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Project Summary:


Exotic plant species are a substantial and growing problem in California ecosystems and are associated with a range of ecological, social and economic impacts.  One poorly understood aspect of exotic invasion, and other shifts in species composition, is their effect on ecosystem carbon storage.  Exotic species may reduce or enhance the ability of ecosystems to sequester carbon through control over net primary productivity, rates of plant tissue turnover and tissue chemical composition, and through their influence over soil physical, chemical and biological processes.  Altered storage of ecosystem carbon as mediated by exotic plant species will affect global climate change. To better understand the magnitude and direction of these changes, this study will compare the relative ability to store carbon in vegetation and soils of some of the most prevalent exotic invaders in California, and worldwide, with that of the native species they are replacing.  The exotic species I will examine include the tree species Eucalyptus globulus and Pinus radiata, (common plantation species), the nitrogen-fixing shrubs Cytisus scoparius and Genista monspessulana, and a number of annual and perennial European grasses. Towards this end, I will estimate above and belowground biomass and productivity, net soil nitrogen mineralization rates, the microclimate of the ground surface and belowground environments, the chemical composition of litter inputs, ground surface and belowground decomposition rates, soil organic matter content and soil physical characteristics within the full soil profile.  Soil and vegetation properties will be examined at the locations of the oldest individuals and also across a transect varying from sites of long-established invasion to the very recently invaded, and into the matrix of surrounding native vegetation.  Transect measurements are included in order to distinguish the impact of exotic invasion on soil properties from those that may have preceded exotic establishment. I hypothesize that carbon cycling dynamics will vary according to the species under investigation, but that some trends may be predictable based on properties unique to the invaders (ie., the ability to fix nitrogen).  I believe this study will provide information useful to decision makers concerned with land use and carbon management as instruments for addressing climate change goals.

Introduction
A sizeable and  increasing fraction of the California landscape is dominated by vegetation that is non-native to the state.  Exotic species invasion can have a devastating effect on reducing biodiversity and the high number of exotic species that have been introduced and naturalized in California help explain why this state possesses the most species of threatened or endangered status in the nation.  What is less understood is the impact of plant invasion, and other species shifts, on the amount of carbon sequestered in invaded, or altered, habitats. Because exotic species are occupying an increasing share of our native landscapes, and their presence is likely to grow in the short and long term, biological invasion and other large-scale shifts in species composition may have important implications for global carbon budgets and therefore for global climate change.  The objective of this study is to characterize and understand the mechanisms governing changes in stored carbon in California habitats now dominated by exotic species, and how these shifts in species composition may affect the CO2 content of the atmosphere.    

Numerous mechanisms exist by which changes in the species composition of vegetation communities can alter the level of organic carbon stored in soil and ecosystems.  These processes will be the focus of this investigation.  Absent erosional and leaching losses or gains, levels of  organic matter in soil are governed by differences between the rate of input (litter fall and root exudates) and the rate of output (heterotrophic respiration).  The rate of litter input is controlled by the productivity of vegetation, which is species dependent.   The rate of heterotrophic soil respiration is governed by two main factors.  The first is soil climate; the soil temperature and moisture regime, which is influenced by the morphology and albedo of aboveground plant structures.  The second is the chemical composition, or quality of litter inputs, which can vary widely across species. Species composition also directly affects the amount of carbon stored in living vegetation.  Finally, species composition can affect fire frequency and intensity as well as erosion patterns, thereby influencing the role of stochastic events in controlling stored carbon (D'Antonio, 2000).
Despite these obvious connections between species composition and carbon storage, and the growing presence of exotic species worldwide, the effects of species shifts on carbon sequestration have not been widely studied, leaving large gaps in our knowledge of their impact on the global carbon cycle.  Two sets of comparisons will form the basis of this study.  The first will compare carbon storage and turnover in invaded, (or converted) habitats with the species they have replaced in adjacent uninvaded, but otherwise similar, locations.  The second will compare carbon storage and turnover in habitats dominated by native and exotic species of the same life form, within the same sites (ie. native shrubs with exotic shrubs). Both above and belowground ecosystem components will be considered.  I will examine three sites in the Bay area that have been heavily impacted by exotic species: one in Pt. Reyes National Seashore, the second in the Golden Gate National Recreation Area, and a third in the Wildcat Canyon Reserve of Alameda County.  

