf biomass significantly decreased as volume increased 

(Figure 2-7), supporting the findings of Black (1987). Due to the leaf mass 

ratio, plots with smaller shrubs should have greater LAI than plots with larger 

shrubs. In the case of SOFS in the fall 2006, the average shrub volume was 

1.2 times greater for the control plots compared to the added nitrogen plots, 

0.052 ± 0.003 m3 and 0.042 ± 0.017 m3
, respectively. 

If vegetation at these sites is taking up nitrogen but not allocating it to 

increased production due to water or other limitation, what are the plants 

doing with the nitrogen? Is the vegetation storing the additional nitrogen for 

possible future biomass if there is an especially wet year? Net primary 

production data somewhat supports this prediction. In 2005, southern 

California experienced above average precipitation. SOFS and SMER 

experienced rainfall of 70 and 57 cm, respectively, compared to averages of 

57 and 33 cm, respectively, for 50-year averages (Figure 2-8). In 2005, 

SOFS showed increased total aboveground biomass in control plots 

compared to added nitrogen, which may be explained by uneven burning 
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during in the 2003 fire. SMER, an unburned site, experienced the greatest 

total biomass in the added nitrogen plots in this year, which suggests that, 

given greater water availability, nitrogen absorbed in this site may be 

allocated to increased production. To fully test this prediction, these sites 

would have to receive an additional experimental treatment of water and 

nitrogen in a factorial design. It is also possible that the vegetation is 

allocating the additional nitrogen to other physiological processes such as 

increasing allocation to photosynthetic machinery or greater belowground 

production. Further study is needed to determine the fate of added nitrogen 

at these sites. 



Table 2-1. Regression equations used to estimate aboveground biomass. Developed from 
plant volume (area for grass) and total biomass measurements. Total biomass and volume 
(area for grass) data were natural log transformed to reduce variance. Equations are in the 
form y = a*x+b, where variable a represents slope and b represents the y-intercept. Also 
shown are the coefficients of determination (I), the F-ratios (mean square divided by the 
error mean square), the degrees of freedom (df) and the P-values. The three general 
equations were developed by combining all data for shrubs, herbaceous vegetation, and 
grasses, respectively. A portion of the data from the A. fasciculatum, A. caliornica and S. 
mellifera equations were from Hines and Mitcham (unpublished data). 

