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Successful conservation management requires an understanding of how species 

respond to intervention.  Native and exotic species may respond differently to 

management interventions due to differences arising directly from their native or exotic 

origin (i.e., provenance) or from differences in life-history or phylogenetic lineage that 

are associated with provenance.  Thus, selection of a successful management regime 

requires knowledge of the life history and provenance-bias in the local flora and an 

understanding of the interplay between species characteristics across existing 

environmental gradients in the landscape.  In my thesis, I examine the Pacific 

Northwestern upland prairies where the exotic grass flora contains more annual species 

and species within the Aveneae and Poeae tribes than does the native grass flora, 

presenting an opportunity to examine how provenance, phylogeny, and life span can 

interact to determine species distributions along natural gradients of soil chemistry.   

I analyze data collected in 2005 and 2006 in ten upland prairie sites from southern 

British Columbia, Canada to the central Willamette Valley in Oregon, USA for grass 

species abundance and soil chemistry.  I then test the co-structure between grass species 

characteristics (provenance, phylogeny, and lifespan), patterns of abundance, and 

underlying soil chemistry.  I find that while soil chemistry exerts strong control over 

community composition, community differences among sites were unrelated to 

provenance, life span, or phylogenetic grouping.  



I performed a greenhouse fertilization study to examine more carefully the 

biomass and root-to-shoot ratio response of common grass species to nitrogen and 

phosphorous supply.  In this more controlled setting, nitrogen and planting density had 

the strongest effects on individual plant biomass. As with the field data, species responses 

to nutrient additions did not vary as a function of provenance, lifespan, or phylogeny.  

Thus manipulations of nutrient supplies may have predictable effects on single 

target species but are unlikely to alter the overall balance between native and exotic 

species.  These results from my thesis work can guide future grassland restoration and 

management planning.   
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Provenance, Lifespan, and Phylogeny: Testing a Conceptual Framework For Plant 

Community Management 

 

 

INTRODUCTION 

 

A primary goal of conservation and restoration management is to increase the 

abundance of native species and reduce exotic species dominance. A variety of 

management interventions have been used to accomplish this goal (Hobbs and 

Humphries 1995), however the effectiveness of these tools is difficult to predict a priori.  

As a result, many management plans are often heuristic and idiosyncratic (Palmer et al. 

1997, Young et al. 2005).  While management interventions most frequently are intended 

to fractionate communities based primarily on provenance (i.e., native versus exotic 

origin), community and invasion ecology suggest that provenance per se is only one of at 

least three axes of species characteristics, provenance, life history, and phylogeny, that 

may govern species performance in response to management (Brandt et al. 2009). 

While species-specific methods exist to control many focal exotic species (e.g., 

use of specialist consumers in biological control), more general management 

interventions (e.g., manipulation of burning regime or generalist consumers) will only 

reduce exotic dominance if the exotic community shares a unique suite of traits that 

increase its long-term susceptibility to a particular management practice relative to the 

native community (Shea and Chesson 2002, Mitchell et al. 2006, Parker et al. 2006, 

Orrock et al. 2008).  However, some management actions to restore native grassland 

communities, such as burning or altering nutrient supplies, divide a community based on 

life-history and phylogeny rather than directly on provenance (Hobbs and Humphries 

1995, Mitchell et al. 2006).  For example, burning to remove invasive woody species or 

spraying taxa-specific (e.g., grass or broadleaf) herbicides can be effective for controlling 

exotic species only when the invasive community is biased towards a woody life-history 

or towards taxa susceptible to a specific herbicide (Ansley and Castellano 2006). 

Similarly, manipulation of resource supply rates may alter the abundance of exotic 

species only if they differ systematically from natives in their resource-use patterns 
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(Tilman et al. 1999, Daehler 2003, Harpole et al. 2007). Greater clarity about the general 

effects of management actions will arise from a mechanistic understanding of the direct 

and indirect pathways by which management actions alter native or exotic dominance.  

Here I describe a framework for grassland management based on the three plant 

characteristic axes of provenance, life history, and phylogeny. 

Provenance is the plant characteristic most restoration activities seek to target and 

in some situations, provenance may directly drive species responses.  For example, exotic 

species may flourish in an introduced area when released from the pressure of natural 

enemies like herbivores or pathogens, allowing allocation of resources to competition 

instead of defense (Agrawal et al. 2005, Mitchell et al. 2006).  Similarly, exotic species 

may become successful in their introduced ranges because they are able to exploit 

unoccupied niches, accessing resources that native species cannot (Mitchell et al. 2006).  

Conversely, environments with low resource availability often benefit native plant 

performance (Daehler 2003), presumably because native plants have evolved in place 

with resource limited conditions (Vitousek et al. 1997).  Biological control is one 

management technique that directly targets an invasive plant’s provenance by re-

associating it with an effective consumer from its native range, thereby reducing its 

density and impact on the invaded community (McEvoy et al. 1991).   

The second axis of species characteristics that can be considered when selecting a 

management regime is life-history.  Species with novel life-histories have been shown to 

be more effective invaders (Fargione et al. 2003).  Species’ provenance can covary with 

life-history; exotic species pools can be biased towards life-history groups such as annual 

or nitrogen-fixing species (Vitousek et al. 1987, Seabloom et al. 2006).  Species with an 

annual lifespan direct their energies to rapid above-ground growth to maximize 

reproductive output in a single season while perennial species invest in below-ground 

structures to maximize their resource-capture abilities, enabling them to effectively 

compete for water and nutrients (Grime and Hunt 1975, Jackson and Roy 1986, Garnier 

1991, Holmes and Rice 1996).  Such allocation-based tradeoffs may allow species to 
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coexist (Tilman 1990, Bolker and Pacala 1999, Chesson 2000), but also provide a critical 

distinction that can be exploited to effectively manage invasion by species with unique 

life-histories.  For example, varying disturbance frequencies, like mowing or burning, has 

effectively been used to reduce the relative abundance of exotic annual species in native, 

perennial-dominated communities (D'Antonio and Vitousek 1992, Stromberg and Griffin 

1996, Seabloom et al. 2003).   

