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Effects of plant invaders on nutrient cycling:  Using models to explore the link between invasion and development of species effects
Carla M. D’Antonio and Jeffrey D. Corbin

Summary

Over the past decade, ecosystem ecologists have become increasingly interested in the effects of individual plant species on ecosystem processes such as nutrient cycling. Several recent studies have demonstrated that rates of nitrogen mineralization are significantly different under plots with different plant composition and have correlated differences with plant traits such as C:N ratio or other measures of litter quality. However, these studies have not evaluated how rapidly changes in plant composition translate into changes in ecosystem N availability or cycling and the conditions under which individual species can change ecosystem nutrient fluxes. Exotic plant invasions offer an opportunity to evaluate how species effects develop as species move into communities where they have no prior history.  We believe that they also offer an opportunity to explore how different and how abundant a species has to become to have a measurable impact on a key ecosystem process. 

In this chapter, we review the literature on the effects of non-native plant invaders on nitrogen cycling with the goal of trying to identify when and where invaders should be expected to increase or decrease N cycling. We believe that the speed and magnitude of invader effects should vary as a function of how different invaders are from residents in particular traits, and how resistant the resident community and soils are to change. We also believe that the application of a variety of modeling approaches holds great promise in understanding interactions between invader traits and environmental conditions, and should be explored more completely. Because the database for this review is not large, we focus on identifying gaps in our knowledge that could be filled by carefully directed empirical work and quantitative modeling. 

Introduction

Over the two past decades, the accelerated pace of species losses and additions to natural ecosystems has fostered interest in the role that individual species play in affecting the structure and functioning of ecosystems. While we know a great deal about the role that certain animal species can play in influencing patterns of primary production and energy flow (e.g. keystone species-see Paine 1966, Estes and Palmisano 1974, Power et al. 1996), there has been little effort until recently (Vitousek 1990) to identify effects of individual plant species on such ecosystem properties as energy flux and the cycling of nutrients and water.  Identifying plant species effects in natural communities is challenging because of the intermingling of roots and shoots and the relatively slow rates of change that characterize plant succession in many regions.  However, with the rapid spread of non-native species across many landscapes it has become more straightforward to study pathways through which plant species affect ecosystem processes in natural systems as highlighted by Vitousek (1990).  
Simultaneous with the rising interest among ecosystem ecologists in understanding species effects, many population and community ecologists have focused on understanding controls over invasion of native communities by non-indigenous species (Mack et al. 2000).  Research has focused on (1) identifying species traits associated with ‘successful invaders’ or invasion potential and (2) identifying characteristics of communities that make them invasion resistant or susceptible.  Although it has been difficult to find reliable generalities with regard to the first topic, Rejmanek and Richardson (1996) and Reichard and Hamilton (1997), examining woody species introduced into either South Africa or North America, respectively, found that species traits such as seed mass, juvenile period, and the ability to reproduce vegetatively, were the most important traits for predicting successful invasion.  With regard to (#2), several investigators have found that disturbance or alterations to disturbance regimes correlate strongly with increased community susceptibility to invasion (Hobbs and Huenneke 1992, Mack and D’Antonio 1998, D’Antonio et al. 1999). 

Few ecologists have attempted to combine the study of controls over invasion with the study of when and how invasive species affect ecosystem functioning. Yet, such a synthesis is necessary if we are truly to develop the ability to predict the impacts of potential invaders. The often rapid increase in abundance of non-indigenous species in landscapes that encompass a mosaic of habitats offers the opportunity to investigate both questions regarding which sorts of species traits lead to ecosystem-level changes and the connection between abundance and ecosystem process change. The impact of a particular species is going to be a function both of traits of the invader and traits of the ecosystem being entered.  Invader traits include life history characters such as: number of seeds produced, age at first reproduction, longevity, dispersal, and physiological and morphological traits. The latter include such things as: how fast an individual takes up nutrients, how it allocates those nutrients, the phenology of uptake and quality and timing of litter production, the amount of carbon exuded from it’s roots and the effect of an individual on heat flux, microclimate and physical habitat structure.  The net effect of these traits can be thought of as the effect of an individual or group of individuals on the surrounding biotic and abiotic environment. Traits of the target environment include climate, soil fertility, soil organic matter pool size, hydrology, disturbance regime, and biotic interactions such as herbivory or mutualisms. Properties of the ecosystem affect the expression of the life history, physiology, and morphology of the invader, and provide the template upon which the invader’s individual effects will be played out.