Species name a b 1 F df P 

Adenostoma fasciculatum 0.8831 -4.7844 0.99 1223.27 1,19 <0.0001 

Artemisia californica 0.8606 -5.7531 0.99 2428.09 1,24 <0.0001 

Hirschfeldia incana 1.1490 -11.5250 0.78 29.03 1,8 0.0007 

Camissonia spp. 0.4092 -2.7481 0.80 32.25 1,8 0.0005 

Ceanothus spp. 0.7162 -4.1991 0.95 351.07 1,19 <0.0001 

Cryptantha spp. 0.7362 -5.4398 0.87 52.91 1,8 0.0001 

Dendromecon rigida 0.5899 -3.1105 0.96 210.91 1,8 <0.0001 

Eriodictyon trichocalyx 0.7628 -4.5410 0.94 120.93 1,8 <0.0001 

Eriogonum fasciculatum 0.7870 -4.9588 0.99 139.01 1,3 0.0071 

Gnaphalium spp. 0.7162 -4.1991 0.93 153.65 1,12 <0.0001 

Heliathemum scoparium 0.6619 -3.8972 0.72 20.36 1,8 0.0020 

Phacelia spp. 0.7164 -5.1923 0.95 162.45 1,8 <0.0001 

Salvia mellifera 0.9353 -6.4553 0.99 1938.70 1,16 <0.0001 

Stephanomeria virgata 0.4213 -3.0902 0.89 62.31 1,8 <0.0001 

Shrubs (general) 0.8704 -5.4883 0.97 3195.39 1,116 <0.0001 

Herbaceous (general) 0.7201 -5.0866 0.79 234.25 1,62 <0.0001 

Grass by area (general) 1.0513 -4.1304 0.97 83.56 1,4 0.0028 
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Figure 2-1. Total aboveground biomass for manipulation portion of study for the chaparral 
site Sky Oaks Field Station (SOFS) and the coastal sage scrub site Santa Margarita 
Ecological Reserve (SMER). Data represent the mean ± 1 standard error (n = 4). Results 
are shown for a repeated measures analysis of variance (RMANOVA). N represents 
comparisons between control and added nitrogen plots, T represents seasonal comparisons 
and NxT represents the interaction of nitrogen and seasonal components. Statistical 
significance is indicated by * = P < 0.05, ** = P < 0.001, and *** = p < 0.0001. Missing data 
pOints represent seasons in which aboveground biomass was not measured. 
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Figure 2-2. Leaf area index (LAI) for manipulation portion of the study for the chaparral site 
Sky Oaks Field Station (SOFS) and the coastal sage scrub site Santa Margarita Ecological 
Reserve (SMER). Data represent the mean ± 1 standard error (n = 4). Results are shown for 
a repeated measures analysis of variance (RMANOVA). N represents comparisons between 
control and added nitrogen plots, T represents seasonal comparisons and NxT represents 
the interaction of nitrogen and seasonal components. Statistical significance is indicated by * 
= p < 0.05, ** = P < 0.001, and *** = p < 0.0001. 
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Figure 2-3. Litterfall for manipulation portion of study for the chaparral site Sky Oaks Field 
Station (SOFS) and the coastal sage scrub site Santa Margarita Ecological Reserve (SMER). 
Data represent the mean ± 1 standard error (n = 4). Results are shown for a repeated 
measures analysis of variance (RMANOVA). N represents comparisons between control and 
added nitrogen plots, T represents seasonal comparisons and NxT represents the interaction 
of nitrogen and seasonal components. Statistical significance is indicated by * = P < 0.05, ** 
= P < 0.001, and *** = p < 0.0001. 
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Figure 2-4. Stem elongation for manipulation portion of study for the chaparral site Sky Oaks 
Field Station (SOFS) and the coastal sage scrub site Santa Margarita Ecological Reserve 
(SMER). Data represent the mean ± 1 standard error (n = 4). Results are shown for a 
repeated measures analysis of variance (RMANOVA). N represents comparisons between 
control and added nitrogen plots, T represents seasonal comparisons and NxT represents 
the interaction of nitrogen and seasonal components. Statistical significance is indicated by * 
= p < 0.05, ** = P < 0.001, and *** = p < 0.0001. 
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Figure 2-5. Net primary production (NPP) for manipulation portion of study for the chaparral 
site Sky Oaks Field Station (SOFS) and the coastal sage scrub site Santa Margarita 
Ecological Reserve (SMER). Data represent the mean ± 1 standard error (n = 4). Results 
are shown for a repeated measures analysis of variance (RMANOVA). N represents 
comparisons between control and added nitrogen plots, T represents seasonal comparisons 
and NxT represents the interaction of nitrogen and seasonal components. Statistical 
significance is indicated by * = P < 0.05, ** = P < 0.001, and *** = p < 0.0001. 
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Figure 2-6. Species richness for manipulation portion of study for the chaparral site Sky 
Oaks Field Station (SOFS) and the coastal sage scrub site Santa Margarita Ecological 
Reserve (SMER). Data represent the mean ± 1 standard error (n = 4). Results are shown for 
a repeated measures analysis of variance (RMANOVA). N represents comparisons between 
control and added nitrogen plots, T represents seasonal comparisons and NxT represents 
the interaction of nitrogen and seasonal components. Statistical significance is indicated by * 
= P < 0.05, ** = P < 0.001, and *** = p < 0.0001. 
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Figure 2-7. Leaf mass ratio (LMR) plotted as a function of the natural log of shrub volume for 
A. fasciculatum, A. califomica and S. mel/ifera. Results of linear regression are shown. 
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Figure 2-8. Monthly precipitation in mm for the manipulation sites from 2004 to 2006. The 
chaparral site is Sky Oaks Field Station (SOFS) and the coastal sage scrub site is Santa 
Margarita Ecological Reserve (SMER). Precipitation data for SOFS 2004 to 2005 and for 
SMER from Vourlitis unpublished data. Precipitation data for SOFS 2006 is from a San 
Diego State University weather station located on the reserve. 
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CHAPTER 3 

NITROGEN DEPOSITION AND POST-FIRE RECOVERY 
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ABSTRACT 

Chaparral ecosystems in exposed areas of southern California can 

receive nitrogen inputs from air pollution ranging from 20-45 kg N ha-1 per 

year. In these same ecosystems, fire is an important disturbance agent with 

a frequency of 20-40 years. Nitrogen deposition may interact with fire to 

affect post-fire ecosystem recovery in terms of production and species 

composition. Whereas nitrogen deposition increases nitrogen availability to 

these ecosystems, fire can either increase or decrease nitrogen availability 

depending upon fire intensity. Because chaparral ecosystems of southern 

California are nutrient-poor, it was hypothesized that nitrogen deposition may 

increase rates of post fire recovery. To test this hypothesis, aboveground 

productivity was compared during the first three years post-fire at three 

chaparral sites located along an established nitrogen deposition gradient that 

burned within a 14-month period. Results showed that aboveground shrub 

and total biomass did not increase with nitrogen deposition but that high 

nitrogen deposition resulted in a lower density of large shrubs compared to a 

high density of small shrubs with low nitrogen deposition. Although non

significant, high nitrogen deposition sites also seemed to have increased 

herbaceous biomass. Since nitrogen deposition in southern California is 

projected to increase in the future, there is the potential to significantly alter 

post-fire recovery and species composition of these ecosystems. 
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INTRODUCTION 