Finally, the phylogenetic lineage from which a species has descended may be 

paramount in determining restoration success (Cavender-Bares et al. 2009).  Traits shared 

by a closely related native and exotic species pair that allow the native to be successful 

should predispose the exotic species to success as well (Strauss et al. 2006).  On the other 

hand, if phylogenetic relatedness also means that species have strongly overlapping 

resource needs, then Darwin’s naturalization hypothesis predicts that invaders most 

closely related to native species will be least successful at establishing in a novel location 

(Mitchell et al. 2006, Strauss et al. 2006).  Phylogeny can be a focal characteristic for 

managers.  For example, the post-emergent herbicide Poast® (active ingredient: 

sethoxydim), to which only certain grass genera are susceptible (Stanley et al. 2008), is 

commonly used in grassland restoration.   

Resource competition and spatial variability in resource supply rates form the 

core of one of the most well known mechanisms governing species coexistence (e.g., the 

resource-ratio theory [Tilman 1982], and the spatial storage effect [Chesson 2000]), 

though experimental tests of the effects of resource environment on coexistence 

outcomes in communities remain rare (Seabloom et al. 2003, Corbin and D'Antonio 

2004, Miller et al. 2005, Harpole 2006, Harpole and Tilman 2006); even more rare are 

applications of this theory to control of exotic species (but see Tilman et al. 1999).  

Previous work suggests that increased nitrogen availability can confer a competitive 

advantage to invasive exotic species (Vitousek et al. 1987, Huenneke et al. 1990), and 

there is correlative evidence that lower nitrogen levels can reduce competitive pressure 

from exotics (Daehler 2003, Lowe et al. 2003).  Manipulating the resource supply to 
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favor a suite of desirable (i.e., native) species or reduce the abundance of the undesirable 

component (i.e., exotic species) of the community could form the foundation for an 

effective management technique if growth response to nutrient supply can be predicted 

from measurable species characteristics.   

Here, I focus on the role of resource availability in determining the composition 

of a suite of coexisting native and exotic Pacific Northwestern upland prairie grasses.  

Specifically, I look for predictable relationships between the species characteristics of 

provenance, lifespan, and phylogeny in response to natural and constructed gradients of 

plant nutrients.  I address the following questions: (1) Are resource pools related to (a) 

the composition of the natural grass community and (b) species provenance, phylogeny, 

and lifespan? and (2) Can patterns of biomass accumulation and allocation in response to 

resource limitation in the greenhouse be predicted based on plant phylogeny, provenance, 

and life-history? As a test of resource competition theory, I employ high and low density 

growing conditions in my greenhouse study to impose the intraspecific growth 

constraints plants would experience under equilibrial conditions and vary the ratio of 

resource (N:P) availability to examine whether growth trade-offs result (Tilman et al. 

1982, Miller et al. 2005).   
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METHODS 

Study System 

The Willamette Valley-Puget Trough-Georgia Basin Ecoregion (WPG) is a 

5,550,000 ha area of coastal and intermontane alluvial lowlands spanning a latitudinal 

gradient of 600 km in Oregon and Washington, USA and British Columbia, Canada that 

hosts an array of ecological communities (Franklin and Dyrness 1973).  The WPG is 

undergoing rapid conversion of natural areas to urban, agricultural, or production forestry 

(Altman et al. 2001, Floberg et al. 2004).  Prairies in the WPG are among the most 

endangered habitats in the U.S.; only 0.1% of the historical range of Pacific Northwest 

native prairies remains today (Noss et al. 1995).  The enduring fragments are severely 

degraded by non-native species and encroachment by woody vegetation (Altman et al. 

2001, U.S. Fish and Wildlife Service 2008) and as such, are targets for ecological 

restoration.  

Pacific Northwest prairies differ from mid-continental U.S. prairies because of 

their Mediterranean climate characterized by rainfall from fall to spring leading to a 

winter to spring growing season (Xu and Baldocchi 2004).  West Coast prairies 

experience lower nitrogen deposition than their Midwestern counterparts (0-2 kg N/ha 

versus 2-3 kg N/ha; National Atmospheric Deposition Program 2007), and relatively low 

measures of plant-available nitrogen are recorded in Pacific Northwest prairie soils (10.8 

± 1.0 μg NH4
+
/g soil and 1.8 ± 0.2 μg NO3

-
/g soil; Griffith and Nelson unpublished data 

and, 1.8 ± 0.3 – 9.1 ± 0.3 μg NH4
+
/g soil and 0.7 ± 0.1 – 2.4 ± 0.2 μg NO3

-
/g soil; Pfeifer-

Meister and Bridgham 2007) .   

My investigation focuses on the grass portion of the flora because members of the 

family Poaceae have high natural diversity in Pacific Northwestern prairies (Sinclair et al. 

2006), and species of this family receive a great deal of management attention because 

they are overrepresented as natural area invaders (Daehler 1998).    
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Field Observation 

A regional-scale collaborative research project, the Collins Project, was 

established in Pacific Northwestern upland prairies in 2005 to evaluate strategies for 

controlling non-native herbaceous weeds.  The 11 sites included in the Collins Project 

range from the central Willamette Valley in western Oregon, USA, north through the 

Puget Trough-Georgia Basin Ecoregion in Washington State to Cowichan, British 

Columbia (Figure 1).  The sites selected for inclusion in the Collins Project represent 

intact, but degraded upland prairie fragments indicative of native to natural conditions.  

The observational data described in this paper were collected in 2005 and 2006 from the 

untreated control plots at ten of the eleven Collins Project prairie sites (see Stanley et al. 

2008 for detailed experimental design).    

Percent cover of all plant species and ground cover (lichens, bryophytes, litter, 

rock, and bare ground) was observed in four 1 x 1 m quadrats within each of the four 5 x 

5 m control plots at peak biomass in May in 2005 and 2006.  Percent cover data from all 

quadrats and plots were averaged over the two years of sampling to obtain values of 

mean cover for each site.  The dataset was then reduced to the subset of species in the 

grass family, Poaceae (Table 1), to focus on a single, diverse, functional group that serves 

as the focal group for many WPG conservation and restoration protocols.   

