Nitrogen use efficiency as a mechanism for success of exotic species in Hawai’i Volcanoes National Park, a nitrogen-limited ecosystem
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INTRODUCTION

Invasive species have a significant influence on human health, economics, biodiversity, and ecosystem function in many areas of the world (Vitousek et al. 1997).  Consequently, there has been substantial interest in identifying characteristics that promote invasiveness, as this may facilitate prediction of future invasions, identify methods to control invasive species, and help understand the impact of invasive species on native systems (e.g., Rejmánek and Richardson 1996, Kolar and Lodge 2001).  In closed-canopy, fertile habitats, where light is the limiting resource, traits associated with invasive species include reproductive, life-history and physiological characteristics such as small seeds, vegetative ramification, rapid growth rates, high morphological plasticity during the differentiation of leaves and roots, and rapid turnover of leaves and roots (e.g., Lodge 1993, Cronk and Fuller 1995).  However, few studies have addressed the invasion of exotic species into infertile habitats.

Plants growing on infertile soils typically display long leaf lifespan, high concentrations of defense compounds, low tissue nitrogen (N) content, and thicker leaves which result in reduced rates of photosynthesis and growth (Aerts and Chapin 2000).  Low litter N content, particularly in the presence of recalcitrant carbon-based compounds like lignin, leads to low rates of litter decomposition and low soil fertility, which may help prevent the establishment of rapidly growing invasive species with high nutrient demands.  In the absence of a novel trait such as N-fixation (Vitousek et al. 1987), exotic species could establish and flourish in low N systems by maintaining high nitrogen use efficiency (NUE, productivity per unit of N taken up).  The few studies that have examined components of NUE in exotic species have found higher PNUE (photosynthetic nitrogen use efficiency; photosynthesis per unit leaf N) in invasive species compared to natives (Durand and Goldstein 2001, Baruch and Goldstein 1999).  However, the generality of these results across systems and the relative importance of NUE as a mechanism for the success of invasive species in infertile systems are not clear.  In addition, invasive species are widely thought to show physiological plasticity with respect to resource use (e.g., Baker 1974), although there are few data to support these claims (Williams and Black 1994).  In low fertility systems characterized by nutrient patches, physiological plasticity could allow either high NUE or rapid growth in response to varying N availability.

Owing to these uncertainties and their importance for deciphering the efficacy and impacts of invasions in nutrient-poor systems, we propose to examine mechanisms underlying NUE across a broad range of field-grown native and invasive species in Hawai’i Volcanoes National Park (HAVO), much of which is N-limited (Vitousek et al. 1993).  As a low-diversity island ecosystem, Hawai’i is particularly susceptible to invasion by introduced plants (Vitousek 1990).  HAVO harbors 622 introduced species, constituting 62% of the total species present (Higashino et al. 1988).  Where possible, we will examine components of NUE in congeneric (or within family) pairs of invasive and native species.  Species will also be studied along substrate and precipitation gradients to assess the degree of plasticity in the components of NUE.  This research seeks to elucidate the mechanisms that promote the establishment and spread of invasive species and will further our understanding of how components of NUE vary across species and environmental gradients.  

BACKGROUND
NUE can be broken down into two components: N productivity (dry matter production per unit N) and the mean residence time of N in the plant (Berendse and Aerts 1987).  This project will address the mechanisms of NUE that contribute to invasiveness by examining several morphological and physiological properties associated with these two components.  PNUE, a measure of instantaneous productivity per unit nitrogen, is often used to assess N productivity and will be used in this study.  The mean residence time of N in the plant is related to processes of N retention, which include increased leaf lifespan, N resorption during leaf senescence, and the production of defense compounds and maintenance of low tissue N content to deter herbivory.