Nitrogen addition has been demonstrated to increase plant production across a wide range of ecosystems (Vitousek and Howarth 1991), and to alter plant composition (e.g. Bobbink 1991; Wedin and Tilman 1996) including the promotion of exotic species invasions (e.g. Huenneke et al. 1990, Vinton and Burke 1995, Maron and Connors 1996). In addition, numerous investigators have demonstrated that species composition is sensitive to relatively small changes in rates of N cycling (e.g. Aerts and Berendse 1988, McLendon and Redente 1991, Tilman and Wedin 1991, Paschke et al. 2000, and many others). Because of the fundamental role that nitrogen plays in structuring plant communities and controlling primary productivity, linkages between invader abundance, species traits and ecosystem N cycling are especially promising areas in which to combine studies of invasibility with invading species’ effects. Thus, we focus here on evaluating the linkage between species invasions and rates of ecosystem N cycling.  

In this chapter, we review what is known about when and how invasive plant species affect nutrient cycling, emphasizing details of the species and the recipient ecosystems that are important for predicting plant species effects. Overall, there is not a large literature on invader effects on nitrogen cycling, and we believe that this area could benefit from further empirical work. We also believe that mechanistic ecosystem models have been substantially underutilized in the study of species invasions. Such models hold great promise for increasing scientists’ understanding of the importance of various species traits and ecosystem properties on the net effects an invader will have in its new environment. In addition, quantitative ecosystem modeling could be used to explore relationships between invader abundance and impact, and to test the sensitivity of ecosystem N cycling to variation in species composition while manipulating or holding constant edaphic and climatic variables that are difficult to manipulate experimentally. Finally, modeling could help provide insight into the relationship between N limitation, invasion and the persistence of species effects and could also help to direct future empirical work in this area. We discuss examples in the context of biological invasions and the factors known to influence invasion success, but we believe the points we argue could also be applied to ‘native’ invading or colonizing species. A comparison of traits of exotic invaders with native colonizers concluded that the two groups of species were indistinguishable (Thompson et al. 1995), while Levine and D’Antonio (1999) argued that native and exotic plant species respond similarly to the same ecological processes. Thus, the patterns and the applications of a modeling approach that we describe are not necessarily limited to a restrictive definition of species invasions.

Framework: What do we need to know to predict species effects on N Cycling? 

In order to predict whether an invading species is likely to affect ecosystem N cycling, we need to know: (1) the ability of the species to become abundant; (2) species traits likely to be important to ecosystem N cycling; (3) the degree of difference between the invader and resident species for those traits; and (4) resistance of both the community and abiotic environment to changes imposed by the invader.  In order to illustrate how these questions interact, we could consider, for example, that leaf litter quality is a key control over ecosystem N cycling (#2) and that an invader has a different lignin:N ratio from the average native litter (#3).  In this case, we might ask how much litter of the invader must enter the system (#1) to shift the system to a new state where rates of N availability are substantially altered (#4).  The likelihood that the invader will have an effect will depend on how different it is from residents, how rapidly it becomes abundant, how quickly resident species drop out of the community as the invader increases and how greatly the invader alters the microenvironment (Figure 1).  Other features of the environment such as soil texture, soil organic matter pool size, availability of essential nutrients and climate will also determine whether the invader alters nutrient turnover.


Our choice of leaf litter quality in the above example is important, as it is a species trait especially likely to give rise to ecosystem effects on N cycling (e.g. Pastor et al. 1984, Gower and Son 1992, Scott and Binkley 1997).  Most of the literature dealing with plant species effects on nitrogen cycling indeed focuses on litter decomposition.  Through use of litter bags, tethered leaves or lab incubations we have come to understand a great deal about how tissue quality influences rates of nutrient release from decomposing litter (e.g. Melillo, et al. 1982, Pastor et al. 1984, Aber et al. 1990, Taylor et al. 1991, Gower and Son 1992, Perez-Harguindeguy et al. 2000).  Litter features such as % lignin, lignin:N and C:N ratios explain a large amount of variation among species in decomposition rate both within sites (e.g. Melillo et al. 1982, Taylor et al. 1991) and across ecosystems (Berg et al. 2000, Perez-Harguindeguy et al. 2000).  Leaf litter quality has also been shown to correlate with soil N mineralization across a range of forested ecosystems (Gower and Son 1992, Scott and Binkley 1997), and in some grass-dominated systems (Wedin and Tilman 1991, Vinton and Burke 1995).  Many of these studies have involved planted mono- versus mixed-culture plots or stands (but see Vinton and Burke 1995).  While they have been instructive in providing predictive indices of the direction of species effects, they have not addressed the extent to which species will have to become abundant in order for an impact to be measurable, or how climate and soils interact with invasion to influence the rate of change in ecosystem processes as an invader becomes abundant on the landscape. In addition, almost no one has examined the extent to which species effects are driven directly by litter quality, rather than by species interactions or species effects on soil moisture and temperature (Figure 1).