Obvious gradients of vegetation ages exist at my sites that should provide the experimental site conditions to distinguish the impact of exotic invasion on soil properties from those that may have preceded exotic establishment. These include single-age stands of invasive trees, stands of varying but readily identifiable ages, and relatively old shrub individuals which radiate spreading invasive shrubs leading to sharp age gradients.  Soil sampling will occur along transects spanning from the location of oldest exotic establishment to the most recently established, and into the adjacent uninvaded landscape. In this way, I hope to isolate the effects on soil properties caused by a shift in species composition.

Background

The Current and Future Scope of the Exotic Species Problem

The enormous impact of biological invasion is now recognized as a significant component of global environmental change (Vitousek et al., 1997; Vitousek et al., 1996).  Exotic invasions are associated with a range of impacts, which include extirpation of native species, alteration of disturbance regimes, declines in agricultural productivity, alteration of the soil matrix, and many others.  Worldwide, the economic costs of controlling exotic invaders are drawing a higher share of our management dollars as the impact of exotic species on vital ecosystem services are better understood (Pimentel et al., 2000).  From a social perspective, the realization that biological invaders are, in some cases, capable of homogenizing entire landscapes and are directly responsible for the near extinction of nearly half of the species listed as threatened or endangered today, is equally troubling (Simberloff et al., 2000).  In heavily impacted nations, exotic plant species are thought to make up greater than 20% of the total flora, while in some island nations that fraction may exceed 50%.  In California as well, the dimensions of the problem are large and growing.  An estimated 1000 plant species are thought to have naturalized in the California bioregion alone (Vitousek et al., 1996).  In light of the magnitude of exotic species invasion and in anticipation of global climate change, it is of critical importance to understand the synergies which may exist between the two phenomena.  A significant first step in this effort is to develop an understanding of the effect of prominent exotic invaders on ecosystem carbon storage.

As widespread as the presence of exotic species are today, there are several reasons to believe their presence may increase substantially in the future as a result of global environmental change.  Considered cumulatively, elements of global environmental change impart considerable stress on our native ecosystems.  Direct primary contributors to this stress include global climate change and higher concentrations of CO2; land clearance for human settlement, agriculture and natural resource production; intensified use of existing natural areas; species invasion; heightened global nitrogen deposition and the production of pollutants that travel to our natural ecosystems via water and air (Dukes et al., 1999).  Secondary impacts, such as reduced native biodiversity, which can lower ecosystem resistance to perturbation (Chapin et al., 1997), and land degradation from erosion or intensive agricultural use, may compound the impacts of global change.  For the foreseeable future, the cumulative effect of these factors are likely to continue to erode native ecosystem integrity and increase the degree of disturbance they experience.   Increased stress and disturbance in turn may greatly facilitate the spread of exotic plants, animals and pathogens.  Moreover, due to enhanced global commerce and trade, which reduces the barriers to exotic species dispersal, a greater number of invaders are likely to encounter stressed and disturbed ecosystems (Pimentel et al., 2000; Sutherst, 2000).

Species Under Investigation

Eucalyptus globulus and Pinus radiata

The exotic tree species Eucalyptus, Eucalyptus globulus and Monterey or Radiata Pine, Pinus radiata, were chosen for this study because they are two of the most prevalent plantation species throughout the tropics, subtropics and maritime temperate regions worldwide, and are present throughout California.  In fact in developing countries, Eucalyptus spp. and Pinus spp. account for greater than 70% of all plantations (Clapp, 1995).  Properties that make these trees highly desirable include their rapid growth rates, favorable wood characteristics and the existence of a ready market for their wood (Clapp, 1995).  Due to these properties they may also become more widely established if credits are to be gained for carbon storage under national or international climate change agreements, and as pressure to conserve our remaining natural forests mounts (Sutton, 1999).  Both species also readily reproduce, and are highly invasive (Bustamante et al., 1998; Moll et al., 1992)
Although Monterey pine is native to California, its natural range is actually very small.  It is confined to narrow coastal regions in the counties of Monterey, San Mateo, Santa Cruz and San Luis Obispo (Lanner, 1999).  Both stands of Pinus radiata in this study were planted and have since spread into the surrounding landscape.  Eucalyptus is native to Australia and New Zealand yet has been naturalized in California for more than a century.  Eucalyptus also readily spreads into the surrounding vegetation matrix, especially when facilitated by fire.