Photosynthetic nitrogen use efficiency

The observed 3-fold variation in PNUE across plant species (Field and Mooney 1986) is linked to inter-specific variation in leaf structural and biochemical traits (Poorter and Evans 1998).  At the leaf level, a high specific leaf area (SLA, leaf area per mass), leads to more light capture by spreading a given amount of N over a greater area (Evans and Poorter 2001).  However, plants adapted to infertile soils typically lower SLA to achieve longer leaf lifespan (e.g., Reich et al. 1997).  It is thought that thicker leaves are more tolerant to damage and, thus, promote longevity.  Higher SLA in invasive species, which has been documented in multiple exotic species in Hawai’i (Baruch and Goldstein 1999, S. Allison, personal communication), may increase PNUE at the expense of leaf longevity and, consequently, N retention.  Plants can also alter PNUE at the cellular level by differentially allocating N to photosynthetic functions.  Although roughly 75% of leaf N is allocated to chloroplasts (Evans 1983), plants differ in the distribution of N to carbon fixing and light harvesting components of photosynthesis.  There is significant inter-specific variability in the percentage of total leaf N allocated to ribulose-1,5-bisphosphate carboxylase-oxygenase (Rubisco), the primary CO2-fixing enzyme in C3 plants, and chlorophyll, the pigment involved in light-harvesting reactions of photosynthesis (Evans 1989).  

Plants also show varying degrees of plasticity in leaf structural and biochemical traits in response to changing environmental conditions (Evans 1989).  For example, plants generally decrease SLA in dry sites where water use efficiency becomes more important than NUE (e.g., Austin and Vitousek 1998).  In response to varying light intensity, species differ in their capacity to maximize photosynthesis by redistributing N to carbon fixing and light harvesting components of photosynthesis (Evans 1989).  Inter-specific differences in morphological and physiological plasticity may explain variation in PNUE observed in invasive and native species across a range of environmental conditions and sites (Pattison et al. 1998).  Indeed, plasticity may be a particularly important trait to invaders in systems characterized by light gaps and sunflecks associated with closed canopies and in systems with extreme differences in substrate types and precipitation, such as found in HAVO.

Nitrogen retention

Processes of N retention include increased leaf lifespan, N resorption during leaf senescence, and production of anti-herbivore compounds.  It is well documented that leaf lifespan is long in plants growing in infertile sites (e.g., Aerts and Chapin 2000).  High leaf longevity is often associated with decreased SLA, decreased photosynthesis, and increased concentrations of secondary compounds (e.g., Ackerly 1996).  Thus, long leaf lifespan presents a trade-off in NUE between N productivity and N retention (e.g., Berendse and Aerts 1987).  Leaf longevity varies substantially among species (Eckstein et al. 1999) and the degree to which longevity influences the success of invasive species will most likely depend on plant growth form.   

Leaf senescence is characterized by protein degradation, the removal of nutrients from leaves, and their redistribution to growing plant parts.  Nutrient resorption efficiency varies greatly among species, ranging from 10 to 80% of leaf N, with no clear pattern with soil fertility or among plant growth forms (Aerts and Chapin 2000).  Several physiological mechanisms have been proposed to explain inter-specific differences in resorption efficiency, including the rate of phloem transport (Chapin and Kedrowski 1983), the rate and extent of protein hydrolysis (Aerts 1996), and photo-oxidative damage during chlorophyll degradation (Feild et al. 2001), however, no one mechanism has yet emerged that comprehensively explains resorption differences.  One potentially interesting control over resorption efficiency is the expression of cytosolic glutamine synthase (GS1), which assimilates ammonium in the formation of amino acids and is thought to play a role in the degradation of leaf N fractions during senescence (Pearson and Ji 1994).  The expression of GS1 during senescence differs considerably across species (Peoples and Dalling 1988) and may influence inter-specific patterns of resorption.  