Southern California chaparral ecosystems are located in a region of 

Mediterranean-type climate that is characterized by hot, dry summers and 

cool wet winters where the majority of the rainfall occurs in a few storms from 

November through April (Keeley 2000). In chaparral ecosystems of southern 

California, fire is an important agent of disturbance that occurs at a frequency 

of 20-40 years depending on the site (Kummerow and Lantz 1983). 

Chaparral ecosystems are composed of sclerophyllous shrubs that are 

closely spaced and form a nearly continuous cover. Herbaceous shrubs are 

mostly absent, except after fire (Keeley 2000). Following fire, chaparral 

ecosystems generally continue to accumulate biomass for 50 years, after 

which production levels off (Black 1987). 

Fire can substantially alter nitrogen availability and storage depending 

on intensity. For example, substantial nitrogen loss (both total nitrogen and 

N03-) from volatilization can follow high intensity fires (DeBano and Conrad 

1978, DeBano et al. 1979, Dunn et al. 1979, Boerner 1982, Grogan et al. 

2000), but deposition of NH4 + in ash and incomplete burning of vegetation 

and detritus can also increase available nitrogen (DeBano et al. 1979, Dunn 

et al. 1979, Gray and Schlesinger 1981, Boerner 1982, Grogan et al. 2000). 

Although fire can cause increases in available and total nitrogen (DeBano et 

al. 1979, Dunn et al. 1979, Grogan et al. 2000), nitrogen can be quickly lost 

due to erosion during the first post-fire rain (DeBano and Conrad 1978). 



44 
Following fire, chaparral ecosystems experience growth of many 

herbaceous and suffrutescent plants with plant diversity being greatest the 

first year after fire (Keeley 2000). Many species occurring immediately 

following the fire are "fire followers" that either require high heat or smoke for 

seed germination. In addition, some shrub species such as Adenostoma 

fasciculatum, Quercus dumosa Nutt., Quercus durata Jeps. (scrub oak) and 

Malosma laurina (Nutt.) Abrams (laurel sumac) are facultative seeders that 

are able to germinate from seeds or resprout from basal burls or root crowns 

depending on fire intensity, soil moisture, plant size and condition (Moreno 

and Oechel 1992, Sparks et al. 1993, Keeley 2000). Other shrubs, such as 

Ceanothus and Arctostaphylos, are obligate seeders that do not resprout and 

require seed germination (Moreno and Oechel 1992, Sparks et al. 1993, 

Keeley 2000). There may also be a large seed bank of shrub species that 

may survive depending on the same factors stated above. Seedlings and 

resprouts following fire show increased photosynthetic rates compared to 

mature vegetation due to favorable post-fire water conditions resulting from 

biomass removal (Hastings et al. 1989). 

Nitrogen deposition may shorten the time between fire intervals or 

increase fire intensity due to higher shrub density (Fenn et al. 2003b) and 

increased fuel loads (Fenn et al. 2003a). Increased nitrogen availability from 

atmospheric deposition could also result in more rapid ecosystem recovery if 

systems are nitrogen limited during post-fire recovery despite possible 
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increased nitrogen availability due to ash and incomplete burning. Changes 

in community composition from shrublands to grasslands due to nitrogen 

deposition could also increase the fire frequency (D'Antonio and Vitousek 

1992). Furthermore, following fire, ecosystems exposed to high 

anthropogenic nitrogen deposition may be in even greater danger of changes 

in community composition by invasion of non-native annuals, especially 

grasses (Allen et al. 1998, Minnich and Dezzani 1998), as removal of native 

vegetation may allow invasive annuals to enter the ecosystem and out-

compete native vegetation for nutrients (McMaster et al. 1982, Padgett and 

Allen 1999). 

HYPOTHESIS 

Chaparral ecosystems exposed to high levels of atmospheric nitrogen 

deposition will show increased rates of post-fire recovery and increased non

native vegetation. 

METHODS 

Total aboveground biomass 

Aboveground biomass was estimated at three chaparral sites that 

burned within a 14-month period. These sites were located along a nitrogen 

deposition gradient and were either designated high- or low-nitrogen 
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deposition. San Dimas Experimental Forest (SDEF) is a high-nitrogen 

deposition site that burned in September 2002, Sky Oaks Field Station 

(SOFS) is a low-nitrogen deposition site that burned in July 2003 and San 

Bernardino National Forest (SBNF) is a high-nitrogen deposition site that 

burned in October 2003 (Table 1-1). 

