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Abstract 

 

A diversity of strategies is used by symbiotic nitrogen-fixing plants, each well suited for specific 

environmental conditions. Little is known about whether fixation strategies are related to 

invasiveness when these species are introduced to new environments. Weed risk assessment 

scores were used as an index for invasiveness for eight non-native N-fixing tree species in 

Hawaiʻi. In a shade house experiment using an isotopic tracer, I show that these eight species 

(four high risk and four low risk for invasiveness in Hawaiʻi) varied in their growth, allocation, 

and N-fixing traits, in response to three levels of nitrogen fertilization and could be grouped into 

three distinct fixation strategies: one obligate, four facultative, and three over-regulating 

facultative. Strategies are associated with the trait plasticity of each species, but do not appear 

related to risk assessments for invasiveness in Hawaiʻi. Over-regulating facultative fixers had the 

highest trait plasticity and were able to regulate symbiotic nitrogen fixation with the greatest 

magnitude, while the obligate fixer had low trait plasticity and did not regulate fixation. This 

implies that species identity is a more likely predictor of N fixation strategy, and thus how a 

species will respond to varying nutrient conditions, than weed risk assessment scores. 
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Introduction 

 Nitrogen (N) is often the limiting factor for primary production in terrestrial ecosystems 

(Vitousek et al. 2002). The atmosphere contains an abundant pool of stable gas dinitrogen (N2), a 

form that is not biologically useful (Sprent and Sprent 1990; Vitousek 1990). Atmospheric N 

becomes available for biological processes once it has been reduced to ammonia (NH3) (Mylona 

et al. 1995), a process that demands a significant amount of energy (Sprent and Sprent 1990; 

Vitousek et al. 2002). Some soil bacteria, through symbioses with certain plants’ roots (Mylona 

et al. 1995) provide one of the most efficient systems for reducing, or fixing, atmospheric N 

needed in the biosphere. 

 Symbiotic N-fixing systems between bacteria and plants have been studied in depth and 

the basic components are well understood. N-fixing soil bacteria infect the roots of compatible 

plants to create a N-fixing site, generally nodules. The plant and bacteria cooperate to reduce 

(fix) N gas from the atmosphere into biologically useful compounds for the plant. The 

relationship between N-fixing bacteria and host plants is mutualistic in nature: bacteria provide 

reduced N for the plant; the plant provides reduced carbon (C) and other metabolic elements for 

bacteria (Udvardi and Poole 2013). This is costly for the plant, but having access to fixed N 

results in a strong competitive advantage under conditions of low soil N availability (Houlton et 

al. 2008; Udvardi and Poole 2013). 

 Some plants can regulate the amount of N derived from fixation depending on what is 

available in the soil and what the plant needs. Fundamentally, symbiotic N-fixing plant species 

use either an obligate or facultative fixation strategy, resulting in different amounts and rates of 

N fixation (Hartwig 1998; Hedin et al. 2009; Menge et al. 2009; Menge and Hedin 2009; Barron 

et al. 2011; Drake 2011; Batterman et al. 2013). Obligate fixation occurs at a constant rate per 

plant biomass unit, independent of the amount of available soil N; whereas facultative fixation 

adjusts the rate per plant biomass unit with changes in the amount of available soil N to meet the 

plant’s needs (Hartwig 1998; Hedin et al. 2009; Menge et al. 2009). In this respect, obligate 

fixers devote energy and resources to fixing atmospheric N, where facultative fixers that regulate 

fixation are able to allocate energy and resources to growth if there is adequate available N in the 

soil (Pearson and Vitousek 2001; Houlton et al. 2008; Menge et al. 2015), a trade-off that may 

result in a competitive advantage for facultative N-fixers.  
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 Invasive plant species are non-native species that naturalize and increase rapidly outside 

their home range (Richardson et al. 2000; Daehler 2003). Invasives have been observed having 

greater physiological performance, increased growth rates, greater leaf areas, and higher fitness 

compared to non-invasive alien species (van Kleunen et al. 2010), and lower construction costs 

(Daehler 2003) compared to natives. These traits allow invasive plants to outcompete natives and 

non-invasive species, particularly in areas with high resource availability (e.g., disturbed 

environments) (Davis et al. 2000). 

 Trait plasticity is another important characteristic of invasive plant species. Plasticity 

gives a species the ability to adapt to a variety of environmental conditions while maintaining or 

increasing fitness, a characteristic that allows a species to colonize and invade ecosystems 

outside their native ranges. Meta-analyses have concluded that invasive plant species have higher 

trait plasticity than non-invasive plant species (Richards et al. 2006; Davidson et al. 2011). Even 

in low nutrient environments, invasives demonstrate higher trait plasticity than natives that 

evolved in those conditions (Funk 2008). 

Many studies have attempted to identify the mechanisms for invasiveness, focusing on 

differences and plasticity in traits contributing to physiology, growth rates, and allocation of 

resources (van Kleunen et al. 2010). Studies have tied the ability to fix N with invasion (Castro- 

Díez et al. 2014), but these studies typically focus on plants that are known to be aggressive 

invaders. There are many non-native N-fixers that do not become invasive. It is possible that 

invasive N-fixers have more efficient fixation strategies than non-invasive N-fixers. If fixation is 

well regulated (i.e., facultative strategy), N-fixers can limit their investment in N fixation and 

allocate more resources to growth. It is possible that the strategy used for N fixation rather than 

the ability to fix N explains the differential success of invasive N-fixing species. If so, exploring 

fixation strategies among invasive and non-invasive plant species is an important step to 

understanding invasion and forest dynamics. The relationship between N-fixation strategy and 

invasibility has yet to be thoroughly investigated. 