The composition of compounds in leaves, particularly secondary compounds, has also been linked to inter-specific patterns of nutrient resorption (e.g., Aerts 1997).  Structurally complex compounds and membrane-bound proteins are not mobilized during leaf senescence.  Moreover, protein-precipitating defense compounds, such as lignin, can sequester soluble N (primarily protein, amino acids, and inorganic N), thereby reducing overall resorption (Chapin and Kedrowski 1983).  In green leaves, concentrations of soluble and insoluble protein-precipitating defense compounds (Hattenschwiler and Vitousek 2000), free amino acids (Ohlson et al. 1995), and inorganic N (Peoples and Dalling 1988) vary substantially among species.  Despite this known variability, few studies have examined the influence of specific leaf N fractions on resorption efficiency (Chapin and Kedrowski 1983, Cote and Dawson 1986).  One plausible means for the success of invasive species in N-limited systems is that invasives can achieve high resorption efficiency by reducing the concentration of structurally complex compounds and increasing the production of easily resorbed compounds, such as soluble protein and inorganic N.  A study of multiple species in a N-limited mesic forest in HAVO found lower litter concentrations of condensed tannin in 5 exotic angiosperms when compared to a common native (S. Allison, personal communication).  Patterns of differential compound resorption have not been examined across multiple species or growth forms and may elucidate links between leaf chemistry and resorption efficiency.  

Alternatively, the success of exotic species in HAVO may result from low N loss to herbivory rather than high resorption efficiency.  Plants can produce a suite of carbon-based (e.g., lignin, tannin) or N-based (e.g., alkaloids, cyanogenic glycosides) defense compounds.  Exotic species may reduce N loss to herbivores by containing compounds that are not palatable to the herbivores in the new system.  

PROJECT OBJECTIVES AND METHODOLOGY

The overall goal of the proposed project is to test the hypothesis that mechanisms of nitrogen use efficiency promote the success of exotic species in N-limited systems.  The specific objectives are to:

· Assess general patterns of PNUE in multiple native and exotic species representing different growth forms and inhabiting different N-limited systems (e.g., grasslands, shrubland, forest)

· Determine the relative importance of NUE components to invasive species success, including photosynthetic capacity and various modes of N retention

· Explore the relationship between leaf chemistry and resorption efficiency

· Examine components of NUE along substrate-age (Vitousek et al. 1993) and precipitation gradients in the park to determine the degree of plasticity among exotic and native species.

Hawai’i Volcanoes National Park encompasses nearly 218,000 acres and ranges from sea level to the summit of Mauna Loa at 13,677 feet.  Gradients in precipitation, temperature, and substrate across the park lead to a diversity of ecosystems and species communities, including grasslands, dry and mesic shrublands and forests, rain forests, and subalpine and alpine zones.  Previous work in the park has demonstrated that N is the most limiting nutrient to productivity on young volcanic soils (Vitousek et al. 1993).  

Multiple individuals (3 or 4 plants) from 20 exotic and 20 native species will be identified and mapped with GPS coordinates.  An effort will be made to select pairs of exotic and native species that are closely related (congeners if possible) to minimize phylogenetically based morphological and physiological differences between exotic and native species.  Exotic species that are particularly aggressive invaders in the park (e.g., Hedychium gardnerianum, Psidium cattleianum, Passiflora mollissima, Pennisetum sp.) will be included in the study.  In addition, we will examine multiple individuals of species that occur across substrate and precipitation gradients in the park to determine plasticity of NUE in response to environmental gradients.  

Leaves on each plant will be tagged and monitored to determine leaf longevity.  Leaf photosynthesis will be measured using a LI-6400 portable photosynthesis system (LI-COR, Lincoln, NE) as described in Funk et al. (2003).  Active and senesced leaves will be collected from plants.  Because senescence can begin following full leaf expansion, multiple stages of active leaves will be measured and collected per individual to quantify maximum leaf N and PNUE.  After collection, leaf area will be measured to determine SLA.  Leaves will then be frozen in liquid nitrogen and transported on dry ice to Stanford University for chemical analysis.  Leaves from perennial plants will be collected at 3 time points during the year to examine seasonal differences in leaf chemistry.  At a minimum, we anticipate processing 360 samples (40 species, 3 plants per species, 3 replicates per plant) for the congeneric comparison and potentially 270 samples for the plasticity comparison, depending on the number of species present across gradients (e.g., 5 additional sites, 6 species per site, 3 plants per species, 3 replicates per plant).