Aboveground biomass was estimated four times per year, seasonally, 

using plant volume to biomass regression equations (Table 2-1) to allow for 

repeated non-destructive measurements and bulk harvests of spring annuals 

and grasses as described in Chapter 2. 

Species composition 

All plants that were measured to estimate aboveground biomass in this 

study were identified. This allowed changes in species composition over time 

with nitrogen deposition to be examined. Species were categorized as either 

Adenostoma fasciculatum (pre-burn dominant shrub), Ceanothus greggii or 

crassifolius, other shrubs, or herbaceous vegetation (herbaceous annuals and 

perennials including grasses). 

Statistical analysis and derived quantities 

Aboveground and shrub biomass were estimated for the entire 10 x 10 

m (100 m2
) plots based on the measurements within the subplots by dividing 

the total by the area of the subplot. All data presented in figures represent an 
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average of four plots at each site (n = 4). Linear regression equations for 

biomass estimation from plant volume, total aboveground, shrub, and 

average shrub biomass as a function of time post fire, and shrub biomass as 

a function of shrub density were performed using NCSS (NCSS version 2004, 

NCSS, Kaysville, Utah, USA). Differences between slopes were tested using 

curve inequality randomization tests using NCSS. Differences between grass 

biomass for the sites was tested using analysis of variance (AN OVA) with 

NCSS, and differences between species composition was tested using chi

square analysis with Minitab (Minitab version 14, Minitab, Inc., State College, 

Pennsylvania, USA). Statistical difference was accepted at an alpha of 0.05 

(Zar 1999). 

RESULTS 

Species composition 

When species composition was compared at 1, 2, and 3 years post-fire 

for the three sites, there was no significant difference between years or sites 

(Figure 2-1). For SOFS and SBNF, the greatest proportion of biomass was 

comprised of Adenostoma fasciculatum, which was an average of 84.0 ± 

1.8% and 81.7 ± 5.6%, respectively, for the three years combined. At SDEF, 

A. fasciculatum and Ceanothus crassifolius were the most dominant 

vegetation (Figure 3-1) and were on average 47.4 ± 10.3% and 21.8 ± 4.5%, 
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respectively, for the two years combined. Both SBNF and SDEF seemed to 

have higher average percentages of other shrub species (11.9 ± 5.4% and 

11.6 ± 2.5%) than SOFS (2.3 ± 2.1 %), although there was no significant 

difference. At SBNF, the majority of the species grouped as other shrubs 

were Dendromecon rigida and Eriodictyon trichocalyx with a small amount of 

Yucca whipplei (Appendix 1). At SDEF, most other shrubs were Malosma 

laurina, Quercus durata with a small amount of Baccharis salicifolia and 

Ericameria parishii (Appendix 1). At SOFS, there was little shrub vegetation 

besides Adenostoma fasciculatum and Ceanothus greggii, and the other 

shrub vegetation was comprised mostly of small amounts of Eriogonum 

fasciculatum, Solanum xanti and Trichostemma parishii (Appendix 1). The 

highest nitrogen deposition site, SDEF, also had the highest percentage of 

herbaceous vegetation (19.2 ± 3.4%) for the two years (Figure 3-1). At 

SDEF, most of the herbaceous vegetation was Brassica geniculata, Lotus 

scoparius and grasses. At SBNF, it was Helianthemun scoparium, Lotus 

scoparius and grasses (Appendix 1). At SOFS, there was a greater variety of 

herbaceous species including Eriogonum davidsonii, Stephanomeria virgata, 

Penstemon spectabilis, Helianthemum scoparoium and Gutierrezia californica 

(Appendix 1). 
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Aboveground biomass 

Total aboveground biomass recovered from fire at a significantly 

greater rate for SBNF (32.4 g m-2 month-1
) than for SOFS (16.8 g m-2 month-1

) 

and SDEF (18.5 g m-2 month-1
), and there was not a significant difference in 

the rate of total biomass increase since fire between the lowest deposition 

site SOFS and the highest deposition site SDEF (Figure 3-2A). By the end of 

the study period, total aboveground biomass was 1269.7 ± 178.9 g m-2
, 651.3 

± 119.2 g m-2 and 717.7 ± 122.0 g m-2 for SBNF, SDEF and SOFS, 

respectively (Figure 3-2A). 