Notwithstanding the significant amount of carbon stored aboveground in most forest ecosystems and plantations, the relative ability of different vegetation growth forms (ie. shrub, tree, grass) to store carbon in all ecosystem components is unclear.  The total carbon storage properties of ecosystems may bear little resemblance to the visible vegetation.  For example, the tallgrass prairie of the Midwest are renowned for having stored enormous carbon reserves in soil before agricultural conversion; amounts that far exceed many forested ecosystems (Huggins et al., 1998).  Additionally, a number of mechanisms may govern the amount of carbon stored in soils and these mechanisms are likely to be more varied and produce less predictable outcomes when exotic introductions are considered.  A recent comparison of soil carbon in an Ecuadorian Monterey pine plantation with that of the surrounding native paramo grassland found that sequestration in the native grassland soils far exceeded that of the plantation.  In that study, the loss in soil carbon was attributed to a change in mycorrhizal associates, which were introduced to the site at the point of plantation establishment (Chapela et al., in press).  Moreover, this discovery is not unique.  In a range of studies, conducted in New Zealand and tropical regions, the establishment of exotic pine and eucalyptus plantations were consistently found to induce a loss in soil carbon (Alfredsson et al., 1998; Bashkin et al., 1998; Davis, 1995; Scott et al., 1999).  As part of this study I will also consider the effect of eucalyptus and pine invasion on carbon storage in grasslands, but in coastal California.  This study will augment previous studies in that carbon storage and turnover in stands of Eucalyptus and Pine  will also be compared with that of native shrublands and forest, and aboveground effects will be considered in addition to belowground processes.    
Lastly, carbon sequestered in stands dominated by both Pinus radiata and Eucalyptus globulus may lack permanence as both species exhibit high susceptibility to fire and pathogen outbreak (Hodge et al., 2000; Roux et al., 2001).  Eucalyptus, in particular, is extremely fire-prone, with its oily bark and dangerous pattern of fire spread, and is considered a major cause for the size and extent of the Oakland fires of 1991 (Boyd, 1997).

 Coyote Brush (Invasion by Native species )


Coyote brush, Baccharis pilularis, is a dominant native shrub in coastal northern California. Yet it is also considered invasive in some locations where it is densely colonizing grasslands previously devoid of, or sparsely populated by shrubs.  This “brush encroachment” by native shrubs has been observed in many parts of the world, especially semi-arid regions, and has been attributed to a combination of mechanisms related to global change; primarily soil degradation, fire suppression, climate warming, enhanced atmospheric CO2 and overgrazing (Archer et al., 1995; Van Auken, 2000).  Documented effects associated with brush encroachment include biochemical changes such as higher rates of soil organic and nitrogen accretion and nitrogen mineralization, higher concentrations of micronutrients (Cross et al., 1999; Hibbard et al., 2001), and changes in biophysical characteristics such as surface roughness and albedo (Archer et al., 1995).  Similar behavior has been documented for a range of species and ecosystems including cattails, Typha spp., in the Florida Everglades (Schmalzer, 1995), and Phragmites australis across US coastal wetlands (Chambers et al., 1999).

Grasses

Throughout California, and much of the world, large tracts of land have been manually cleared for use as pasture for livestock grazing.  Initially, perennial grassland species were maintained by continued grazing and frequent fire occurrence (Van Auken, 2000).  Over time, a reduction in grazing and fire suppression have caused a semi-conversion of some grasslands in California, once populated with native perennial grasses, to annual grasses and forbs- mostly of Eurasian origin. Because this type of invasion is so ubiquitous in California and in much of the world, it will be important to understand the effect of conversion from primarily perennial grasses to mainly annual grasses, on carbon storage.  Moreover, the invasion by some grasses can lead to the permanent conversion of other ecosystem types to grassland.  Primarily this is accomplished through a cycle of burning, introduced by the grasses, and followed by further spread of the exotic grasses.  The grassland is then maintained by frequent fire, and seedlings of tree or shrub species are prevented from establishing due to the dense grass canopy, more intense competition for available water and nutrients, or they are incinerated when fire occurs (D'Antonio et al., 1992).  In California, for example, exotic annual grasses are blamed for reduced oak recruitment. They are thought to draw down soil moisture more dramatically than native perennial grasses and thereby  suppress oak seedling growth (D'Antonio et al., 1992).  Similarly, in Costa Rica, the introduced grass, Hyparrhenia rufa, prevents reforestation of tropical dry forest once it has been logged by rapidly invading dry forest regions and fueling large and frequent fires (D'Antonio, 2000).  