At each site visit, soil samples were collected from three randomly selected 

positions within each plot.  The soil cores, drawn from a 10-15 cm depth, were pooled 

and later analyzed at the USDA-ARS lab (Corvallis, Oregon) for percent soil moisture, 

pH, NH4
+
-N, NO3

-
-N, total organic carbon, total nitrogen, and total phosphorous 

(Dunwiddie et al. 2005, Griffith and Nelson unpublished data; Table 2).   

I calculated the average percent cover across two years of data and arcsine-

square-root transformed the species proportional cover data to improve normality.  I then 

relativized the matrix by species maxima to equalize species’ abundances (McCune and 

Grace 2002).  A rare species that only occurred at a single site, Melica subulata, was 

removed from the analyses.  Nonmetric multidimensional scaling (NMS) was used to 



7 

 

ordinate sampling plots in terms of species abundance (Kruskal 1964, Mather 1976).  The 

analysis, which was run with PC-ORD statistical software (version 5.04, McCune and 

Mefford 2006) on Autopilot set to ―slow and thorough‖ using Sørensen’s distance 

measure, began with a random starting configuration and ran through 250 iterations to 

find the single solution with the lowest stress and instability.  The best dimensionality of 

the solution was assigned by PC-ORD and verified by a scree plot of final stress versus 

dimensions of the solution.   

Mantel tests were used to determine whether there was a correlation between the 

soil chemistry variables and the NMS ordination scores of sample units in species space 

(Mantel 1967, McCune and Grace 2002).  This method calculates the standardized 

Mantel statistic (r) as a measure of effect size, which is equivalent to the Pearson 

correlation coefficient between the corresponding elements of two matrices standardized 

by the variances in the two matrices.  Monte Carlo randomization tests (1000 iterations) 

were used to evaluate the test statistic using PC-ORD (McCune and Mefford 2006). 

RLQ analysis was used to examine the co-structure between the soil variables 

sampled from the field observational plots (R matrix) and the life-history, provenance, 

and phylogenetic affiliation of the grasses observed there (Q matrix, Table 1), using grass 

species cover observed in each plot (L matrix) as a link (Dolédec et al. 1996).  RLQ 

analysis is a co-inertia (i.e., eigenvalue-based) method that searches for associations 

between environmental variability and species attributes by first ordinating the R, L, and 

Q matrices separately using normed principal components analysis (i.e., PCA on a 

correlation cross-products matrix) for the R and Q matrices and correspondence analysis 

on the L matrix, then using the resulting site and species scores to constrain the selection 

of a new set of axes which maximize the covariance between the R and Q tables.  RLQ 

analysis takes into account only a fraction of the total variance in the R, L, and Q 

matrices because the structure of the individual matrices can only be partially optimized 

due to the constraints imposed by a joint analysis.   
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A Monte Carlo permutation test was used to examine the significance of the co-

structure between R and Q; the null hypothesis was that R and Q were independent.  

Rows of tables R and Q were shuffled and the total co-inertia value for 1000 iterations 

was compared to the observed value.  The RLQ procedures were conducted with the ade4 

package (Thioulouse et al. 1997, Dray and Dufour 2007)  in R (version 2.7.0, R 

Development Core Team 2008).   

Greenhouse Fertilization Experiment 

Eleven species of grasses, eight of which occurred in the field observational plots, 

were included in a fertilizer greenhouse experiment (Table 3) to investigate whether 

response to nutrient supply in controlled conditions varied predictably with the general 

species characteristics of phylogeny, provenance, and lifespan.  All eleven species occur 

in Willamette Valley upland prairies and were selected for inclusion in the experiment 

because they include an exotic, annual representative and exotic and native perennial 

representatives from each of four tribes of the grass family (Poaceae).  There are so few 

native annual grasses in the WPG grasslands, that I were unable to include them in the 

study.  Congeneric to con-tribal groupings of species were selected to explicitly account 

for phylogenetic biases in my results when testing for effect of provenance and life 

history (Felsenstein 1985, Agrawal et al. 2005, Brandt et al. in press).  The species used 

in the greenhouse experiment accounted for 32 ± 6% of the grass cover in the field plots.  

Seed for all species was either collected from local prairie reserves or purchased from 

local seed producers (Table 3).   

Ungerminated seeds were planted into 6.4 cm diameter by 25 cm depth, 656 mL, 

pots (Stuewe & Sons, Corvallis, Oregon) containing a moistened mixture of 1:1:1 washed 

sand, perlite, and vermiculite.  The seeds were allowed 5-10 d to germinate, then thinned 

to the desired density of 1 or 10 plants per pot.  Every pot was assigned to one of eighteen 

possible treatments representing a full factorial combination of the following factors: 

nitrogen addition (0.2%, 1%, or 10% of half-strength Hoagland’s nutrient solution), 
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phosphorous addition (0.2%, 1%, or 10% of half-strength Hoagland’s nutrient solution), 

and density (1 or 10 individuals per pot) (Table 4).  After germination and thinning, the 

pots were arranged in randomized positions on greenhouse benches (Corvallis, Oregon) 

and were maintained at a natural daylight regime supplemented by irradiance from 16/8 h 

500 W metal halide and 1000 W high pressure sodium bulbs at a 21º C/16º C temperature 

regime.   

All pots were treated semiweekly with a 50 mL fertilizer treatment alternating 

with a weekly watering of 50 mL reverse osmosis-treated water.  The fertilizer solutions 

were modified from a half-strength Hoagland’s nutrient solution (Hoagland and Arnon 

1938, Downs and Hellmers 1975).  The fertilizer solutions were modified to be nitrogen 

and phosphorous deficient, then NO3
-
-N and NH4

+
-N as NH4NO3 and PO4

3-
-P as KH2PO4 

were provided in a factorial combination at 0.2%, 1%, or 10% of the concentration 

prescribed in a half-strength Hoagland’s recipe to yield nine possible fertilizer 

combinations (Table 4).  The lowest levels of N and P used in my solutions provided the 

minimum level of these nutrients for survival but not growth, based on a pilot study that 

included nitrogen and phosphorus levels as low as 0.1% of the concentration prescribed 

in a half-strength Hoagland’s recipe (Benfield unpublished data). 