Post-fire shrub biomass recovery showed the same results as total 

biomass where the greatest recovery was seen at SBNF (30.9 g m-2 month-1
), 

and there was no difference between the lowest deposition site SOFS (16.0 g 

m-2 month-1
) and the highest deposition site SDEF (14.8 g m-2 month-\ 

(Figure 3-2B). At the end of the study period, shrub biomass was 1211.3 ± 

193.1 g m-2 , 697.7 ± 119.1 g m-2 and 631.6 ± 200.6 g m-2 for SBNF, SDEF 

and SOFS, respectively (Figure 3-2B). 

Post-fire average shrub biomass was greater at the high nitrogen 

deposition sites, SDEF (13.4 g planr1 month-1
) and SBNF (11.9 g planr1 

month-\ than at the low nitrogen deposition site SOFS (2.8 g planr1 month-\ 

and there was not a significant difference in post-fire average shrub biomass 

recovery between SDEF and SBNF (Figure 3-2C). This indicated that shrubs 

at the two high nitrogen deposition sites (SDEF and SBNF) were significantly 



50 

larger than those at the low nitrogen deposition site (SOFS). At the end of the 

study period, average shrub biomass was 599.3 ± 118.6 g m-2
, 462.9 ± 93.8 g 

m-2 and 80.1 ± 30.4 g m-2 for SDEF, SBNF and SOFS, respectively (Figure 3-

2C). 

When shrub biomass was plotted as a function of shrub density, the 

highest nitrogen deposition site, SDEF, had the largest shrubs overall (227.8 

g planr\ followed by the second highest nitrogen deposition site, SBNF 

(109.4 g planr1
), and the lowest nitrogen deposition site, SOFS (28.0 g 

planr\ with the smallest shrubs throughout the study period (Figure 3-3). All 

three sites were significantly different from each other in terms of shrub size 

(Figure 3-3). 

DISCUSSION 

Because southern California chaparral ecosystems are nutrient-poor 

(Kummerow et al. 1982), it was hypothesized that nitrogen deposition would 

result in increased production following fire. It was also hypothesized that, in 

addition to increased post-fire recovery, nitrogen deposition would result in 

increased non-native vegetation due to removal of native vegetation and non

native annuals out-competing native species. 

The lack of significant differences between the three sites and years in 

species composition was likely due to the high proportion of Adenostoma 
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fasciculafum at all sites. Although non-significant, the species composition 

data seem to suggest greater diversity of plant types at the highest nitrogen 

deposition site SDEF. Nitrogen deposition seemed to result in a shift away 

from the pre-fire dominant species, Adenosfoma fasciculafum. The species 

composition data seem to support prior findings of Bobbink et al. (1998) that 

nitrogen deposition cause increases in species diversity in nutrient-poor 

European shrublands due to invasions of species intolerant to the original 

nutrient-poor conditions. Although the trend suggests that there was greatest 

number of plant types in the highest deposition site SDEF, more species 

appeared overall at SOFS (38), followed by SDEF (16) and SBNF (15) 

(Appendix 1). The highest nitrogen deposition site, SDEF, also had the 

highest percentage of biomass as herbaceous vegetation. Previous studies 

of Westman (1981), Allen et al. (1998) and Padgett et al. (1999) found that 

nitrogen deposition caused declines in native shrublands by conversion to 

grassland. Eventually, the invasive grasses replace the original shrubland 

vegetation and lead to loss of diversity (Westman 1981, Allen et al. 1998, 

Padgett and Allen 1999). This conversion from shrubland to grassland may 

also be facilitated by fire through the removal of original vegetation (Minnich 

and Dezanni 1998). In addition, increased grass biomass can also cause 

fires to occur more frequently through increased fuel loads (D'Antonio and 

Vitousek 1992), which can exacerbate the problem. Although the biomass of 

grasses was not measured specifically throughout the course of this study, in 
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the spring of 2005 for SDEF and 2006 for SOFS and SBNF, grass biomass 

was 7.8 ± 6.2 g m-2
, 10.6 ± 8.1 g m-2 and 116.6 ± 67.4 g m-2 for SOFS, SBNF 

and SDEF, respectively (Figure 3-4). Although grass biomass was not 

significantly different between the three sites, the data suggest a trend of 

increased grass biomass with increased nitrogen deposition. In addition, the 

composition of grass was the non-native Bromus tectorum at SOFS and 

SBNF and a mixture of B. tectorum, non-native Avena fatua and non-native 

Ehrharta ca/ycina at SDEF (Figure 3-4). This suggests that nitrogen may not 

only increase grass biomass but also increase the biomass of invasive, non

native grasses. These data seem to support the hypothesis that nitrogen 

deposition causes increases in non-native vegetation, but, due to the results 

being non-significant, no conclusions can be made. 