French and Scotch Broom 

Both the broom species considered in this study are prolific invaders.  While French broom, Genista monspessulana, is dominant in California’s Bay Area, Scotch broom, Cytisus scoparius, is more prevalent in Mediterranean regions worldwide.  Globally, Scotch broom has invaded large portions of Australia, New Zealand, South Africa, Chile, Iran, India and Peru (Peterson et al., 1998).  Their global success can be attributed to several of the morphological and physiological traits that allow for their rapid establishment in recently cleared areas.  These include: the ability to fix nitrogen, prolific seed production and seedbank longevity, green stems which allows for prolonged photosynthetic activity, rapid root and shoot growth rates, very low rates of herbivory outside their native range, and the ability to form dense monocultures which can severely reduce the light environment for other species (Bossard et al., 1992; Nilsen et al., 1993; Peterson et al., 1998)
Exotic invasions can also degrade ecosystems beyond the point where native vegetation may be easily re-established through amelioration of a site for their own perpetuation, establishment of additional exotics, or through significant alteration of the biological and physical properties of the soil matrix.  Legume species, such as French and Scotch broom, have the ability to alter important ecosystem functions through their ability to fix nitrogen.  The addition of nitrogen can have important consequences for resource supply to above and belowground ecosystem components and thereby alter nutrient cycling dynamics.  A California example of this process is seen in the leguminous shrub, bush lupine, Lupinus arboreus, which invades coastal California prairies and is found to reduce species diversity and facilitate the invasion of other weedy exotics through the creation of patches with high nitrogen availability (Maron et al., 1996).  

It is through this mechanism, it’s hypothesized, that ecosystem carbon storage may be reduced at the sites under investigation.  Under ambient levels of CO2, and in ecosystems where nitrogen is a limiting resource, an increase in nitrogen availability to plants may lead to greater accumulation of above and belowground biomass and higher rates of decomposition.  Over time, elevated soil nitrogen may induce an increase in microbial biomass, accelerate decomposition rates and microbial consumption of soil organic matter and reduce belowground carbon pools (Berg et al., 1995).  Conversely, under conditions of rising atmospheric CO2​ and higher C:N ratios, relative N-limitation may lower microbial biomass, leading to enhanced storage of belowground carbon (Dukes et al., 2000).  Because nitrogen addition, as mediated by species invasion, alters the nutrient status of soils, simple removal of the invader may not lead to the re-establishment of native species.  Higher soil nitrogen may shift the competitive balance to favor species other than those that were originally native to the site, including alternate exotic species or re-invasion by the initial exotic invader.  The competitive balance may also shift when invaders alter soil physical properties, such as bulk density and soil aggregate size class.  Therefore, I will examine changes in net nitrogen availability and soil physical characteristics, in addition to altered carbon storage, as part of this investigation.

Study Objectives and Hypotheses:

The goal of this research is to determine the impact of several widespread exotic species on carbon cycling and storage in California ecosystems.  I expect that exotic species will alter carbon storage in the ecosystems they invade.  I base this expectation on our knowledge of the factors that effect carbon cycling.  I know that soil carbon is a function of organic biomass accumulation, soil climate and heterotrophic respiration.  If the quantity or quality of organic biomass inputs are altered, as would be expected from a species shift, I expect that soil carbon accumulation will also change.  Similarly, if species invasion produces a change in the microbial community or the soil environment (soil climate, soil chemical and physical characteristics), which would also be influenced by the above processes, heterotrophic respiration may also increase or decrease.  From these observations I expect that the magnitude of the effect on carbon storage will vary according to the invader.  In addition, because I know that these processes are temporally dependent and are related to the growth characteristics of the species, I expect that the magnitude of species effects will be more pronounced as time since invasion increases.   Because sites differ according to initial site properties, such as land use history, climate, and soil mineralogy, I also expect that the effects of invasion will differ based on the site under investigation.