Destructive samples of above- and belowground biomass were collected after 

approximately 20 weeks of growth.  Shoot samples were oven dried to constant mass at 

60º C then weighed to the nearest 0. 1 mg. Root samples were washed free of potting 

media under a stream of deionized water before they were dried and weighed.  The 

procedure was repeated four times between September 2006 and June 2008, constituting 

four ―runs‖, or time-blocks.   

I tested a suite of explanatory variables from the greenhouse nutrient limitation 

experiment using multiple regression with backward selection following Crawley (2005) 

to examine whether patterns of biomass addition and allocation could be predicted on the 

basis of phylogeny, provenance, and lifespan.  The biomass and root-to-shoot ratio data 

from the 20-week harvest were limited to individuals that survived to the end of the 
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experiment; early harvests and plants that died before the end of the experiment were not 

considered in the analysis.  The response variables of total biomass and root-to-shoot 

ratio were logarithmically transformed to meet the assumptions of linear regression.  

Starting with a model containing all possible explanatory variables: temporal block, 

fertilizer N concentration, fertilizer P concentration, N:P ratio in the fertilizer solution, 

density, tribe, functional group (a combination of provenance and lifespan: exotic annual, 

exotic perennial, and native perennial), and all two and three-way interactions, I used a 

stepwise model selection procedure to select the multiple linear regression models with 

the smallest Akaike’s Information Criterion.  All model selection and fitting procedures 

were performed in R (version 2.7.0, R Development Core Team 2008).   
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RESULTS 

Field Observation 

The most abundant grass species observed in the field plots were Agrostis spp. 

(mix of A. tenuis and A. exarata), Arrhenatherum elatius, Bromus sterilis, and Dactylis 

glomerata, while the least abundant species were Cynosurus echinatus, Melica subulata, 

and Koeleria macrantha (Table 1).  The species with the highest frequency of occurrence 

were Agrostis spp., Holcus lanatus, Festuca roemeri, and Poa pratensis, whereas Festuca 

arundinacea, M. subulata, and Vulpia bromoides only occurred at one site each (Table 

1).  Of these species, only Festuca roemeri, Melica subulata, and Koeleria macrantha are 

native. 

Chemical analysis of the field soils indicated low soil nitrogen levels throughout 

the region (Agriculture Water Quality Alliance 2009) and a narrow range of slightly 

acidic pH (Table 2).  High total organic carbon values may have been due to inclusion of 

additional organic materials from the topmost horizon in the soil sample (Dunwiddie et 

al. 2005; Table 2). 

The cover of the perennial grasses Anthoxanthum odoratum, Bromus carinatus, 

and Poa pratensis were highly positively correlated with soil nitrate (Table 1).  B. 

carinatus and Festuca roemeri, two native perennial species, were the most positively 

correlated with soil ammonium, while the exotic annual, Aira caryophyllea, was strongly 

negatively correlated with ammonium (Table 1).  Two perennial species, A. odoratum 

and B.  carinatus were most strongly positively correlated with soil total phosphorus, 

while C. echinatus and Elymus glaucus were most strongly negatively correlated with 

total phosphorus (Table 1).   

The NMS ordination of sample units in n-dimensional species space had a three 

dimensional solution that accounted for 86.5% of the distance in the original data set 

(Monte Carlo test; P = 0.0196; final stress = 11.67, final instability = 0.00001 in 139 

iterations).  Axis 1 explained 41.7% of the variation in distance in the original dataset, 

axis 2 explained 15.2%, and 29.6% of the variation was explained by axis 3.  Thus, I 
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detected a set of significant underlying patterns in grass species composition among my 

field sites, and assigned them ordination scores according to their similarities.  Mantel 

tests for correlation between soil chemistry variables and ordination scores of sample 

units in species space indicated that nitrate, total phosphorus, and pH were the most 

strongly positively associated with the structure of grass community composition and 

abundance, while ammonium was weakly positively associated (Table 5).  While I were 

able to detect a relationship between the grass community structure and underlying soil 

chemistry, the RLQ analysis did not reveal a significant association between soil 

chemistry variables and the higher-order species characteristics of phylogeny, 

provenance, and lifespan (P = 0.109; Monte Carlo permutation test).   

Greenhouse Fertilization Experiment 

Multiple regression analysis indicated that total biomass was significantly 

affected by all individual variables examined in the greenhouse fertilizer study except 

phosphorus; nitrogen (P < 0.001) and planting density (P < 0.001) were the two strongest 

main effects (Table 6).   

Nitrogen had significant two-way interactions with the fertilizer N:P ratio , 

planting density, and tribe membership (Table 6).  For a given concentration of N in the 

fertilizer solution, the biomass response did vary depending on the ratio to P (Appendix 

B).  Total biomass for plants planted at a density of 1 plant per pot increased more with 

nitrogen addition than plants planted at a density of 10 plants per pot (Figure 2A).  On 

average, an individual plant increased 10-fold between the lowest and highest level of 

fertilizer but when growing with conspecifics it only increased 5-fold (Appendix A).  

There were also significant interactions between phosphorus and tribe membership, 

between log10(N:P) and functional group membership, and between tribe and functional 

group (Table 6).  The species-within-tribe that attained the greatest total final biomass 

varied by functional group: the exotic perennial representative was largest in the Aveneae 
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and Poeae tribes but the native perennial representative was largest in the Bromeae tribe 

(Figure 2B).   

Three-way interactions between phosphorus, tribe, and functional group (P = 

0.032), log10(N:P) tribe and functional group (P < 0.001), and density, tribe, and 

functional group (P = 0.002) were also significant predictors of total biomass achieved in 

the fertilizer experiment (Table 6).   

The main effects of temporal block, nitrogen level, tribe membership, and 

functional group membership were all significant predictors of root-to-shoot ratio (P < 

0.001 for all) but log10(N:P) and density were not selected as significant predictors in the 

stepwise model selection procedure (Table 7).    

Interactions between nitrogen level and planting density (P < 0.001) and tribe and 

functional group membership (P < 0.001) also significantly affected root-to-shoot ratio.  

For plants planted singly, roots attained approximately three times the mass of shoots at 

the lowest level of nitrogen, twice the mass at the mid level of nitrogen, and about one-

and-a-half times the mass at the highest level of nitrogen (Figure 3A, Appendix B).  