Allocation of N to photosynthetic components will be evaluated by quantifying chlorophyll, Rubisco, and soluble protein.  Chlorophyll will be isolated in acetone and determined colorimetrically.  Rubisco will be measured following the methods outlined in Evans and Poorter (2001).  Protein will be measured with a modified Bradford assay as in Wait et al. (1998).  Bulk N will be determined colorimetrically from Kjeldahl digests as in Hobbie and Vitousek et al. (2000).  Kjeldahl-N and inorganic N will be quantified on an Alpkem autoanalyzer (OI Analytical, Wilsonville, OR).  Nitrogen and protein resorption will be determined as resorption efficiency, the difference in compound composition between green and senesced leaves, and resorption proficiency, the absolute level to which N fractions are reduced in senescing leaves (Killingbeck 1996).  Total phenolics and condensed tannin will be measured with Folin and acid butanol assays, respectively, as in Hattenschwiler et al. (2003).  N-based defense compounds (alkaloids and cyanogenic glycosides) will be measured with high-pressure liquid chromatography (HPLC) as in Baldwin (1988) and Wait et al. (1998).  Lignin will be assessed by a standardized forest products procedure (Ryan et al. 1989) at the Center for Water and the Environment (Natural Resources Research Institute, University of Minnesota, Duluth, MN).  GS activity will be measured colorimetrically as in Pearson and Ji (1994).  


The initial effort for the first nine months of the project will be identifying native and exotic species comparisons, conducting gas exchange measurements, and tagging leaves to assess leaf longevity.  Leaves will then be clipped and transported back to Stanford University for chemical analysis.  The next six months will be spent developing and testing enzymatic assays and chemical analyses.  During the assay development, 2 additional collection trips will be made to the tagged plants to examine temporal changes in leaf chemistry and to monitor leaf lifespan.  Years 2 and 3 will focus on laboratory analyses, measures of leaf turnover, and manuscript preparation.

SIGNIFICANCE OF RESEARCH
The invasion of non-native species represents one of the most significant components of global change.  The proposed project seeks a better understanding of the physiological and morphological mechanisms that contribute to the success of invasive species in N-limited systems, which are generally unknown.  By examining multiple components of NUE, we will identify the relative importance of assimilation, N conservation, and herbivory pressure in determining the success of invasives.  Plasticity has been listed as an important characteristic of invasive plants without much empirical support.  Comparisons of NUE components in multiple native and exotic congeners across environmental gradients will provide an appropriate test of this hypothesis. 

In addition to elucidating the mechanisms that promote the success of invasive species, this project also addresses the mechanisms contributing to inter-specific variation in nitrogen resorption from plants, a key physiological process.  The efficiency of nutrient resorption during leaf senescence is of fundamental importance to the fitness of perennial plants because it minimizes nutrient loss and, consequently, improves a plant’s NUE.  Through direct effects on litter quality, nutrient resorption also has important consequences for litter decomposition, soil nutrient availability, and rates of nutrient cycling.  Despite the importance of nutrient resorption to plant and ecosystem processes, inter-specific patterns of resorption efficiency and the environmental factors regulating intra-specific patterns of resorption efficiency are not well understood (Killingbeck 1996). 

HAWAI’I VOLCANOES NATIONAL PARK
As a low-diversity island ecosystem with few native herbivores and pathogens, Hawai’i is particularly susceptible to plant invasion.  At 62%, HAVO contains a higher percentage of alien plant species than nearly every area in the world (Vitousek et al. 1997).  By identifying characteristics that promote invasiveness, the results of this study will have implications for the control and prediction of current and future problems in the park.  The variety of ecosystems present in Hawai’i Volcanoes National Park (HAVO) provides a unique opportunity to survey multiple exotic and native species across growth form.  HAVO contains grassland, dry and mesic shrubland and forest, rainforest, and subalpine and alpine communities.  The new addition of the Kahuku Ranch in July 2003 added thousands of acres of high elevation systems and pastureland, the latter supporting a large number of non-native grasses.  The park is also equipped with a research facility operated by Stanford University that will provide access to computers, tanked gas, and space for gas exchange equipment and leaf tissue preparation.
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