To formally test these ideas I have developed the following null hypotheses.

Null Hypothesis 1:  There is no effect of exotic invasion on ecosystem carbon storage.

Null Hypothesis 2:  Given an effect of invasion on carbon storage, the effect of exotic invasion is 

independent of the species of invader.

Null Hypothesis 3: Given a species effect, the effect of invasion by each species is not dependent 

on the spatial characteristics of the site or the time since invasion.

Methods and Site Locations

	Location
	Site
	Native Tree Species
	Exotic Tree Species

	Point Reyes
	Estero
	Pinus muricata
	Pinus  radiata

	GGNRA
	Oakwood (Marin City)
	Quercus agrifolia
	Eucalyptus globulus

	Wildcat Canyon
	
	Quercus agrifolia
	Eucalyptus globulus

	
	
	Quercus agrifolia
	Pinus  radiata

	
	
	
	

	Location
	Site
	Native Shrub Species
	Exotic Shrub Species

	Point Reyes
	Estero
	Baccharis pilularis
	Cytisus scoparius

	GGNRA
	Oakwood (Marin City)
	Baccharis pilularis
	Genista monspessulana/

 Cytisus scoparius

	Wildcat Canyon
	
	Baccharis pilularis
	Genista monspessulana/

 Cytisus scoparius

	
	
	
	

	Location
	Site
	Native Grass Species
	Exotic Grass Species

	Point Reyes
	Estero
	Agrostis densiflora
	Holcus lanatus

	GGNRA
	Oakwood (Marin City)
	Festuca rubra
	Avena fatua

	Wildcat Canyon
	
	Melica californica
	Bromus diandrus

	
	
	
	


Here, I will examine primarily in situ ecosystem components by comparing changes to the biotic and abiotic environment brought about by species invasion or direct planting.  More specifically, I will consider changes in: above and belowground biomass, annual net primary production (NPP) and aboveground vegetation architecture, litter quantity and quality, decomposition rates, soil microclimate and microclimate below the vegetation canopy, soil bulk density and soil aggregate formation.  Changes in the rate of net nitrogen mineralization and the C:N ratio of  landscapes invaded by Genista or Cytisus species (N-fixers) will also be considered.

At  each site, 3 10x10 m plots will be established at random in each vegetation type (native and exotic) on the same slope and aspect.  At each site, the soil type is the same for all vegetation types, but varies among sites.

Aboveground Biomass Measurements

For trees and shrubs, aboveground biomass and NPP will be estimated using either established allometric relationships or relationships that are determined through harvesting shrub species off site.  To determine aboveground NPP, I will measure the girth of all trees at the four sites in the beginning of the study, and in each of two subsequent years.  Seasonal litterfall will be estimated by setting up litter traps at each forested and shrub-dominated site. 

Within each plot, 3 smaller 1x1 m plots will be established over understory vegetation, in each of two years at the time of peak biomass.  Plant species present will be recorded. Understory vegetation and litter will be harvested, dried and weighed and their carbon content estimated.

For grasses, 3 10 x 10 m plots will be established over locations of relatively pure native grasses, pure exotic grasses and patches of mixed native and exotic grasses. Three smaller 1x1 m plots will also be established in each of the larger patches.  Plant material and litter will be harvested, dried and weighed, in each of two years at the time of peak biomass.

For all species, mesh bags of litter will be left on the ground and 10 cm belowground.  Bags will be removed in 3 month intervals up to one year and repeated for two years.  

Leaf chemistry characteristics will be determined to ascertain the decomposability of leaf material of all native and exotic species.  C:N ratios and the percentage of cellulose, lignin, tannins, and other waxy materials will measured.  Live plant material and litter present on the ground surface and belowground for 6 months will be collected from all species.  