Plants planted at a density of 10 plants per pot had slightly lower root-to-shoot ratio than 

plants planted singly at the lowest and mid level of nitrogen, but had a greater root-shoot-

ratio at the highest level of nitrogen used in the study (Figure 3A, Appendix B). 

The native perennial representatives of the Aveneae tribe (K. macrantha) and 

Triticeae tribe (E. glaucus) had greater root-to-shoot ratios than species from other 

functional groups within those tribes while the exotic perennial representatives of the 

Bromeae tribe (B. inermis) and Poeae tribe (F. arundinacea) were the species with the 

greatest root-to-shoot ratios in their tribes (Figure 3B).   
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DISCUSSION 

 

Resource gradients, particularly nitrogen and phosphorous, shape the productivity 

and diversity of natural communities in terrestrial, freshwater, and marine systems (Elser 

et al. 2007, Hillebrand et al. 2007).  A critical area of investigation in invasion ecology 

has been the interactions among plants within their nutrient resource environments.  Life 

history, provenance, and phylogeny are species characteristics that have been invoked to 

explain a plant species’ predictable response to nutrients (Garnier 1991, Holmes and Rice 

1996).  While it has been suggested that alteration of resource supply rates may provide a 

mechanism to reduce exotic abundances (Tilman et al. 1999, Corbin and D'Antonio 2004, 

Harpole 2006), in the Pacific Northwestern upland prairie system examined here, the 

current study demonstrates significant caveats to this as a management approach.  In 

particular, the effectiveness of resource manipulation for restoration rests on differing 

growth responses among exotic and native species; my results suggest that this approach 

may be effective for restoration of whole communities in only a limited set of cases. 

 The intention of my observation of the natural grass community was to determine 

whether resource supply was related to grass community structure; indeed, I found that 

nitrogen and phosphorous pools measured in field soils were correlated with patterns in 

grass community composition and species abundance across the 10 Pacific Northwestern 

prairie sites observed in this study.  The appropriate supply of these two macronutrients is 

vital for plant nutrition, thus the soil N:P ratio creates a spatially heterogeneous 

environment controlling both plant composition and productivity.  Likewise, plant 

composition is tightly linked to gradients of soil resources in wetland systems (Bedford et 

al. 1999), alpine tundra communities (Bowman et al. 1993), among herbaceous flora of 

serpentine soils (Huenneke et al. 1990, Harrison 1999), and in California central coast 

grassland flora (Gea-Izquierdo et al. 2007).  The greenhouse experiments I used to isolate 

the specific effects of nutrient supply on plant growth response showed that grass 

biomass increased and allocation to roots decreased as additional nitrogen was delivered 
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to greenhouse-grown plants, though phosphorous was never shown to significantly affect 

growth.  The lack of  a growth response to P may reveal that my plants were not co-

limited by N and P (N-additions did not induce P-limitations) at any of the N:P ratios 

supplied by the fertilizer, but were demonstrating the most efficient allocation of biomass 

for foraging for the limiting nutrient (Gleeson and Tilman 1992).   

While abiotic conditions have been shown to correlate with species functional 

traits in a variety of natural systems including streams, coral reef, and terrestrial fynbos 

(Thuiller et al. 2006, Bonada et al. 2007, de Voogd and Cleary 2007, Gea-Izquierdo et al. 

2007), I did not observe the growth responses to field nutrient pools to be associated with 

the species characteristics of provenance, life history, or phylogenetic lineage for Pacific 

Northwestern prairie grass species.  Total biomass and biomass allocation to growth, as 

measured in the greenhouse, varied among species, but, in concordance with the field 

response, this variation was not explained by the three plant characteristic axes of 

provenance, life history, and phylogeny; these characteristics do not provide strong a 

priori predictors for plant biomass and root-to-shoot allocation responses across a 

gradient of nutrient supply.  The conservative nature of trait evolution would be expected 

to impose a phylogenetic bias on trait associations (Cavender-Bares et al. 2009); 

however, my pair of studies did not distinguish phylogenetic structuring within grass 

species’ field abundance and/or biomass accumulation and allocation.  Robust general 

patterns in plant growth response to nutrient additions also have failed to be detected 

within congeneric and confamilial groups in exotic invasive forbs (Hastwell and Panetta 

2005, Muth and Pigliucci 2007) or between native and exotic terrestrial forbs of varying 

invasiveness (Leishman and Thomson 2005).  However, the lack of a consistent 

phylogenetic response in the current study is in contrast to previous studies showing 

phylogenetic clustering of growth form and reproductive mode in woody Neotropical 

species (Chazdon et al. 2003) and rarity within Canadian flowering plant assemblages 

(Cadotte and Lovett-Doust 2002).  The traits examined in these studies, though, are likely 
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more highly conserved than the more plastic, and idiosyncratic, nutrient response that I 

tested. 

Nutrient manipulations of natural systems frequently produce plant biomass 

and/or species abundance changes among provenance groups (native versus exotic plant 

species) (Huenneke et al. 1990, Woo and Zedler 2002, Brewer and Cralle 2003, 

Seabloom et al. 2005, Siemann and Rogers 2007), sometimes with the ultimate effect of 

shifting the community composition toward an alternate dominant functional group 

(Brewer and Cralle 2003, Siemann and Rogers 2007).  However, studies that have 

positively identified differences in grass species response along lines of provenance 

(Seabloom et al. 2003, Abraham et al. 2009), lifespan (Wilson and Tilman 1991, 

Abraham et al. 2009), and phylogenetic relatedness (Brandt et al. 2009) frequently 

examine suites of species in which a provenance-bias exists, confounding exotic 

provenance with functional group and phylogenetic group.  Thus, while previous work 

suggests that management via manipulation of nutrient pools may be effective, the work 

presented here suggests that these results depend strongly on the covariation of plant 

nutrient responses with provenance.     