In the review that follows, we address what is known about invader impacts on ecosystem nitrogen cycling and divide examples into plants with symbiotic N fixation and those without.  For each group we ask: what do we know about how likely they are to become abundant? How do their key traits relative to N cycling compare to those of natives, and are there any obvious features of the environment that appear to modulate impact?  We also try to identify important unanswered questions and those that might best be explored with quantitative models.

Empirical Results

Impacts of N-fixers on nitrogen availability and cycling

Nitrogen fixing invaders are common on lists of ‘exotic’ invaders and are considered to be over-represented among the world’s most problematic invaders of natural areas (Daehler 1998).  They have been shown to decrease native species diversity directly and promote other invaders by leaving behind N enriched soil (Maron and Connors 1996, Adler et al. 1998, others).   Despite their suspected importance, there have been no systematic studies of factors influencing where and when they are likely to become abundant.  We know that they have the potential to alter ecosystem N cycling because of their ability to fix atmospheric N.  The expected mechanism by which N-fixing invaders increase total soil N pools and speed up N transformation rates is that N-rich litter from N fixers decomposes faster than litter from non-N fixing natives, resulting in faster rates of N cycling such as gross and net N mineralization rates, nitrification rates, and the availability of soil inorganic N (Vitousek and Walker 1989; Hart et al. 1997, Maron and Jeffries 1999).  Access to atmospheric N presumably also provides the potential for higher total litter N inputs. Nonetheless, we do not know the extent to which the impact of N fixers depends on their absolute and relative amounts of litter produced, soil factors or climate in the region of invasion and/or their ability to displace resident species.  


The ability of an exotic N-fixer to alter soil N availability has been most clearly demonstrated in young (< 100 year old) volcanic soils in Hawai’i (Vitousek et al. 1987; Vitousek and Walker 1989). In a system where N availability strongly limits vegetative productivity (Vitousek et al. 1993), where phosphorus levels are reasonably high and where the native flora does not undertake symbioses with nitrogen-fixing bacteria, Myrica faya has proven to be an effective colonizer of primary succession sites. (First reported in Volcanoes National Park in 1961, the population increased to cover 12,200 ha by 1985 [Whiteaker and Gardner 1985 cited in Vitousek and Walker 1989]). Vitousek and colleagues (Vitousek et al. 1987; Vitousek and Walker 1989) found large differences in N fixation and leaf chemistry between indigenous non-N fixing species and this N-fixing invader. At sites where Myrica was abundant, the exotic fixed 18.5 kg N ha-1 yr-1 through its actinorrhizal association, as compared to 0.17 kg N ha-1   yr-1 fixed by other known biological sources. The difference in access to N by Myrica relative to that of the dominant native tree Metrosideros polymorpha, was reflected in the chemistry of each tree’s senescent leaves: Myrica had significantly higher litter N concentrations than Metrosideros (1.33% vs. 0.56%), while the lignin:N ratio was lower (25.3 vs. 37.5). Decomposition of Myrica litter was found to be faster and to release more N than Metrosideros litter, as well. These differences between the tree species were clearly detectable in soil N availability and N cycling rates; total soil N, inorganic N pool sizes (ammonium and nitrate), and potential net N mineralization were all significantly higher under Myrica individuals than under Metrosideros individuals. 

The impacts of the N-fixing exotic Myrica faya on soil N content and N cycling rates in Hawai’i are consistent with the effects of other N-fixing species in their native ranges. Maron and Jeffries (1999) found that soils in live and dead patches of the N-fixing shrub Lupinus arboreus (bush lupine) in coastal California, USA had higher total soil N content, inorganic N pool sizes, and potential net N mineralization rates than soils free of lupine individuals. Soil C:N ratios were lower in dead lupine patches than where there was no lupine. Similarly, soils where N-fixing Alnus rubra (red alder) trees were planted into mixed coniferous plantations had higher total soil N, microbial CO2 evolution, net N mineralization and nitrification rates, and gross N mineralization and nitrification rates than soils without Alnus (Binkley et al. 1992; Hart et al. 1997). 

The impact of N-fixing invaders on soil N and N cycling is likely dependent on absolute invader abundance and/or abundance relative to native species. For example, the data discussed above from Vitousek and Walker (1989) is from sites where M. faya was abundant. They also, however, examined the effect of Myrica in a site where it was not yet abundant and found that it had very little impact there, presumably because its inputs into the soil were still low.  Hence, at least some minimal threshold of abundance must occur to detect a species effect, particularly if one is sampling soil processes randomly across a community.  However, absolute abundance alone may not be the key to impact. Myrica is abundant in a nearby wet forest site where native species are more abundant than in either of the Vitousek and Walker (1989) sites.  Its effects there have not been measured; but because its inputs into the community litter pool will be a smaller fraction of total annual litter inputs, and because soil organic matter pools are probably already much larger (since they increase with precipitation in Hawai’i  [Schuur et al., 2001]), we might predict that Myrica should have much less of an effect on N cycling than in the Vitousek and Walker (1989) sites. 