Microclimate


Microclimatic measurements will be taken at each site and for each vegetation type using portable “HOBOs”.  Air temperature beneath the vegetation canopy, soil temperature, and soil moisture will measured in one of the plots of each vegetation type.  Soil temperature will be measured at a depth of 5-10cm and at a greater depth to be determined after digging soil pits and locating zones of major biological activity. Soil moisture measurements will be taken at regular intervals by coring. Precipitation will also be measured with rain gauges at each of the three sites.

Belowground Measurements


I will dig soil pits to a depth of 1 m in each vegetation type and at each site to determine the depth to which the majority of carbon is stored.   Soil samples from deep and shallow soil layers will be obtained from 3 locations at random within the larger plots.  Three additional soil cores will be extracted from just below plant roots to determine fine root biomass.  These cores will be extracted and analyzed for organic carbon content on a seasonal basis over the course of two years.  Carbon content will be analyzed immediately in the lab upon extraction and at intermediate points over time during soil incubations to determine the labile fraction of soil carbon.  Soil physical properties, including bulk density and soil aggregate size classes will also be analyzed and compared.  


For shrub species, belowground woody roots will be estimated by harvesting shrubs just off site.  For trees, coarse root biomass will be estimated based on aboveground biomass and allometric relationships. Belowground fine root NPP will be estimated using the “in-growth” method (Cuevas et al., 1988).

Transects


In addition to the above measurements, I will establish transects spanning from the center of exotic species stands (location of the oldest individuals) to the spreading edge of the invader (youngest individuals) and into adjacent vegetation.  At 10 m intervals, soil cores from the top 20 centimeters will be extracted and analyzed for carbon content.  Net nitrogen mineralization rates and C:N ratios will also be measured at smaller intervals for landscapes invaded by Cytisus or Genista species. Two sets of transects will be established; one during each year of the study.  The rationale for these measurements is to understand the effect of invasion on soil properties over time.  It is expected that findings of difference in soil characteristics will be most pronounced at the location of the oldest individuals and gradually disappear at the edge of exotic stands where the most recent invasion has occurred.  Absent these transect measurements, it would be difficult to attribute differences in soil properties between native and invaded sites as having resulted from the invasion.  This transect investigation should greatly reduce the likelihood of incorrectly attributing observed differences to exotic establishment.  In addition, transects that span from older to very young individuals will provide information about possible transient effects of exotic invasion.  For example, nitrogen mineralization rates may be found to increase upon initial invasion, yet fall to pre-invasion rates over time.  

Modeling


Because the effects of invasion on the quantity of soil organic carbon may take time to arrive at a steady state, and because the magnitude of the realized effects may be altered as a result of global climate change, I will add a modeling component to this investigation.  This model, known as the DWP, or decomposition-weighted productivity model, has been developed and validated in investigations conducted by Dr. John Harte, at montane meadow sites at the Rocky Mountain Biological Laboratory in Crested Butte, Colorado (Saleska et al., 2001).  The model is parameterized by first classifying vegetation according to functional groups (ie. grasses or shrubs).  Then, the annual biomass increments to the soil, as estimated from total standing biomass, and the decomposition rates of organic inputs as a function of temperature and moisture, are determined via experimental methods for each functional group.  This method allows for an estimate of steady state carbon sequestration properties at a given site under a range of trajectories of altered species composition and climatic conditions.

Potential Benefits to the State of California and the National Park Service

  This study will provide an understanding of the dominant mechanisms and processes which control carbon storage in soils that support communities of both native and exotic vegetation in California.  Second, our investigation will yield information useful to decision makers concerned with land use and carbon management as instruments for addressing climate change.  Moreover, there are already efforts on the part of land management agencies, to deal with the growing problem of invasive vegetation, such as Scotch broom.  More information from the research community concerning the linkages between invasion, carbon sequestration, and climate change will better inform those efforts.   If it is found that exotic landscapes ultimately sequester more carbon than their native counterparts, or that carbon sequestration properties are site as well as species dependent, this may allow for judicious establishment of non-native plantations at sites where other ecosystem values (ie. biodiversity) are not threatened.  Such findings would also enable managers to prioritize invasive species eradication efforts towards species or sites where no ecosystem benefits are to be gained by their remaining.  Conversely, if this study reveals that ecosystems populated by exotic invaders sequester less carbon on balance than native ecosystems, this study will provide additional impetus to invasive species eradication efforts. 
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