 Invading N-fixers have the potential to disrupt ecosystem processes (Vitousek 1990), and 

many invasive plant species are symbiotic N-fixers (Daehler 2003, Castro-Díez et al. 2014). 

Invasives can assist other non-native plant species to successfully invade (Hughes et al. 2014; 

August-Schmidt et al. 2015), often with devastating consequences for native forests and 
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ecosystems. By contributing more biologically available N to soils (Vitousek et al. 1987), 

altering forest structure and the amount and quality of litter (Hughes and Denslow 2005), and 

contributing to elevated enzyme activities in soils (Allison et al. 2006), positive feedbacks 

between N-fixers and biogeochemical processes can alter outcomes for developing and existing 

ecosystems. 

 In Hawaiʻi, N-fixing invasive plants have been shown to transform ecosystems (Vitousek 

et al. 1987; Allison et al. 2006). For example, the invasive symbiotic N-fixing tree Morella faya 

has altered forest development on young volcanic substrate by increasing inputs of biologically 

available N with substantial impacts on N cycling in these N-limited habitats where no native 

symbiotic nitrogen fixers are present (Vitousek et al. 1987). Other studies have shown increases 

in forest gas emission (nitrous oxide, a harmful greenhouse gas) after successful invasion of M. 

faya into native forest habitats (Hall and Asner 2007). Increased quality and quantity of litterfall 

are a result of invasion by a N-fixing canopy tree, Falcataria moluccana, another aggressive 

invader. In lowland forest areas on young volcanic substrates invasion by F. moluccana 

corresponds to changes in soil microbial community composition and elevated production rates 

of soil enzymes, increasing nutrient cycling rates (Allison et al. 2006).  

 Hawaiʻi has been subject to plant invasion for roughly two and a half centuries. Prior to 

human inundation, the islands’ flora included approximately two thousand seven hundred native 

plant species (Negata 1985). The Polynesian settlers that arrived first to the islands brought 

approximately thirty plant species with them (Nagata 1985). It wasn’t until the late 18th century, 

when European settlers arrived, that a majority of plant introductions began (Negata 1985). Since 

then, over five thousand plant species have been introduced to Hawaiʻi (Negata 1985). Over a 

thousand plants that have been introduced to the islands have naturalized (Wagner et al. 1999), 

which is close to half the plants on the islands (Simberloff 2013). This is not surprising given the 

level of isolation the island chain is under, which has allowed the evolution of endemic species 

suited to specific environments and poorly adapted to frequent environmental disturbance that 

recent humans have invoked (Vitousek et al. 1987). Hawaiʻi lacks and is in need of regulations 

and enforcement to prevent alien plants from being introduced (Plant Industry Division 2017), 

including improved risk assessment based on traits. 
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 Hawaiʻi has adopted a risk assessment system based on the Australian and New Zealand 

Weed Risk Assessment system (Daehler et al. 2004) called the Hawaiʻi Pacific Weed Risk 

Assessment (HPWRA, https://sites.google.com/site/weedriskassessment/home). To date, 2,069 

species have been evaluated using this system. The assessment renders a numeric risk score that 

considers factors such as species history of invasiveness outside its native range, favorable 

environmental conditions in the new location, life history events such as persistence, 

reproduction and dispersal, as well as the ability to fix N (Daehler et al. 2004). Plant scores range 

from -12 to 28. Plants are evaluated as either High Risk (HR, generally scores >6), Low Risk 

(LR, generally scores ≤6), or Evaluate (E, generally scores close to 6). However, the assessment 

for N fixation is simply a question of whether or not the plant can fix N and does not consider the 

strategy used for N fixation which, as hypothesized above, may differentiate invasive and non-

invasive N-fixers. Thus, N-fixation strategy may correlate with the level of risk the plant poses 

on a new environment. Little, if any, research has been dedicated to determining N-fixation 

strategies for either HR or LR plants. Filling this gap in research may contribute to a more 

informative assessment system for plants being introduced to Hawaiʻi. 

 My research seeks to answer the following questions: Do growth rates, allocation traits, 

and N-fixation traits vary among non-native N-fixing woody plant species that have a range of 

assessment scores using the HPWRA? To what extent do growth rates, allocation traits, and N 

fixation traits change with N addition? Can N-fixation strategies be detected? Are the strategies 

correlated with HPWRA scores? Do species groupings in trait space reflect N-fixation strategies? 

To guide this study, I used the modeling approach developed by Menge et al. (2015) to identify 

fixation strategies. I conducted a shade house experiment examining eight N-fixing species with 

a range of HPWRA scores (-2 to 14) under low, medium, and high N conditions using an 

isotopic N tracer to assess N fixation. I expected that HR species would have greater growth 

rates than LR risk species. I further hypothesized that HR species would have decreased N 

fixation rates and nodule density with N addition, evidence that would support a facultative 

strategy. I also hypothesized that LR species would have little or no change in N-fixing rates, 

slightly increased growth, and little or no change in nodule density with N addition, evidence 

that would support an obligate strategy. Because trait plasticity is characteristic of invasive 

species, I hypothesized that HR species would have greater trait plasticity than LR species. Thus, 

I expected a positive association between facultative fixation and trait plasticity across species. 

https://sites.google.com/site/weedriskassessment/home
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Methods  

In order to determine the strategy of N fixation in plant species, several aspects of the 

plant need to be assessed: growth rates under varying nutrient conditions, biomass N, biomass 

allocation, and the percent of N derived from fixation (%Ndfa) (Menge et al. 2015). Greenhouse 

studies allow for environmental factors, such as temperature, light, and precipitation, to remain 

constant. With these factors constant we can isolate N-fixing plants’ responses to N availability 

by providing N-limited and N-saturated conditions while keeping other nutrients constant and in 

adequate supply. Whether N is derived from the soil or fixed (atmospheric) can be determined by 

using an isotopic tracer administered through fertilizer treatments followed by isotope ratio mass 

spectrometry (Burris et al. 1943). Facultative strategy users either downregulate fixation so that 

N supply meets the N demand of the plant, or regulate so that N supply is greater (under-

regulate) or less (over-regulate) than the N demand. Obligate strategy users cannot regulate 

fixation, and fix at a constant rate relative to biomass regardless of soil N availability. 