Even controlling for climate, ecosystem impacts of invading N fixers are not always closely correlated with biomass.  Haubensak and Parker (unpublished) examined the effect of the N fixing shrub Cytissus scoparius (scotch broom) on ecosystem N accumulation across a range of plots of varying invader biomass within the same climate zone in western Washington, USA (Figure 2). Surprisingly they did not find a strong relationship between invader biomass and total soil N across a wide range of invader abundance.  Soil C:N however, decreased significantly with increasing broom biomass.  Perhaps species effects on some soil N properties (e.g. total N) are not easily predicted but other properties (e.g. C:N ratio) may change more predictably with invader abundance.  

In addition to abundance, both the leaf chemistry of the invading N-fixer and soil properties should influence N turnover. Comparing two ecosystems of varying soil type in South Africa, each with a different species of exotic Acacia, Witkowski (1991) and Stock et al. (1995) found differences in the response of soil N cycling to invasion. In both calcareous strandveld ecosystems invaded by A. cyclops and acidic fynbos ecosystems invaded by A. saligna, invasion resulted in an increase in total soil N content and decreases in litter C:N ratio. Decomposing leaf litter of both invading Acacia spp. in their respective ecosystems released significantly more N than indigenous leaf litter over a two-year period.  The difference between N released by native species and the invader was greatest in the strandveld ecosystem.  The rate of decomposition of A. cyclops litter was also significantly faster than that of A. saligna, and it released greater amounts of N (Witkowski 1991).  Stock et al. (1995) found that only at the relatively fertile strandveld site were soil net N mineralization rates and resin-extractable N concentrations greater under A. cyclops individuals than in uninvaded areas.  By contrast, at the relatively infertile fynbos site, there was no significant difference in net N mineralization or resin-extractable N in soils invaded by A. saligna compared to uninvaded soils. 

In the South African example, the authors selected invaded fynbos and strandveld sites of similar age so as to avoid age and abundance as factors that might complicate the interpretation of species effects.  But in their study it is not possible to separate the importance of litter chemistry (A. cyclops decomposes faster and releases more N than A.  saligna) from soil characteristics in trying to understand the impact of invading species on ecosystem N transformations since species type varied with soil conditions. As with the Stock et al. (1995) study, Hart et al. (1997) found that Alnus rubra increased gross and net N mineralization rates to a greater extent in fertile soils than in infertile soils but the reasons why have not been explored. Rhoades et al. (2001) found the opposite when comparing Alnus crispus effects on mineral N pools in 3 Alaskan ecosystems: effects were greatest in the most infertile system.  The degree of nutrient limitation of the vegetation including the invader and of microbes responsible for N transformations are both likely important in determining whether the introduction of an N-fixer will alter N cycling but there have been no studies examining this relationship.  Quantitative models might help to explore the importance of ecosystem nutrient status and soil texture or chemistry in determining the rate of development of impact of an N fixer.   The recipient ecosystem nutrient status should interact with the ability of invader to become abundant as well as to have an impact. 

Invasion of non-N fixers into natural communities: Disturbance, species traits and the potential for species effects

Species traits associated with becoming a successful invader are frequently those associated with fast growth, particularly through the juvenile phase (e.g. Rejmanek 1996, Rejmanek and Richardson 1996).  Fast growth, in turn, should be associated with relatively lower leaf construction costs, higher leaf tissue N, and lower N use efficiency: all of which are traits that should affect plant litter quality and hence ecosystem N cycling.  In comparisons of traits of native and non-native woody species in Hawai’i, Pattison et al. (1998) and Baruch and Goldstein (1999) indeed found lower leaf construction costs and higher leaf tissue N in non-native species compared to natives. Likewise Durand and Goldstein (2001) found that invasive non-native tree ferns had higher N content and shorter leaf life span than leaves of native tree ferns.  Baruch and Gomez (1996) also observed lower leaf construction costs in introduced compared to native grasses in Venezuela.  These studies support the hypothesis that invasive non-native species tend to have traits that should be associated with faster rates of N turnover.