While a species’ invasiveness is frequently reported to arise from its exotic 

provenance (Daehler 2003), my results suggest that there are other species characteristics 

confounded with exotic provenance (i.e., functional group [provenance and lifespan] and 

phylogenetic group) that may be likely to control an invader’s success. Several authors 

have also recently cautioned against relying on provenance as a principal species property 

to determine performance in response to nutrient supply, as the groupings of ―exotic‖ and 

―native‖ are confounded with other shared or disparate characteristics occurring between 

those groups (Thomsen et al. 2006, Borer et al. 2009, Brandt et al. 2009).  Indeed, my 

combined results from field observations and greenhouse manipulations support the 

assertion that there is no set response that characterizes ―exoticness‖ in my system 

because provenance is closely interleaved with phylogeny and lifespan.  The potential 

management approach I have investigated here, controlling exotic species abundance via 
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nutrient manipulations, may be more effective in systems where the exotic species are 

less related to the natives and/or where exotic provenance is known to covary with a plant 

trait that can be more directly influenced with the application of a management technique.  

For example, establishment of seeded perennial grasses was most successful at fertile and 

productive sites in California grasslands, where the perennial grass flora is biased toward 

a native provenance but the annual grass flora is largely of an exotic provenance 

(Seabloom In Review).   

A unique aspect of this work is my focus on resource responses within a single 

angiosperm family while controlling for phylogenetic relatedness at the tribe level by 

using a balanced design.  By selecting a native perennial, exotic perennial, and exotic 

annual species from multiple co-occurring Poaceae tribes, I gained the ability to test for 

phylogenetic differences while concurrently testing for the interaction of life history with 

provenance after controlling for phylogeny.  Assessing differences that are due to 

phylogenetic group is critical because phylogenetic relatedness has been shown to be a 

primary determinant of plant performance and response to environmental factors even for 

species of shared provenance and life history (Felsenstein 1985, Brandt et al. 2009).  

My results demonstrate that intraspecific competition reduced biomass 

accumulation and altered the root-shoot allocation patterns across the N-fertilization 

gradient; under controlled greenhouse conditions, nitrogen was the most important driver 

of grass biomass accumulation and allocation, but these effects were both species-specific 

and density-dependent.  Thus, the inclusion of a high-density growing condition is clearly 

important for assessing resource uptake patterns that are experienced under equilibrial 

growth dynamics, in contrast with more transient growing conditions experienced at 

lower densities (Tilman et al. 1982, Miller et al. 2005).   

The nature of the nutrient response in the field was more difficult to determine, as 

the interaction of grass species with their environment of resources was not driven by a 

single species characteristic.  The implications of these findings for grassland restoration 

and management are that manipulations of a single critical nutrient will likely fail to 
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enhance native grass diversity in a predictable manner.  However, species do differ from 

one another in their resource use patterns, and resource competition theory may supply 

the key to control or enhancement of specific species (Tilman et al. 1999).  For example, 

carbon addition (to reduce N availability) reduced the biomass of Centaurea diffusa by 

95% in northern mixed grass prairies (Blumenthal 2009) and suppressed Phalaris 

arundinacea invasion in prairie  pothole wetlands (Perry et al. 2004), while Na
+
-charged 

zeolite additions suppressed Bromus tectorum emergence and abundance in the 

intermountain west (Newingham and Belnap 2006).  More generally, this work stands as 

a case study of the need for stronger linkages between basic community theory and the 

development of restoration and exotic species management plans (Shea and Chesson 

2002, Young et al. 2005).   

The scale of resolution at which the species included here were examined has 

certainly influenced my findings.  My consideration of species from a single family, 

Poaceae, separated into groups along lines of provenance, lifespan, and phylogenetic 

relatedness, revealed only idiosyncratic, species-level responses.  However, an expansion 

of the taxonomic scope and scale of species considered for resource-use patterns—to 

more heterogeneous groupings of species—may reveal strong, predictable nutrient 

responses across phylogeny, provenance, or lifespan.  Indeed, studies of grassland 

community biomass response in fertilized and natural systems have shown that a 

detectable response is dependent on the scale at which biodiversity is measured, whether 

at the species-, functional group-, or phylogenetic-level of diversity (Reich et al. 2004, 

Cadotte et al. 2008).  For example, in an examination of Floridian plant communities, 

Cavender-Bares (2006) reported the loss of an phylogenetic overdispersion signal when 

she expanded the scale of her consideration from one of a single phylogenetic lineage to 

more broadly include all seed plants within a community.   
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CONCLUSION 

 

This work has demonstrated that while there are predictable responses of species 

to nutrient gradients, the responses tend to be species-specific and idiosyncratic relative 

to life history, provenance, and phylogeny. This result has important implications for 

managers: the success of nutrient manipulation to reduce community-level exotic 

dominance depends upon the covariation of species’ provenance with competitive ability 

for nutrients; depending on the mixture of exotic species, nutrient manipulations may 

work to control only specific problematic species. The effectiveness of resource 

manipulation in restoration depends upon the strength of the life-history or phylogenetic 

biases in the native and exotic community members (e.g., invasive legumes into Hawaii 

[Vitousek et al. 1987], and mammals into New Zealand [Parkes and Murphy 2003]). 

However, effective management will depend upon isolation of provenance effects per se 

from those effects that arise from biases in the composition of the exotic species pool. 

This approach will lead to a more mechanistic basis for controlling exotic species, whose 

success may not be strictly linked to their origin.
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Figure 1.  Map of study sites in the Willamette Valley–Puget Trough–Georgia Basin 

(WPG) Ecoregion. From north to south: Cowichan Garry Oak Preserve (CGOP), The 

Nature Conservancy of Canada; Triangle Prairie (TP) (13th Division) and South Weir 

Prairie (SW), Fort Lewis Military Reservation, US Army; Morgan Property (MP) 

(Tenalquot Prairie), The Nature Conservancy; Mima Mounds Preserve (MMP), 

Washington Dept. of Natural Resources; Glacial Heritage Preserve (GHP), Thurston 

County Parks/The Nature Conservancy; Scatter Creek Wildlife Area (SC), Washington 

Dept. of Fish and Wildlife; Fort Hoskins (FH), Benton County Parks Dept; Bellfountain 

(BF) and Pigeon Butte (PB), Finley Wildlife Refuge, US Fish and Wildlife.  Figure and 

caption reprinted with permission from the authors (Stanley et al. 2008) 
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Figure 2.  Two-way interactions between the explanatory variables for total biomass in the 

greenhouse experiment.  A) Interaction between fertilizer nitrogen concentration and planting 

biomass.  B)  Interaction between tribe membership and functional group.  In all plots error bars 

are ± 1 SE. 