Experimental Design 

 In a shade house experiment, eight N-fixing tree species within the family Fabaceae were 

grown (Table 1), all of which have been evaluated using the HPWRA. One non-fixing reference 

species from Fabaceae was grown under the same conditions for comparison. Figure 1 

demonstrates the distribution of numeric scores for every plant that has been screened using the 

HPWRA, as well as the distributions of each evaluation level: HR (white), LR (black), and E 

(gray). The median score is four. Scores and evaluations are derived from the 49 questions on the 

HPWRA followed by interviews of experts with personal field experience for each plant 

(Daehler et al. 2004). Four HR and four LR species were selected for experimentation, and a HR 

non-fixer. Species within the E category were not studied, to avoid confusion. The non-fixing 

reference species, Senna siamea (HR), was grown simultaneously under the same conditions. 

Data from S. siamea were used to calculate % Ndfa in fixing plants. A LR non-fixing species was 

attempted, but due to high mortality was not considered for comparison in analyses. Three levels 

of N addition were given for each species, beginning with 16 replicates each (12 for E. 

variegata).  
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Study Species, seed and soil collection, and growing conditions 

 Study species were N-fixing tropical tree species chosen based on their weed risk 

assessment scores (Table 1). Hereafter study species will be referred to by abbreviations: 

Erythrina variegata (ERVA), Sesbania grandiflora (SEGR), Pterocarpus indicus (PTIN), 

Samanea saman (SASA), Albizia lebbeck (ALLE), Falcataria moluccana (FAMO), Acacia 

confusa (ACCO), and Pithecellobium dulce (PIDU). Senna siamea (SESI) was the non-fixing 

species used for comparison.  

 

TABLE 1. Nitrogen-fixing study species (family Fabaceae) chosen based on a 

range of HPWRA scores. Scores greater than six denote high risk of invasion. 

                  Species 
HPWRA 

Score 

Low Risk  

     Erythrina variegata Lam. -2 

     Sesbania grandiflora (L.) Pers. 2 

     Pterocarpus indicus Willd. 4 

     Samanea saman (Jacq.) Merr. 4 

High Risk  
     Albizia lebbeck (L.) Benth. 7 

     Falcataria moluccana (Miq.) Barneby & J.W. Grimes 8 

     Acacia confusa Merr. 10 

     Senna siamea (Lam.) H.S. Irwin & Barneby * 10 

     Pithecellobium dulce (Roxb.) Benth. 14 
*Non-fixing reference species grown at the same time, under the same 

conditions.  
 

 

Seeds were collected in the field on Hawaiʻi Island, except for ERVA and SEGR which 

were purchased from online vendors. Seeds (10-60) of each species were dried at 70º C and 

weighed to run composite samples for % N to quantify % N in the seeds. Seeds (≈100 per 

species) were scarified in hot water, imbibed for 10-24 hours, and germinated on trays according 

to the needs of each species. Seedlings were planted in a 1:1:1 mixture of perlite (Pahroc Giant 

#2, Wilkin Mining & Trucking, Inc. Caliente, NV, USA), vermiculite (#2 coarse, Therm-O-Rock 

West, Inc. Chandler, AZ, USA), and volcanic cinder (naturally occurring on Hawaiʻi Island, 
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sterilized) in 4”x4”x14” sapling pots (Stuewe & Sons, Inc. Tangent, OR, USA). While N content 

of the soil media was not measured, I assumed that initial levels were quite low. 

               
FIGURE 1. Distributions of numeric risk scores for HR plants in white (n=751), LR plants in black (n=744), and E 

plants in gray (n=276) evaluated using the HPWRA. 
 

 Seedlings were inoculated with a small quantity of crushed nodules and rhizosphere soil 

slurry collected beneath naturally occurring trees for each species (Menge et al. 2015). Soil was 

collected from near the roots of the mature tree unless seedlings were present, in which case 

entire seedlings were collected for their root nodules. All seeds, soil, and seedling samples were 

placed in Ziploc bags, stored in a cooler for transport, then stored in a refrigerator until 

germination. When possible, seedlings were grown ahead of time for nodule harvest to ensure 

experimental seedlings were exposed to their proper symbionts (Sprent and Sprent 1990).  

 Plants were watered adequately with overhead sprinkler irrigation depending on seasonal 

needs (three to six times daily). Saplings grew for approximately four months after first 

fertilization treatment. Plants were randomly arranged in three blocks per species and rotated 

around the shade house by block every two weeks to account for variation in light. All plants 

were grown between January 2018 and November 2019 in Keaʻau, Hawaiʻi (19.55733º N, -

154.97638º W). Average daily temperature was 72.5ºF (22.5ºC). Light measurements were taken 

at three locations inside and two locations outside the shade house, three times per day, every 

few weeks. Light inside the shade house averaged 73% of light outside the shade house.  
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Fertilization 

Each plant received a standard Hoagland N-free fertilizer corresponding to 0.252 g P m-2 

y-1 for phosphorus, a level that should make plant growth limited by non-nitrogen soil nutrients 

at high N levels. Three levels of nitrogen addition were used for each species: 0.3 g N m-2 y-1, 6 g 

N m-2 y-1, and 20 g N m-2 y-1 (low, medium, and high, respectively). Low N addition imitates a 

N-limited environment similar to young substrates in Hawaiʻi (Vitousek and Sanford 1986), 

medium N addition imitates a N non-limited environment similar to old substrates (Vitousek and 

Sanford 1986), and high N addition imitates a N-saturated environment (Menge et al. 2015). 