Invasive non-indigenous species generally increase in abundance with disturbance (Hobbs and Huenneke 1992, D’Antonio et al. 1999), and N fertilization (Huenneke et al. 1990, Vinton and Burke 1995, Maron and Connors 1996) or rely upon a single disturbance event to provide a window of opportunity for establishment (Davis et al. 2000).  Davis et al. (2000) present what they consider a general model to explain when invasion should occur in a given site, and their model incorporates the effects of fertilization and disturbance (Figure 3).  They suggest that invasion should occur when gross resource supply exceeds resource uptake by the resident community, whether by virtue of increases in gross resource supply through N fertilization or deposition (arrow B), disturbance reducing uptake (arrow C) or through a combination of the two (arrow D).  Invaders that get into a site because of an increase in the gross supply of N (arrow B, e.g. N deposition, fertilization, inputs by N fixers etc) should have low root allocation, high specific leaf area and low N use efficiency relative to residents. These are traits that should favor faster cycling of N.  Traits of invaders that rely upon a reduction in resource uptake such as might occur with disturbance or stress are possibly less predictable (Figure 3). Such invaders may also be fast-growing in order to monopolize resources before the resource pulse associated with disturbance has passed. However, in order to persist after the resource pulse has passed, invaders need to invest in organs that allow persistence and this allocation may result in traits that do not promote fast cycling of nutrients.  Whether disturbance should promote invaders that accelerate N cycling is thus dependent upon a host of issues besides just the identity of the invading species, including the amount of resource released by the disturbance, which in turn, depends on the nature of the disturbance and the fertility of the ecosystem in question. Disturbance in degraded sites where production has become limited due to successive losses of nutrient capital from the system, or in sites where productivity is limited by some other ‘stress’ factor, is not likely to promote invaders with fast growth/rapid N cycling characteristics.  In these systems, disturbance, by disrupting the priority effect of the resident species, may allow for establishment of an invader, but this invader may be more efficient at utilizing resources than residents thereby slowing N cycling or it may be similar to former residents and have no effect on N cycling. In an environment with chronic grazing pressure, successful invaders might be expected to contain high levels of anti-herbivore compounds, some of which, like polyphenols, should slow nutrient cycling.

When do non-N fixing invaders affect N cycling?

Our simple reasoning in the previous section implies that in relatively fertile systems, invaders that get into the sites because of disturbance or N addition should have traits that will bring about more rapid N cycling. Assuming that the invaders persist on the site for many years and that the direct positive effect of disturbance on resource release disappears within a short time, we should be able to measure increased N cycling in invaded versus comparable uninvaded sites several years after the disturbance event due to invader traits.  Very few studies have made such measurements or have separated the direct effect of disturbance or N addition from the trait-based effect of the invader.  Vinton and Burke (1995) demonstrated increased rates of nutrient cycling under introduced annual grasses compared to native perennial species in short grass steppe sites in Colorado.  The annual grasses invaded these sites after the addition of fertilizer some 20+ years before their study and have continued to dominate the sites.  The litter quality characteristics of the invaders are associated with faster N cycling and their persistence suggests a positive feedback between tissue quality and N cycling that was triggered by the original nutrient addition. By contrast, Svejcar and Sheley (2001) found no consistent differences in rates of N cycling between disturbed desert sites invaded by the annual grass Bromus tectorum and undisturbed nearby sites dominated by native perennial species.  It is possible that in the low productivity Great Basin sites of Svejcar and Sheley (2001) there was no significant pulse of resources released by the original disturbance and although the invader has now dominated the sites for 40+ years, its dominance has little to do with N cycling traits. Svejcar and Sheley (2001) conclude that species effects will not develop if invaders and natives are similar in total productivity and tissue chemistry even if they are different in overall life form. 

   
In a fertile Hawaiian rainforest where disturbances to the forest canopy promote invasion, Scowcroft (1997) reported consistently elevated rates of decomposition and N release from litter of the invading vine Passiflora mollisima, compared to decomposition and N release from native litter (including that of an N fixing tree).  Interestingly, mixing P. mollisima litter with native litter, as might occur during an invasion, did not increase decomposition rates of native litter.  This invader relies on openings in the forest canopy to establish and then apparently can climb to the canopy of established native trees and persist for decades.  Scowcroft did not measure rates of N mineralization in the soils under invaded versus uninvaded stands so it is not yet clear that the invader has led to increased soil N mineralization at a scale that could affect forest productivity or composition. However, the invaders’ tissue quality and high rates of leaf turnover do suggest that over time N cycling should increase following invasion.  Similarly, disturbance in alluvial forests in Argentina promotes invasion by the tree Ligustrum lucidum. Litter of Ligustrum turns over 2.5 times as rapidly as litter of native species, providing the potential to increase rates of soil N cycling in invaded sites (Descanio et al. 1994). Likewise, Kourtev and Ehrenfeld (1998) have found increased rates of leaf litter decomposition and increased N availability in soils from under stands of the invading shrub Berberis thunbergii in mesic deciduous forests of New Jersey.  This understory invader is most abundant where the forest canopy is somewhat open (Kourtev et al. 1998) suggesting it relies on elevated light availability to invade the forest understory.  While their research generally supports the prediction that an invader that capitalizes on increased resource availability (in this case light) to get into a relatively fertile system should accelerate N cycling, the authors do not unambiguously separate site characteristics from species traits in determining the causes of altered N cycling in invaded sites.  They suggest that higher decomposition and N mineralization are the result of earthworm activity associated with leaf litter of the invader rather than directly due to leaf litter chemistry.