In terms of total and shrub biomass recovery, there was not a clear 

trend of increased rate of production with nitrogen. Although one of the high 

nitrogen deposition sites (SBNF) showed the highest rate of recovery for both 

shrub and total biomass, the highest (SDEF) and lowest (SOFS) nitrogen 

deposition sites had nearly the same rates of recovery. It is unclear why 

shrub and total biomass production were not correlated to nitrogen 

deposition, but one explanation may be differences in fire intensity among the 

sites. Because the fires at these sites were natural and therefore unplanned, 

the intensities of the fires were neither controlled nor measured. Fire intensity 

can be estimated, however, using changes between pre- and post-fire soil 
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carbon and nitrogen (DeBano and Conrad 1978, DeBano et al. 1979). 

Vourlitis and Pasquini (2008) found that soil carbon and nitrogen decreased 

at SOFS and SDEF and increased at SBNF from a period pre-fire to one year 

post-fire. This indicated that fire intensity at SOFS and SDEF was likely more 

intense than at SBNF. The fire at SBNF may have been less intense due to 

the site being located on the top of a ridge with less fuel present on the 

surrounding rocky slopes. Since increased fire intensity can cause more 

volatilization of nitrogen from biomass and negatively affect seed germination 

of species such as A. fascicu/atum (Moreno and Oechel 1991), increased fire 

intensity may explain why the total and shrub biomass recovery rates did not 

increase with nitrogen deposition as hypothesized. Another explanation for 

production not increasing with nitrogen deposition is that, because fire may 

cause increased nitrogen availability from burned biomass (DeBano et al. 

1979, Dunn et al. 1979, Gray and Schlesinger 1981, Boerner 1982, Grogan et 

al. 2000), these sites may have not been in a state of nitrogen limitation 

following fire. Additionally, nitrogen deposition may have not yielded 

increased production because evergreen vegetation characteristic of 

chaparral is slower growing than other vegetation such as coastal sage scrub 

and herbaceous annuals (Chapin 1980, Gray and Schlesinger 1981) and may 

not necessarily allocate nutrients to immediate growth but may instead "lUXUry 

consume," where nutrients are taken up in excess of current demand 

(Driessche 1974, Chapin 1980). Plants in nutrient-poor environments will 
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often take advantage of nutrient flushes by taking up nutrients when they are 

briefly available and store them for later use when conditions are more 

favorable to growth (Chapin 1980). This is important for fire-adapted 

vegetation in nutrient-poor environments. These plants can utilize increased 

nutrients released by fire and store the nutrients for future growth (Rundel and 

Parsons 1980). 

Shrub size did show increases in response to nitrogen deposition. 

Following fire, the two high nitrogen deposition sites (SDEF and SBNF) 

showed greater increases in average shrub biomass over time than the low 

nitrogen deposition site (SOFS). Thus, overall, nitrogen deposition lead to 

increased individual shrub size and these sites. In addition to nitrogen 

deposition resulting in increased shrub size, when shrub biomass was plotted 

as a function of shrub density, a clear relationship was seen with larger 

shrubs being present at the highest nitrogen deposition site (SDEF) followed 

by SBNF and the lowest deposition site SOFS. This is likely due to "self-

thinning," where density decreases as plant size increases (Harper and 

McNaughton 1962). Looking at the results from these figures (Figure 3-2C 

and 3-3), it is demonstrated that nitrogen deposition leads to fewer larger 

shrubs at the high deposition sites (SDEF and SBNF) as opposed to many 

smaller shrubs at the low deposition site (SOFS). 

Although this study compared sites with differences in elevation, 

aspects and rainfall, it yielded some interesting findings about how nitrogen 
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deposition affects post-fire ecosystem recovery. While there was no clear 

trend in terms of ecosystem production, shrub size increased with nitrogen 

deposition while density decreased. So, nitrogen deposition led to large 

shrubs with low density as opposed to many small shrubs. Nitrogen 

deposition also seemed to result in a shift away from the dominant pre-fire 

vegetation and an increase in other shrubs and herbaceous vegetation 

including grasses. Despite the limitations of this study, the results indicate 

alteration of ecosystem fire recovery along a nitrogen deposition gradient. 