Labelled 15N fertilizer (Cambridge Isotope Labs, Tewksbury, MA, USA) was added with a 7 

atom %, making it distinguishable from atmospheric N (0.359-0.377 atom %). Fertilizers were 

added every other week by micropipette (Menge et al. 2015) beginning when true leaves had 

emerged and were open. 

Growth Measurements  

 Final growth measurements were taken for each plant. Measurements included: leaf 

count, height (cm), and stem diameter at base (mm). All components of the plants were harvested 

after approximately four months of growth (Menge et al. 2015). Leaf area (cm2) was measured 

on fresh leaves using a LI 3100 Area Meter (Licor, Inc. Lincoln, NE). Root nodules, roots, 

stems, and leaves were dried separately at 70ºC and weighed. Because plants were grown for 

different periods of time (115-132 days), measurements for height, stem diameter, total biomass, 

nodule biomass, root biomass, stem biomass, leaf biomass, and leaf area were converted to 

growth rates to account for variation in growth periods (growth rate = 
biomass measure

growth period
 x 365). Samples 

were then pooled (per individual) for % N and 15N analysis. Plant biomass is an indicator of the 

effects of N-limitation on plant productivity; root nodule mass is a measure of structural 

allocation to N fixation; % Ndfa indicates how much N has been fixed over the lifetime of the 

plant. 

Quantifying Nitrogen Fixation 

 The percentage of fixed N (% Ndfa) was quantified by comparing 15N enrichment in plant 

tissues to atmospheric N2, and between study species and reference plants. Non-fixing plant 

values were used as a baseline for comparison. Plant tissues were ground, and whole plant 



9 

 

subsamples were analyzed at the UC Davis Stable Isotope Facility (Davis, CA, USA) using a 

PDZ Europa ANCA-GSL elemental analyser coupled with a PDZ Europa 20-20 isotope ratio 

mass spectrometer (Sercon Ltd., Cheshire, UK). Isotopic values were converted to atom % and 

standard atmospheric 15N value was subtracted to give atom % excess (AE). Tissue 15N values of 

individuals were averaged per species and treatment before calculating % Ndfa using the 

following equation (Yelenik et al. 2013):  

% Ndfa =  
15N AEnon-fixer – 15Nfixer x 100 

15N AEnon-fixer 

 

Statistics and Analyses 

 To investigate differences in species means for growth rates, allocation traits, and N-

fixation traits, linear models (two-way ANOVAs) were performed on two factors, species and N 

treatments, followed by Tukey’s honest significant difference (HSD) post hoc comparison test. 

Each reponse variable was analyzed separately for individual species. Main response variables 

include: biomass growth rate and leaf area growth rate to represent growth; SLA and root-to-

shoot ratio to represent resource allocation; and nodule density, % N in tissue, and % Ndfa to 

represent N fixation traits. Height, stem diameter, total biomass, root-to-shoot ratio, and leaf area 

data were log transformed to achieve normality. Untransformed data are represented in figures. 

FAMO and SESI are missing data for leaf biomass and are excluded from statistical tests for leaf 

biomass and SLA.  

 To determine fixation strategies for each species, biomass N, nodule density, and % Ndfa 

were plotted against N addition treatments for qualitative evaluation. Biomass N for fixers was 

plotted with biomass N for the non-fixer SESI, whose values were used for soil end members in 

% Ndfa calculations. Strategies were determined based on the shape of the plots compared to 

suggested models from Menge et al. (2015). 

 To investigate traits and trait plasticity, a principal components analysis (PCA) was 

conducted on all response variable means (biomass, height, stem diameter, and leaf area growth 

rates, root-to-shoot ratio, nodule density, % N in tissue, % Ndfa) to explore species grouping in 

trait space. To investigate if trait plasticity correlated with N-fixation ability, plasticity indices 
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were calculated using the coefficients of variation (Schulten et al. 2014) for several uncorrelated 

functional traits (biomass, height, stem diameter, leaf area, root-to-shoot ratio, % N in tissue). A 

second PCA was run and the resulting PC 1 scores were regressed with N-fixation trait means for 

HN treatment per species. Statistical analyses were performed using RStudio1.2.5033 (RStudio 

2015) and PRIMER v6 (Clarke and Gorley 2006). 
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Results 

 All growth measurements, allocation traits, and N-fixation traits were found to have 

statistically significant differences among species (Table 2). ERVA had the highest biomass 

growth rate (g yr-1), leaf area growth rate (cm2 yr-1) , and % Ndfa. SEGR had the lowest nodule 

density (mg g-1), % N in tissue, and % Ndfa. While SASA had the lowest biomass and leaf area 

growth rates, it had the highest specific leaf area (SLA, cm2 g-1), nodule density, % N in tissue, 

and was among the highest root-to-shoot ratio and % Ndfa. ALLE had the lowest SLA and the 

highest root-to-shoot ratio. ACCO had the lowest root-to-shoot ratio and was among the highest 

% Ndfa. PTIN, FAMO, and PIDU were intermediates among growth, allocation, and N-fixation 

traits (Figures 2-4). The non-fixing species, SESI, did not nodulate and did not fix any N.  