Several studies report on the effect of invaders on soil nutrients in sites where it was not clear that disturbance or a pulse in resource supply has played a role in promoting invasion. There are no consistent trends in the outcomes of these studies.  For example, Asner and Beatty (1996) compared N availability under stands of the African pasture grass Melinis minutiflora, with availability of N under native shrubland on Molokai’i Island Hawai’i, in a preserve where there was no evidence that disturbance had promoted Melinis’ invasion.  Melinis patches were consistently associated with elevated NH4 availability, measured as accumulation on ion-exchange resins.  By contrast, Mack et al. (2001) found no effect of invasion by introduced pasture grasses (primarily Schizachyrium condensatum but also Melinis minutiflora) on annual net N mineralization in a young woodland on Hawai’i Island that contained many of the same native woody plant species as the Asner and Beatty (1996) study.  While the Mack et al. study was conducted on a much younger substrate it is difficult to compare results because the metrics of N cycling used were very different. Asner and Beatty measured N availability only using ion exchange resins across two separate 1 month time periods whereas Mack et al. used repeated intact core, in-situ incubations throughout the year and estimated annual net N mineralized.  Since many of the same grass invaders occur across a range of soil ages and/or climate zones in the Hawaiian Islands (Smith 1985), it would be interesting to select one invader and one climate zone and see how invader impacts vary with soil age and nutrient status using standardized metrics of N cycling.  


In another study of grass invasions, where it was again not clear that disturbance played a role in invasion, Williams (see Williams and Baruch 2000) reported no correlation between soil C:N ratios and cover of the African grass, Eragrostis lehmanniana in desert grasslands of Arizona.  However, he did find that cover of herbaceous dicots was negatively correlated with soil C:N ratios and that cover of herbaceous dicots declined with time since invasion by E. lehmanniana, a finding supported by others (Bock et al. 1986).  He suggests that herbaceous dicot abundance may be the important link between nutrient cycling changes and E. lehmanniana invasion.  This raises an important issue regarding pathways through which invading species may cause ecosystem process change: if death of residents takes many years, then changes in soil processes will likely be difficult to measure on timescales of dissertations or NSF funding. 


Several studies report potential impacts of invaders on N cycling where the invader’s abundance appears to be the result of recurrent or severe disturbance that has caused almost complete loss of native species.  For example, Johnson and Wedin (1997) compared rates of N cycling and soil nutrient pools in grasslands dominated by an invasive Africa grass, Hyparrhenia rufa, compared to intact dry tropical forest in Costa Rica.  They found that the grasslands had slower rates of N cycling and lower C stocks than soils in woodland from which these grasslands were derived. However, it is not clear whether this reduction was due to the loss of forest species through clearing and recurrent fire or more directly to invasion by H. rufa.  By contrast, Mack et al. (2001) found that grasslands formed by recurrent fire in Hawaiian woodlands had faster rates of N cycling and greater net N availability than the woodlands from which they were derived. They attributed this increase to the loss of native species with fire as well as to changes in microclimate and tissue quality associated with the conversion from woodland to grassland.  In both cases, fire was responsible for the land cover conversion, but the outcomes were opposite to each other, perhaps because of differences in the nature of the forests from which these grasslands were derived. However, in both of these studies, elimination of the native species is likely an important reason why differences between invaded and uninvaded sites were large. 


Saggar et al. (1999) examined the effect of an invading perennial herb, Hieracium pilosella, on soil nutrient status in a heavily grazed, tussock grassland in New Zealand.  They note that the native vegetation had been “depleted” due to persistent sheep grazing and that this depletion is related to Hieracium invasion.   Hieracium is known to have relatively high levels of polyphenols in its leaves (Makepeace et al. 1985).  In these ‘depleted’ soils they found that Hieracium increased organic C and N accumulation but decreased net N mineralized (in laboratory assays).  They note, however, that in this sort of high alpine environment many species including Hieracium may take up organic N from polyphenols. Hence the pattern of increased total N accumulation under Hieracium may represent a positive feedback whereby Hieracium promotes its own success by locally concentrating N from the surrounding area into a form to which it has access (organic N).  This example hints that to demonstrate species effects on N cycling, we must know what metric of N is important for plant uptake.  In sites where plants have access to organic N, proposed relationships between plant traits and species effects on N cycling may have to be rethought.  Species that have litter chemistry that slows decomposition may still have positive effects on N availability if plant-available N includes leached amino acids and polyphenols.  Also, in sites where grazing is a major source of disturbance or a chronic stress, grazing may select for plant traits (e.g. high levels of polyphenols) that slow N mineralization from litter and SOM.