SDEF 
100 

90 

80 

70 

60 

50 
_ A. fasciculatum 

40 _ Ceanothus spp. 
c=::J Other shrubs 
_ Herbaceous 

0 
SBNF 

I/) 100 
I/) 
ro 
E 90 
0 

:.0 80 
ro - 70 .9 -0 60 
Q) 
Ol 
ro 50 -c 
Q) 

40 u 
'-
Q) 

a.. 
0 

SOFS 
100 

90 

80 

70 

60 

50 

40 

0 
2 3 

Years Post Fire 

56 

Figure 3-1. Percentage of the total aboveground biomass of A. fasciculatum, Ceanothus 
spp., other shrubs and herbaceous vegetation for the three study sites, San Dimas 
Experimental Forest (SDEF), San Bernardino National Forest (SBNF) and Sky Oaks Field 
Station (SOFS). Each bar represents the mean (n = 4) annual percentages. There were no 
significant differences between sites or years in biomass composition. Only years 2 and 3 
post-fire are presented for SDEF due to a gap in post-fire sampling. 
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Figure 3-2. Total aboveground (shrub + herbaceous) biomass (A), shrub biomass (B) and 
average shrub biomass (C) for the three study sites, Sky Oaks Field Station (SOFS), San 
Dimas Experimental Forest (SDEF) and San Bernardino National Forest (SBNF). Each data 
point represents the mean (n = 4). Lines were fit to the data using linear regression. 
Regressions were forced through the origin to assume zero biomass at time zero post fire. 
The regressions for SOFS, SDEF and SBNF are represented by solid, dashed and dotted 
lines, respectively. All regression equations were statistically significant (p < 0.05). 
Differences between regressions were tested using curve inequality randomization tests (p < 
0.05) and statistically significant differences are designated a and b (e. g. in panel A, SBNF is 
statistically different from SOFS and SDEF but SDEF and SOFS are not statistically 
different). 
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Figure 3-3. Shrub biomass plotted as a function of shrub density for the three study sites, 
Sky Oaks Field Station (SOFS), San Dimas Experimental Forest (SDEF) and San Bernardino 
National Forest (SBNF). Data represent three years post-fire. Each data point represents 
the mean (n = 4). Lines were fit to the data using linear regression. Regressions were forced 
through the origin to assume zero biomass at a shrub density of zero. The regressions for 
SOFS, SDEF and SBNF are represented by solid, dashed and dotted lines, respectively. All 
regression equations were statistically significant (p < 0.05). Differences between 
regressions were tested using curve inequality randomization tests (p < 0.05) and statistically 
significant differences are designated a, band c (e. g. all three sites are significantly different 
from on another). 
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Figure 3-4. Annual grass biomass for the three study sites, Sky Oaks Field Station (SOFS), 
San Bernardino National Forest (SBNF) and San Dimas Experimental Forest (SDEF). Data 
presented are for spring 2005 (SDEF) and spring 2006 (SOFS and SBNF). These seasons 
represent 33.5,30.5 and 33.5 months post-fire for SOFS, SBNF and SDEF, respectively. 
Each bar represents the mean ± 1 standard error (n = 4) annual percentages. At SOFS and 
SBNF 100% of the grass was B. tectorum (non-native) and at SDEF 0.4% was A. fatua, 
42.0% was B. tectorum and 57.6% was E. calycina (all non-native). 
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Appendix 1. Observed species at the chaparral study sites, Sky Oaks Field Station (SOFS), 
San Dimas Experimental Forest (SDEF) and San Bernardino National Forest (SBNF). 

SOFS 
Perennial shrubs Herbaceous (continued) 

Adenostoma fasciculatum Hook. & Am. ROSA Cryptantha muricala (Hook. &Am.) A. Nelson & J. F. Macbr. BORA 

Artemisia californica Less. ASTE Diche/ostemma capilatum (Benth.) A. W. Wood THEM 

Ceanothus greggii A. Gray RHAM Eriogonum davidsonii Greene POLG POLG 

Eriogonum fasciculalum Benth. POLG Erodium cicularium (L) L'Her. Ex Aiton" GERA 

Opunlia basi/aris Engelm. & J. M. Bigelow CACT Euphorbia peplus L " EUPH 

Salvia leucophylla Greene LAMI Gilia sp. POLE 

Solanum xanli A. Gray SOLA Gulierrezia californica (DC.) Torr. & A. Gray ASTE 

Trichostema parishii Vasey LAMI Helianthemum scoparium Nut!. CIST CIST 

Yucca whipplei Torr. AGAV Logfla flIaginoides (Hook. & Am.) Morefield ASTE 

Herbaceous Lolus slrigosus (Nut!.) Greene FABA 

Amsinckia sp. BORA Penslemon speclabilis Thurb. PLAN 

Bromus diandrus Roth" POAC Phacelia sp. BORA 

Bromus madrilensis L subsp. rubens (L) Husn. " POAC Plagiobothrys collinus (Phil.) I. M. Johns!. BORA 

Bromus teclorum L " POAC Pseudognaphalium canescens (DC.) Anderb. ASTE 

Calyplridium monandrum Nut!. PORT Schismus barbalus (L) Theil. " POAC 

Camissonia hirtel/a (Green) P. H. Raven ONOG Slephanomeria virgata Benth. ASTE 

Chaenactis artemisiifolia (A. Gray) A. Gray ASTE Styloeline gnapha/oides Nut!. ASTE 