  

  
FIGURE 2. Growth rates for each species ordered from left to right by HPWRA score (low to high), separated by N-

fixers (left) and non-fixer SESI (right). Biomass is measured in g yr-1, leaf area is measured in cm2 yr-1. Means are 

represented by solid red triangles, medians are thick black midlines of each box, edges of boxes show the upper and 

lower quartiles, whiskers show the highest and lowest values excluding outliers, outliers are represented by black 

circles, and letters indicate significant differences (p<0.05, ɑ=0.05) among species. 
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FIGURE 3. Allocation traits for each species ordered from left to right by HPWRA score (low to high), separated by 

N-fixers (left) and non-fixer SESI (right). Specific leaf area (SLA) is measured in cm2 g-1, root-to-shoot is a biomass 

ratio. Means are represented by solid red triangles, medians are thick black midlines of each box, edges of boxes 

show the upper and lower quartiles, whiskers show the highest and lowest values excluding outliers, outliers are 

represented by black circles, and letters indicate significant differences (p<0.05, ɑ=0.05) among species. Data are 

missing for FAMO and SESI for SLA. 
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FIGURE 4. N fixation traits for each species ordered from left to right by HPWRA score (low to high), separated by 

N-fixers (left) and non-fixer SESI (right). Nodule density is represented as g nodules to g biomass, % N in tissue is 

total N (including N from soil and N from fixation), % Ndfa is percent of N derived from fixation. Means are 

represented by solid red triangles, medians are thick black midlines of each box, edges of boxes show the upper and 

lower quartiles, whiskers show the highest and lowest values, and letters indicate significant differences (p<0.05, 

ɑ=0.05) among species.  
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 Growth measurements, allocation traits and N-fixation traits were affected by N addition 

treatments as well (Table 2). Statistically significant differences in means for all response 

variables were found except SLA. No significant difference was found between low and medium 

treatments for % N in tissue (Figure 5).  

 

TABLE 2. Results of two-way ANOVAs for N-fixers by factors species and N treatment 

Variable Species N Species x N 

  P value F value Df P value F value Df P value F value Df 

Growth rates           
  

   biomass  <0.001 100.131 7 <0.001 74.034 2 <0.001 19.183 14 

   height <0.001 118.493 7 <0.001 93.831 2 <0.001 17.136 14 

   stem diameter <0.001 437.243 7 <0.001 53.087 2 <0.001 11.533 14 

   nodule biomass <0.001 164.854 7 <0.001 7.913 2 <0.001 4.741 14 

   root biomass <0.001 140.900 7 <0.001 10.075 2 <0.001 4.123 14 

   stem biomass <0.001 166.658 6 <0.001 17.215 2 <0.001 4.768 12 

   leaf biomass <0.001 106.041 6 <0.001 32.237 2 <0.001 7.674 12 

   leaf area <0.001 65.508 7 <0.001 56.058 2 <0.001 11.312 14 

Allocation traits           
  

   SLA <0.001 138.901 6 0.638 0.449 2 <0.001 2.574 12 

   root-to-shoot ratio <0.001 115.691 7 <0.001 18.346 2 0.022 1.935 14 

N-fixation traits           
  

   nodule density <0.001 68.498 7 <0.001 44.129 2 <0.001 3.467 14 

   % N in tissue <0.001 90.573 7 <0.001 11.452 2 <0.001 4.344 14 

   % Ndfa <0.001 199.227 7 <0.001 640.994 2 <0.001 14.307 14 

F. moluccana is not included in statistical tests for stem biomass, leaf biomass, or specific leaf area due to missing data. S. 

siamea is a non-fixer and was not included in statistical tests. P-values, F-values, and degrees of freedom given with ɑ=0.05. 

 

Strong evidence for interaction effects of the two factors (species and N treatments) was found 

for all response variables except root-to-shoot ratio (Table 2). SEGR, FAMO, ACCO, and PIDU 

had statistically significant increases in means with N addition for biomass and leaf area growth 

rates, while SASA had statistically significant decreases (Figure 6). SEGR and PIDU had 

statistically significant differences in means across N treatments for SLA. SEGR had highest 

mean SLA with medium N addition, while PIDU had lowest mean SLA with medium N addition 

(Figure 7). ERVA, SEGR, FAMO, and PIDU had statistically significant decreases in means 

across N treatments for root-to-shoot ratio, although PIDU increased with medium N addition 

(Figure 7). ERVA, PTIN, ALLE, FAMO, ACCO, and PIDU had statistically significant 
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decreases in means across N treatments for nodule density, although ACCO increased with 

medium N addition (Figure 8). ERVA, SEGR, SASA, FAMO, and PIDU had statistically 

significant differences in means across N treatments for % N in tissue, ERVA and SEGR had 

variable responses while SASA, FAMO, and PIDU increased with N addition (Figure 8). All 

species had statistically significant decreases in means across N treatments for % Ndfa (Figure 8). 

 Fixation strategies were determined for each species as either facultative, over-regulating 

facultative, or obligate. SASA was determined to be the only obligate strategy user. Biomass 

growth rates for SASA decreased with N addition, therefore biomass N (mg N in tissue) 

 

 
FIGURE 5. Growth measurements, allocation traits, and N fixation traits distributions for N addition treatments that 

were found to have statistically significant difference in means. Means are represented by solid red triangles, 

medians are thick black midlines of each box, edges of boxes show the upper and lower quartiles, whiskers show the 

highest and lowest values excluding outliers, outliers are represented by black circles, and letters indicate significant 

differences (p<0.05, ɑ=0.05) between species. No statistically significant differences were found among treatment 

means for SLA. 