Synthesis and the Role of Modeling

Despite the rising interest in the importance and effects of individual species on ecosystem processes, our review confirmed that our knowledge about controls over when invading species should have effects on N cycling is fragmentary. The best evidence of direct plant species effects on N transformations comes from studies of N fixers invading low fertility sites with little resident cover (e.g. Vitousek et al. 1987, Vitousek and Walker 1989, Rhoades et al. 2001).  In addition, in the case of N additions or disturbance in relatively fertile systems, evidence suggests that invaders exhibit traits that should and do accelerate the cycling of N.  Yet, even in the case of N fixers, we understand very little about the range of conditions over which invaders will have effects particularly when they invade systems where residents are abundant.  

Because N fixers are common invaders of native ecosystems, are often considered to be ecologically damaging for resident species (Daehler 1998, D’Antonio and Haubensak 1998), and are frequently the target of removal efforts, it is important to try to understand where they will have substantial effects on soil processes.  Plant species that have associations with N fixing bacteria vary enormously in the amount of leaf litter they produce, and the amount of nodulation that they undergo. For example, in coastal California, french (Genista monspessulana) and scotch broom (Cytissus scoparius) are both common shrubby invaders of coastal prairie ecosystems. Individuals of the former produce a large amount of leaf litter while individuals of the latter have photosynthetic stems and produce very little leaf litter. As a result, their effects on soil processes might differ because of variation in amount of organic matter input despite being relatively similar in overall life form.  Also, a single species can vary in its allocation to stems, leaves and nodules across ecosystems. For example, Haubensak (personal communication) has noted that scotch broom produces more leaves and leaf litter in Washington State than in California. Hence, to predict the effect of an N fixer, we need to know how tissue allocation and decomposition will change with environment and how resident species and soil texture and chemistry will respond to the invader inputs.   

In the case of non-N fixing invaders entering relatively undisturbed settings or settings where disturbance does not greatly increase the availability of resources, it is difficult to make predictions about when invaders will have impacts. If invaders increase the productivity of the system by accessing otherwise under-utilized resources (e.g. deep rooted trees invading a grassland), they might ultimately increase rates of N cycling.  However, if they have higher nitrogen use efficiency than residents, they might slow the cycling of nutrients by tying up nutrients in recalcitrant litter. Likewise, invaders entering degraded or stressful environments will likely have traits that either slow or have no effect on N cycling.  Additional experimental work is needed across a broader range of environments to begin to develop more meaningful generalities in this area.

Applications of models in understanding invaders’ impacts on ecosystems
We believe that mechanistic models of soil biogeochemistry and plant production can be important tools for understanding invaders’ impacts, particularly if these are modified to include species dynamics. We have argued that we must better understand the interaction between plant traits such as litter lignin:N ratios, ecosystem characteristics such as nutrient availability, disturbance history, soil structure, and climatic conditions if we are to predict invaders’ influences on nutrient cycling.  Models that allow researchers to examine the interactions between these factors should be explored as a way of increasing our understanding of species impacts, and as a way of guiding future experimental tests of the impacts of invaders on ecosystems. 

Some of the ecosystem properties that might influence the development of species effects are difficult to manipulate experimentally. Hence, models provide a means of gaining insight into the relationship between a particular variable and a species effect. For example, soil texture can control many aspects of soil organic matter accumulation and turnover (e.g. Burke et al. 1989) and it is an important controller over ecosystem biogeochemistry in many quantitative models (Parton et al. 1987, 1988, Fan et al. 1998). Yet, it is very difficult to manipulate in the field. Most empirical studies that consider its role in ecosystem nutrient cycling compare processes in soils of different textures or across gradients where more than one factor may be changing simultaneously (e.g. Burke et al. 1989, Neill et al. 1997, Koutika et al. 1999, Hook and Burke 1998).   Ecosystem models might allow for testing the sensitivity of soil N processes to changes in species traits across a gradient of soil textures that would not be possible to find or create in a controlled experimental field setting.

One popular model, CENTURY (Parton et al. 1987, 1988), can be used as a tool in this area. CENTURY uses multiple compartments for soil organic matter (SOM) and nutrients such as N and P. Carbon in above- and belowground plant residues is partitioned into either structural or metabolic decomposition pools as a function of the lignin:N ratio in the residue. With increases in the ratio, more of the residue is partitioned to the structural pools, which have much slower decay rates than the metabolic pools.  Decomposing litter pools flow into one of the three SOM pools (slow, passive and active) via a microbial pool. N in plant residue follows the flow of C, and the amount of N entering each of the soil pools varies as linear functions of the size of the mineral N pool. In other words, as soil mineral N increases, the C:N ratios of the slow, passive and active N pools decrease, reflecting the greater N content of each of the pools relative to C.