Conyza canadensis (L) Cronquist ASTE Vulpia myuros (L) C. C. Gmel. " POAC 

Cordylanlhus rigidus (Benth.) Jeps. SCRO Vulpia oclof/ora (Walter) Rydb. POAC 

Crassula connata (Ruiz & Pav.) A. Berger CRAS 

SDEF SBNF 
Perennial shrubs Perennial shrubs 

Adenostoma fasciculatum Hook. & Am. ROSA Adenostoma fasciculatum Hook. & Am. ROSA 

Baccharis salicifolia (Ruiz & Pav.) Pers. ASTE Arctostaphylos glandulosa Eastw. ERIC 

Ceanothus crassifolius Torr. RHAM Ceanothus crassifolius Torr. RHAM 

Ericameria parishii (Greene) H. M. Hall ASTE Dendromecon rigida Benth PAPA 

Hazardia squarrosa (Hook & Am.) Greene ASTE Eriodictyon trichocalyx A. Heller BORA 

Malosma laurina (Nutt.) Abrams ANAC Saliva mellifera Greene LAM I 

Quercus durata Jeps. FAGA Yucca whippleiTorr. AGAV 

Herbaceous Herbaceous 

Avena fatua L. ' POAC Bromus tectorum L. ' POAC 

Bromus tectorum L. ' POAC Calystegia occidentalis (A. Gray) Brummitt CONV 

Carduus pycnocephalus L. ' ASTE Camissonia sp. ONOG 

Cryptantha sp. 

Ehrharta calycina Sm. ' 

BORA 

POAC 

Helianthemum scoparium Nutt. 

Logfia filaginoides (Hook. & Am.) Morefield 

CIST 

ASTE 

Galium angustifolium Nutt. Ex A. Gray RUBI Lotus scoparius (Nutt.) Ottley FABA 

Gnaphalium californicum DC. 

Helianthemum scoparium Nutl. 

ASTE 

CIST 

Marah macrocarpus (Greene) Greene 

Vicia villosa Roth' 

CUCU 

FABA 

Hirschfeldia incana (L.) Lagr.-Fossat BRAS 

Lotus scoparius (Nutt.) Ottley FABA 

Marah macrocarpus (Greene) Greene CUCU 

Stephanomeria sp. ASTE 

·Plant species non-native to California. 
Plant family abbreviations: AGAV = Agavaceae; ANAC = Anacardiaceae; ASTE = Asteraceae; BORA = 
Boraginaceae; BRAS = Brassicaceae; CIST = Cistaceae; CONV = Convolvulaceae; CUCU = Cucurbitaceae; ERIC = 
Ericaceae; EUPH = Euphorbiaceae; FABA = Fabaceae; LAMI = Lamiaceae; NYCT = Nyctaginaceae; ONOG = 
Onograceae; PAPA = Papaveraceae; PHRY = Phyrmaceae; POAC = Poaceae; ROSA = Rosaceae; RUBI = 
Rubiaceae. 



SMER 
Perennial shrubs 

Artemisia ca/ifornica Less. ASTE 

Saliva mel/dera Greene LAMI 

Yucca whipp/ei Torr. AGAV 

Herbaceous 

Chamaesyce po/ycarpa (Benth.) Millsp. EUPH 

Cryptantha sp. BORA BORA 

Deinandra panicu/ata (A. Gray) Davidson & Moxley ASTE 

Eucrypta chrysanthemifo/ia (Benth.) Greene BORA 

Gnapha/ium californicum DC. ASTE 

Gnapha/ium pa/ustre NUll. ASTE 

Gnapha/ium stramineum Kunth ASTE 
Gutierrezia ca/ifornica (DC.) Torr. & A. Gray ASTE 
Hirschfe/dia incana (L.) Lagr.-Fossat • BRAS 
Marah macrocarpus (Greene) Greene CUCU 

Mimu/ussp. PHRY 

Mirabi/is /aevis (Benth.) Curran NYCT 

Sty/oc/ine gnaphaloides NUll. ASTE 

'Plant species non-native to California. 
Plant family abbreviations: AGAV = Agavaceae; ASTE = Asteraceae; BORA = Boraginaceae; BRAS = Brassicaceae; 
CUCU = Cucurbitaceae; EUPH = Euphorbiaceae; LAMI = Lamiaceae; NYCT = Nyctaginaceae; PHRY = 
Phyrmaceae. 
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Appendix 2. Observed species at the coastal sage scrub study site, Santa Margarita 
Ecological Reserve (SMER). 
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