 



16 

 

 

 

FIGURE 6. The effect of N addition on growth rates among species ordered from left to right by HPWRA score 

(low to high). SEGR, SASA, FAMO, ACCO, and PIDU had statistically significant differences across N addition 

for biomass and leaf area growth rates, represented by the asterisk above species names. Bars are means (± 1 SE) of 

responses to N treatments low (red), medium (green), and high (blue) (p<0.05, ɑ=0.05). 

* * * * * 

* * * * * 
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FIGURE 7. The effect of N addition on allocation traits among species ordered from left to right by HPWRA score 

(low to high). Significant differences in means are represented by an asterisk above species names. SEGR and PIDU 

had statistically significant differences in means across N treatments for SLA. ERVA, SEGR, FAMO, and PIDU 

had statistically significant differences (p<0.05, ɑ=0.05) in means across N treatments for root-to-shoot ratio. Bars 

are means (± 1 SE) of responses to N treatments low (red), medium (green), and high (blue) (p<0.05, ɑ=0.05). 

* * 

* * * * 
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FIGURE 8. The effect of N addition on N fixation traits among species ordered from left to right by HPWRA score 

(low to high). Significant differences in means are represented by an asterisk above species names. ERVA, PTIN, 

ALLE, FAMO, ACCO, and PIDU had statistically significant differences in means across N treatments for nodule 

density. ERVA, SEGR, SASA, FAMO, and PIDU had statistically significant differences in means across N 

treatments for % N in tissue, and all had statistically significant differences in means across N treatments for % Ndfa. 

Bars are means (± 1 SE) of responses to N treatments low (red), medium (green), and high (blue) (p<0.05, ɑ=0.05). 

* * * * * 

* * * * * 

* * * * * * * * 
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decreased as well. However, nodule density remained consistent while % Ndfa decreased with N 

addition (Figure 9). A facultative strategy was determined for each of the other species. With an 

increase in biomass N across N treatments, the other seven species regulated nodule growth 

(decreased nodule density) and N fixation (decreased % Ndfa) to some extent (Figure 9).  SEGR, 

FAMO, and PIDU regulated fixation with the highest magnitude leaving them N limited at the 

high N treatment (Figure 9), appearing to be over-regulating. 

 A PCA on all species traits showed species grouping by growth rates and N-fixation 

traits. (Figure 10). PC1 was strongly associated with growth (driven by biomass, height, stem 

diameter, and leaf area growth rates, and root-to-shoot ratio), explaining 49% of the variation 

among species groups. PC2 was strongly associated with N-fixation traits (driven by nodule 

density, % N in tissue, and % Ndfa), explaining 32% of the variation. Together these two axes 

explained over 80% of the variation among species groups. SASA had high measures of nodule 

density, % N in tissue, and % Ndfa, across all three N treatments, showing that it had little or no 

ability to regulate fixation under varying nutrient conditions. SASA was intermediate for growth 

overall, a potential trade-off for contributing so much energy to fixation. ERVA had the most 

aggressive growth, but intermediate for N-fixation traits. SEGR, FAMO, and PIDU had low 

measures of nodule density and % Ndfa at the highest N treatment. Growth for these species was 

low compared to other species, possibly due to N limitation. ERVA, PTIN, ALLE, and ACCO 

were moderate in their N-fixation traits compared to other species and varied in growth 

compared to each other.  

 Regression analyses between trait plasticity and N-fixation traits resulted in a clear 

association. PC score 1 explained 75.2% of the variation and was used as the plasticity index for 

each species. An increase in plasticity was associated with an increase in fixation regulation via 

reduction in nodule biomass (r2=0.49, F1,6=8.69, p>0.05) and reduction in % Ndfa (r
2=0.89, 

F1,6=32.19, p>0.01) (Figure 11). SASA had low trait plasticity and did not show any capacity to 

regulate N fixation. SEGR, FAMO, and PIDU had the most trait plasticity and were able to 

regulate their N fixation with the greatest magnitude. 
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Samanea saman 

     (a) 

 

Pterocarpus indicus 

     (b) 

 
 

Falcataria moluccana 

     (c) 

 
FIGURE 9. N fixation traits plotted against N addition treatments for obligate (a), facultative (b and c), and over-

regulation (c). Blue triangles represent means (± 1 SE) for N-fixing species, orange triangles represent means (± 1 

SE) for the non-fixer SESI. The obligate fixation strategy was determined for SASA (a), facultative for several other 

species (b, only PTIN shown here), and facultative over-regulation for SEGR, FAMO, and PIDU (c, only FAMO 

shown here). Note the difference in scale on y-axes. 
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FIGURE 10. Principal components analysis with species means for growth (biomass, height, stem diameter, and leaf 

area growth rates), allocation (root-to-shoot ratio), and N fixation (nodule density, % N in tissue, and % Ndfa). 