The decomposition of each of the SOM and N pools is a function of climatic conditions such as soil temperature and precipitation, soil texture as it influences leaching losses, or organic matter, or soil water content, and disturbances such as fire or atmospheric N deposition that alter soil N and SOM content. Plant productivity is modeled separately for grassland/crop ecosystems, forest ecosystems, and savannah ecosystems, and is a function of the genetic potential of the vegetation, temperature, soil moisture, ecosystem nutrient status, and shading. 


CENTURY can be parameterized to predict the impact on ecosystem N cycling of an invading species that alters litter quantity or chemistry. Most simply, the model could be run for an ecosystem with a background quantity of litter input and litter lignin:N ratio (“uninvaded”) and compared to a series of similar ecosystems in which an invader has increased the quantity of litter and/or altered the litter chemistry or both (“invaded”). This might provide insight into how different an invader has to be from resident species to cause a measurable impact.  Of more theoretical value, however, is the use of models to understand how the impact of an invader on soil N cycling varies with such ecosystem characteristics as climate, soil nutrient availability, or certain disturbances. For example, CENTURY can be used to investigate whether the difference in litter lignin:N ratio between the invaded and uninvaded ecosystems must be larger where soil nutrient availability is low or where soil organic matter pools are large before ecosystem N cycling is affected. Such modeling exercises can lead to predictions that guide experimental studies of the mechanisms of invader impacts. 


Most current models of ecosystem C and N dynamics do not include the community dynamics that may play a role in the degree to which invading species alter ecosystem N cycling. Relative abundances of community members, which could be used to examine the importance of invader abundance, are not explicitly included in biogeochemical models such as CENTURY, limiting our ability to examine how ecosystem biogeochemistry changes during transient phases of community change. Furthermore, the theoretical model of community invasion of Davis et al. (2000) views the likelihood of invader success as a function of competition among community-members for unused resources such as N. Future advances in model design should attempt to link the cycling of C and N in ecosystem compartments with plant community composition change in an effort to more realistically predict the likelihood of both invader success and impact. For example, relative abundances of resident and invading species, each possessing different litter inputs, litter lignin:N ratios and nutrient uptake rates, could be explicitly included in CENTURY as input variables at each time step. In this way, community composition could be allowed to vary more realistically leading to a more accurate understanding of the interaction between invader abundance, nutrient availability, and ecosystem N cycling. Bachelet et al.’s (2001) recent global vegetation model linking vegetation change (in her case associated with climate change) to CENTURY biogeochemistry may be a useful approach for incorporating transient dynamics associated with plant invasions. 


While models such as CENTURY might be relatively easily adapted to the study of species compositional change and subsequent effects on N cycling, they also face the limitation that the mode of action of the invader is controlled solely by litter chemistry (specifically lignin:N).  Because species may affect N cycling through other pathways (e.g. Figure 1), predictions or insights from CENTURY may be misleading in some settings. Models that incorporate effects on other factors that potentially control N cycling, such as microclimate, microbial and faunal composition, disturbance regime, and labile C exudation from live plant roots, might provide additional insights into conditions under which invaders have impact.
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Figure Legends

Figure 1.  Some pathways through which an invading plant species (whether native or non-native) could alter rates of ecosystem nitrogen turnover. Invaders might also alter nutrient cycling by altering disturbance regime.

Figure 2. Relationship between abundance of Cytissus scoparius (scotch broom) and soil C:N ratio and total N pools in soils from glacial outwash prairies in eastern Washington.  Points represent means of 18 sampled locations for each biomass value. Bars represent ( 1 standard error.  Data provided by Karen Haubensak from her dissertation research, UC Berkeley.

Figure 3. Relationship between gross resource supply and resource uptake as it influences biological invasion. Modified from Davis et al. 2000.  A community’s susceptibility to invasion increases as resource availability increases. Resource availability increases due to a pulse (or sustained increase) in resource supply (arrow A to B), a decline in resource uptake such as might occur when disturbance eliminates resident individuals (arrow A to C) or some combination of the two as when a disturbance stimulates nitrogen mineralization while at the same time it has reduced uptake.  We propose that species traits that should affect nutrient cycling are most predictable under scenario A (B when invaders should exhibit traits that accelerate N cycling. This should also be true for scenario A (D although the degree of change from the resident community may not be as great depending on features of the disturbance and the soil.  Traits that affect nutrient cycling are least predictable under scenario A(C. 
16