A B 
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Figure 3.  Two-way interactions between the explanatory variables for root-to-shoot ratio in the 

greenhouse experiment.  A) Interaction between fertilizer nitrogen concentration and planting 

biomass.  B)  Interaction between tribe membership and functional group.  In all plots error bars 

are ± 1 SE. 

 

A B 



 

Table 1.  Phylogenetic group (tribe), life span, provenance, abundance and frequency in the field, and correlation with field soil 

variables for the 22 grass species observed (the most rare of these species, Melica subulata, was not included in the ordination 

analysis).  Assignment to taxonomic group is following Soreng et al. (2009).   

 
 Field 

Species Tribe Lifespan Provenance 

Field mean 

percent cover 

(± 1 SE) 

Field 

frequency 

(n = 10) 

NO3
-
 

correlation 

NH4
+
 

correlation 

TP 

correlation 

Agrostis spp. Poeae, Aveneae type Perennial Exotic 12.22 ± 4.1 9 -0.055 -0.331 -0.021 

Aira caryophyllea Poeae, Poeae type Annual Exotic 1.42 ± 1.1 5 0.145 -0.940 0.004 

Anthoxanthum odoratum Poeae, Aveneae type Perennial Exotic 4.44 ± 3.5 4 0.968 0.510 0.958 

Arrhenatherum elatius Poeae, Aveneae type Perennial Exotic 6.74 ± 4.9 4 -0.673 -0.204 0.586 

Bromus carinatus Bromeae Perennial Native 1.15 ± 0.8 4 0.997 0.990 0.936 

Bromus hordeaceus Bromeae Annual Exotic 2.51 ± 0.8 2 ─ ─ ─ 

Bromus secalinus Bromeae Annual Exotic 0.92 ± 0.5 2 ─ ─ ─ 

Bromus sterilis Bromeae Annual Exotic 5.97 ± 5.7 2 ─ ─ ─ 

Cynosurus echinatus Poeae, Poeae type Annual Exotic 0.31 ± 0.1 3 -0.079 0.405 -0.994 

Dactylis glomerata Poeae, Poeae type Perennial Exotic 5.91 ± 5.4 2 ─ ─ ─ 

Danthonia californica Danthonieae Perennial Native 0.57 ± 0.3 4 0.039 0.115 -0.550 

Danthonia spicata Danthonieae Perennial Native 0.84 ± 0.2 5 -0.355 0.129 -0.629 

Elymus glaucus Triticeae Perennial Native 1.13 ± 0.8 3 0.363 0.763 -0.943 

Festuca arundinacea Poeae, Poeae type Perennial Exotic 0.95 1 ─ ─ ─ 

Festuca roemeri Poeae, Poeae type Perennial Native 3.38 ± 1.5 7 0.030 0.878 0.131 

 

    2
3
 



 

 

 

 

Table 1.  (Continued) 

    Field 

Species Tribe Lifespan Provenance 

Field mean 

percent cover 

(± 1 SE) 

Field 

frequency 

(n = 10) 

NO3
-
 

correlation 

NH4
+
 

correlation 

TP 

correlation 

Holcus lanatus Poeae, Poeae type Perennial Exotic 1.45 ± 0.5 8 -0.638 -0.219 0.768 

Koeleria macrantha Poeae, Aveneae type Perennial Native 0.25 ± 0.1 4 0.411 0.678 0.670 

Melica subulata Meliceae Perennial Native 0.28 1 ─ ─ ─ 

Poa compressa Poeae, Poeae type Perennial Exotic 0.47 ± 0.3 2 ─ ─ ─ 

Poa pratensis Poeae, Poeae type Perennial Exotic 2.16 ± 1.3 7 0.864 0.690 0.780 

Vulpia bromoides Poeae, Poeae type Annual Exotic 0.36 1 ─ ─ ─ 

    2
4
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Table 2.  Soil variables measured in field observational plots (Dunwiddie et al. 2005). 

 

Variable Analytical method 
Range of values 

(mean ± SE) 

Soil moisture Gravimetric 
17.3-52.6 % by w 

(33.0 ± 1.4) 

pH 
Orion Microprocessor 

pH/millivolt Meter Model 811 

4.9-5.8 

(5.4 ± 0.04) 

Ammonium 

Flow Injection Analysis 

Colorimetry by QuikChem 

Method 10-107-06-2-A 

0.2-3.2 Corrected mg N/L 

(1.2 ± 0.1) 

Nitrate 

Flow Injection Analysis 

Colorimetry by QuikChem 

Method 10-107-04-1-A 

0.06-2.1 Corrected mg N/L 

(0.5 ± 0.08) 

Total organic carbon 
High Temperature Catalytic 

Combustion 

10.2-40.4 mg C/L 

(21.2 ± 1.0) 

Total nitrogen 
Chemiluminescence Detection 

and Combustion 

1.4-5.6 mg N/L 

(3.1 ± 0.2) 

Total phosphorous Colorimetry 
554.55-1887.32 mg P/kg soil 

(1044.6 ± 130.6) 

 



26 

 

 

 

Table 3. Species of grasses used in the greenhouse fertilization experiment.  Seed for the 

experimental grass species was hand collected in June and July 2006 from Basket Butte 

(Basket Slough National Wildlife Refuge, Marion County, Oregon), Bellfountain Prairie 

(William L. Finley National Wildlife Refuge, Benton County, Oregon), and Oak Creek 

(McDonald-Dunn Research Forest, Benton County, Oregon), or obtained from local 

native seed producers (Landmark Seed, Albany, Oregon; Pacific Northwest Natives, 

Albany, Oregon; and Outsidepride.com, Inc., Independence, Oregon). 