Separation of species along PC1 was driven by growth and allocation traits, PC2 was driven by N-fixation traits. 
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  (a) 

 
   

 

  (b) 

 
FIGURE 11. Plasticity indices (PC score 1) regressed with species means with HN treatment for nodule density (a) 

and % Ndfa (b). Facultative strategy is represented by blue dots, over regulation strategy is represented by red dots, 

obligate strategy is represented by yellow dots. A lower plasticity index means greater plasticity. Plasticity indices 

were found to be positively related to nodule density (r2=0.49, F1,6=8.69, p>0.05) and % Ndfa (r2=0.89, F1,6=32.19, 

p>0.01). 
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Discussion 

 Using an isotopic tracer, my study revealed that the eight N-fixing species varied in their 

growth, allocation, and N-fixing traits, and could be grouped into three distinct fixation 

strategies: one species, SASA (LR), used the obligate strategy; three species, SEGR (LR), 

FAMO (HR), and PIDU (HR), used over regulation; and four species, ERVA (LR), PTIN (LR), 

ALLE (HR), and ACCO (HR), used a facultative strategy. Strategies appear to be associated 

with the trait plasticity of each species, but do not appear related to HPWRA scores. The results 

of this experiment support the idea that many Fabaceae species are facultative fixers (Barron et 

al. 2001; Pearson and Vitousek 2001; Menge et al. 2015) and that the obligate strategy may be 

rare.  

 One LR species, SASA, demonstrated an obligate strategy where it did not show the 

ability to adjust fixation (i.e., reduce nodule density and % Ndfa) even when more soil N was 

available (Figure 9). SASA is native to northern South America, has naturalized throughout the 

tropics, but is only considered invasive in Fiji and Vanuatu (Staples and Elevitch 2006). Obligate 

fixers tend to do poorly in tropical ecosystems, which are typically not N limited, because the 

investment of resources into long-lasting nodules that fix N at a constant rate is too costly to 

compete with coexisting non-fixers (Menge et al. 2009). However, young volcanic substrates in 

Hawaiʻi are N limited (Vitousek and Sanford 1986) and may provide a habitat suitable for 

colonization of symbiotic N-fixing species using the obligate strategy. Obligate fixers can do 

well in tropical ecosystems during early succession if N availability is low, but after enriching 

the soil via fixation and litterfall they will likely be outcompeted by non-fixers (Menge et al. 

2014). In N-rich environments, comparable to the oldest substrates in Hawaiʻi (Vitousek and 

Sanford 1986), obligate fixers likely over-fix, leading to N losses (via tissue turnover), and loss 

of their competitive advantage. 

 Conversely, facultative strategy users downregulate fixation depending on soil N 

availability to meet the needs of the plant. With higher N availability, facultative fixers will 

decrease resource expenditures to fixation and allocate them to growth resulting in changes in 

biomass, leaf area, and root-to-shoot ratio (Pearson and Vitousek 2001). Within the facultative 

strategy, there can be three strategy distinctions: over regulation, so that with increased soil N 

availability fixation is downregulated so much that less N is fixed than is needed to meet the 
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plant’s demand (making it N limited); under regulation, where increased regulation occurs with 

increased soil N availability, but regulated to the point that fixed N is greater than the needs of 

the plant; and incomplete down regulation, in which there is some down regulation, but fixation 

rate will stay constant in all soil conditions (Menge et al. 2015). These changes were found in 

each of the other experimental species (aside from SASA) to varying degrees (Figures 6, 7, and 

8). ERVA, PTIN, ALLE, and ACCO reduced fixation with N addition, and were determined to 

be facultative fixers. ERVA is a LR species indigenous to the tropics of the Old World, likely 

originating in India to Malaysia. It has been cultivated throughout the tropics and is not 

considered to be invasive due to unsuccessful dispersal of large seeds (Whistler and Elevitch 

2006). ERVA is susceptible to gall wasp infestation causing defoliation and stem degradation 

from gall formation. ERVA did fall prey to infestation for this experiment and would likely need 

to be reevaluated under more protective growing conditions to conclusively determine the 

fixation strategy used. PTIN is a LR species native to Southeast and East Asia, and the northern 

and southwest Pacific region. It has been cultivated and naturalized in Central and South 

America, Africa, Asia, the Caribbean, and several Pacific islands (CABI 2020). PTIN is not 

likely to invade intact native plant communities (Thomson 2006) but has been shown to be 

invasive outside its native range as it is highly adaptable to different conditions and a pioneer in 

disturbed areas (CABI 2020). PTIN and ALLE responded to N addition the same way across all 

variables with similar magnitude for this experiment. ALLE is a HR species native to tropical 

Asia and Australia, introduced and naturalized in many parts of the tropics where it invades 

natural environments (Global Invasive Species Database 2020), and is considered highly 

invasive in the Bahamas and Caribbean region (CABI 2020) and throughout the tropics (US 

Forest Service 2020). ACCO is a HR species native to Taiwan and the northern Philippines. Its 

biology and management have not been widely studied, but due to its invasive nature in Hawaiʻi, 

it is not recommended for introduction to new islands (CABI 2020). 

 Over regulation was clearly observed in SEGR (LR), FAMO (HR), and PIDU (HR) 

based on their negative values for % Ndfa with high N treatment (Figure 8). SEGR is native to 

South and Southeast Asian countries and has been cultivated throughout the tropics. It is reported 

to be invasive on many Pacific islands, the Philippines, and the Chagos in the Indian Ocean but 

is evaluated as low risk in Hawaiʻi (CABI 2020). FAMO is native to the Moluccas and has been 

introduced throughout the tropics. It is invasive in natural forests on Pacific islands and Indian 
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Ocean islands and is banned from import (of any whole or plant parts) in French Polynesia 

(CABI 2020). PIDU is native to Central America and has been introduced throughout the tropics 

and subtropics. It is a highly invasive species due to its adaptability to different environments 

and its rapid germination rate (CABI 2020). Two things stand out with respect to fixation 

patterns for these three species: First, % Ndfa does not drop below zero, either there is fixation (a 

positive %) or there is not (0 %). Second, implementing an over regulation strategy means that 

the plant down regulates fixation to the extent of becoming N limited, which would inhibit 

growth. However, SEGR, FAMO, and PIDU all had increased growth rates and shoot allocation 

with N addition (Figures 6 and 7). These behaviors lead me to believe that using a representative 

non-fixer (SESI) for the soil end-member of % Ndfa calculations is not the best method. In Menge 

et al. (2015), these data were derived by inoculating half the individuals per species with 

bacterial symbionts and withholding inoculum from the other half. The individuals without 

symbionts did not nodulate or fix any N, so these sets of data were compared to find % Ndfa. 

With this method, more precise calculations could be performed.  

 Under regulation may have been observed in PTIN and ALLE because although they had 

no change in growth rates and shoot allocation (Figures 6 and 7), they did have significant 

decreases in nodule density and % Ndfa with N addition (Figure 8). This implies that there was 

some regulation occurring, but perhaps not enough to maintain tissue and increase growth. Using 

the experimental method described above (Menge et al. 2015) would be more conclusive. 

 In a review and synthesis, Richards et al. (2006) acknowledge that greater trait plasticity 

generally implies that a species can sustain fitness in unfavorable conditions, and/or increase 

fitness when conditions are more favorable, and that invaders tend to have greater plasticity in 

fitness traits in response to environments that correspond with the plastic traits. I found that there 

was a positive correlation between trait plasticity in response to N addition and the ability to 

regulate N fixation (Figure 11). SASA had the least trait plasticity and was determined to be 

using the obligate fixation strategy. This implies that SASA has little capacity to adapt to 

changing or new environments and would not likely be an aggressive invader, but may have 

more success colonizing younger substrates based on its fixation strategy. On the other hand, 

SEGR, FAMO, and PIDU had the most trait plasticity and down regulated fixation with the 

greatest magnitude. This implies that these three species do have the capacity to adapt to 
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changing environments and would very likely be aggressive invaders since they are able to 

capitalize in varying nutrient conditions (Daehler 2003). Being N fixers, we would expect the 

species in this experiment to be invasive if their N-fixation traits were the most plastic and the 

environment was N poor. In other words, they would utilize a perfectly facultative fixation 

strategy, allowing them to coexist with natives adapted to the N-poor local environment and 

outcompete them through resource conservation and allocation, similar to what was observed by 

Funk and Vitousek (2007) in their investigation of resource-use efficiency and plant invasion in 

Hawaiʻi. FAMO and PIDU both appear to fall into this specific situation: they were found to 

have high trait plasticity, utilized an efficient facultative fixation strategy, and have successfully 

invaded (coexisted and outcompeted natives) N-poor and N-rich environments in Hawaiʻi. 

 Under regulation may have been used by PTIN and ALLE, but could not be conclusively 

determined. Although I did determine a diversity of fixation strategies in plants with a wide 

range of HPWRA scores, I did not find an association between fixation strategies and risk; thus, 

this particular hypothesis was not supported. Several reasons may contribute to this finding. 

First, the HPWRA is not a continuous scale from lowest risk scores to highest risk scores, and 

does not consider interactions between plant functional traits. Rather, it asks a series of “yes” or 

“no” questions about the plant’s life-history traits, native geographic and climate range, and 

history of invasiveness outside its native range and generates an additive score (Daehler et al. 

2004). Answers to the questions are derived from scientific literature and experts in the field. 

Assessment scores using this system should ultimately be considered a prediction of whether an 

introduced plant is likely to become invasive in Hawaiʻi, rather than as a scale for how invasive a 

species is likely to become if introduced. Second, there is only one question on the HPWRA that 

asks whether or not a species can fix N. N fixation itself does not determine whether or not a 

species will be invasive, but the strategy used for fixation may carry more weight than just one 

“yes” or “no” answer.  

 Perhaps N-fixation strategy in conjunction with other invasive traits contribute to 

invasiveness in Hawaiʻi. However, in comparing HPWRA datasheets for each species 

(Appendices A-I) there is no clear pattern between responses and N-fixation strategies. In other 

words, the three over-regulating facultative fixers (SEGR, FAMO, and PIDU) in this study do 

not share a set of HPWRA responses that is set apart from the rest of the species’ responses. 
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Many responses are the same, for example: are they suited to tropical climates? Yes; have they 

naturalized beyond their native ranges? Yes; do they tolerate a wide range of soil conditions? 

Yes. The responses that do vary among these three species, for example: does it form dense 

thickets? SEGR no, FAMO no, PIDU yes; are propagules adapted to wind dispersal? SEGR no, 

FAMO yes, PIDU no, etc., do not show a pattern. In addition, the remaining five species in this 

experiment typically had the same answer as the common answer for the above questions.  

 My findings suggest that species identity and N addition had strong effects on growth and 

fixation traits, which is consistent with other recent studies (Batterman et al. 2013, Wurzburger 

and Hedin 2015). Trait plasticity allows species to adapt to changing environments and was 

shown to be highest in those species that were able to regulate fixation with the greatest 

magnitude. In tropical forests, different N-fixing tree species fix N at different developmental 

stages (age) and at different rates, implementing mostly facultative strategies (Batterman et al. 

2013). Fixation strategies are inherent in and vary across individual species, and fixation occurs 

in response to growth and resource availability (Wurzburger and Hedin 2015). This is the first 

study, to my knowledge, to seek to determine N-fixation strategies for invasive and non-invasive 

non-native plants intending to answer the question of whether fixation strategy is related to 

invasiveness. Only eight species were observed for this study and it is unclear whether fixation 

strategies contribute to invasiveness. More studies are needed to conclusively answer this 

question. My results suggest that fixation strategies are associated with trait plasticity, a known 

characteristic of invasive species, but are not associated with weed risk assessment scores using 

the HPWRA.  
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