 

Species Tribe Lifespan Provenance Source 

Avena fatua Aveneae Annual Exotic Collected: Basket Butte 

Arrhenatherum elatius Aveneae Perennial Exotic 
Collected: Basket Butte 

and Bellfountain Prairie 

Koeleria macrantha Aveneae Perennial Native 
Purchased: Landmark 

Seed 

Bromus hordeaceus Bromeae Annual Exotic Collected: Basket Butte 

Bromus inermis Bromeae Perennial Exotic 
Purchased: Outside 

Pride 

Bromus carinatus Bromeae Perennial Native 
Purchased: Pacific 

Northwest Natives 

Cynosurus echinatus Poeae Annual Exotic 
Collected: Basket Butte 

and Oak Creek 

Festuca arundinacea Poeae Perennial Exotic Collected: Basket Butte 

Festuca roemeri Poeae Perennial Native 
Purchased: Pacific 

Northwest Natives 

Taeniatherum caput-

medusae 
Triticeae Annual Exotic Collected: Basket Butte 

Elymus glaucus Triticeae Perennial Native Collected: Basket Butte 
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Table 4. Concentration of the compounds used in the fertilizer solutions (modified from 

Hoagland and Arnon 1938, Downs and Hellmers 1975).  KH2PO4 and NH4NO3 were 

each supplied at concentrations equivalent to 0.2%, 1%, and 10% the concentration 

prescribed in a half-strength Hoagland’s recipe.  While the concentration of all other 

nutrients remain the same, these low, medium, and ―high‖ N and P concentrations were 

crossed to produce nine fertilizer solutions. 

 

 Compound Concentration (µM) 

Macronutrients 

K2SO4 1250 

MgSO4.7H2O 1000 

KH2PO4 1, 5, 50
a
 

CaSO4·2H2O 2000 

NH4NO3 7.5, 37.5, 375
a
 

Micronutrients
b
 

KCl 25 

H3BO3 12.5 

MnSO4·H2O 1 

ZnSO4·7H2O 1 

CuSO4·5H2O 0.25 

H2MoO4·H2O 0.25 

NaFeEDDHA (6% Fe) 10 
 

a
 KH2PO4 and NH4NO3 are each supplied at concentrations equivalent to 0.2%, 1%, and 

10% the concentration prescribed in a half-strength Hoagland’s recipe.   
b
 All solutions, regardless of concentration of N and P, receive the same concentration of 

micronutrients  
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Table 5.  Standardized Mantel statistic and P-value of randomization test for Mantel’s 

tests for correlation between soil chemistry variables and ordination scores of sample 

units in species space.   

 

Soil chemistry 

variable 
Mantel’s r P 

Soil moisture -0.053 0.1490 

pH 0.263 0.0010 

Ammonium 0.117 0.0540 

Nitrate 0.459 0.0010 

Total organic carbon 0.024 0.2830 

Total nitrogen 0.076 0.0770 

Total phosphorus 0.431 0.0010 
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Table 6. GLM results for total biomass. 

Source of Variation D.f. Sum of Squares P 

Block 1 13.844 < 0.001 

N 1 98.209 < 0.001 

P 1 0.010 0.706 

log10 (N:P) 1 2.761 < 0.001 

Density 1 66.113 < 0.001 

Tribe 3 1.441 < 0.001 

Functional Group 2 0.662 0.008 

N x P 1  0.050 0.391 

N x log10 (N:P) 1 1.257 < 0.001 

N x Density 1 4.242 < 0.001 

N x Tribe 3 0.977 0.003 

P x Tribe 3 0.602 0.033 

log10 (N:P) x Functional Group 2 0.395 0.057 

Tribe x Functional Group 5 2.710 < 0.001 

P x Tribe x Functional Group 7 1.061 0.032 

log10 (N:P) x Tribe x Functional Group 8 5.530 < 0.001 

Density x Tribe x Functional Group 10 1.975 0.002 

Residuals 538 36.869  
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Table 7. GLM results for root-to-shoot ratio. 

 

Source of Variation D.f. Sum of Squares P 

Block 1 6.963 < 0.001 

N 1 2.178 < 0.001 

P 1 0.019 0.622 

log10(N:P) 1 0.164 0.147 

Density 1 0.002 0.882 

Tribe 3 3.882 < 0.001 

Functional Group 2 7.046 < 0.001 

N x Density 1 0.527 < 0.001 

Tribe x Functional Group 5 13.642 < 0.001 

Residuals 741 57.656  
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APPENDIX A 

 

Appendix A. Mean total biomass (mg) ± 1SE for each species-planting density-N level. 

 

Species Density 
7.5 μmol N 

mean ± 1 SE 

37.5 μmol N 

mean ± 1 SE 

375 μmol N 

mean ± 1 SE 

Arrhenatherum elatius 
1 88.8 ± 20 176.3 ± 35 1055.0 ± 180 

10 28.6 ± 4 36.6 ± 5 150.9 ± 17 

Avena fatua 
1 79.2 ± 11 110.2 ± 21 526.8 ± 130 

10 55.2 ± 10 60.2 ± 9 99.2 ± 14 

Bromus carinatus 
1 131.6 ± 28 225.9 ± 47 849.0 ± 150 

10 56.5 ± 11 72.5 ± 14 183.3 ± 37 

Bromus hordeaceus 
1 65.9 ± 11 162.1 ± 34 941.2 ± 160 

10 18.1 ± 2 31.4 ± 3 129.8 ± 13 

Bromus inermis 
1 74.6 ± 19 186.8 ± 50 934.8 ± 190 

10 26.0 ± 3 36.4 ± 3 151.0 ± 18 

Cynosurus echinatus 
1 88.1 ± 28 148.9 ± 37 1351.8 ± 290 

10 15.3 ± 4 38.6 ± 10 175.2 ± 21 

Elymus glaucus 
1 71.9 ± 13 203.2 ± 33 630.9 ± 140 

10 33.4 ± 4 38.0 ± 5 112.9 ± 14 

Festuca arundinacea 
1 99.3 ± 25 243.1 ± 43 1356.6 ± 250 

10 26.3 ± 4 40.1 ± 5 174.1 ± 22 

Festuca roemeri 
1 204.4 ± 54 269.3 ± 40 1059.3 ± 230 

10 75.2 ± 15 92.9 ± 15 227.1 ± 29 

Koeleria macrantha 
1 60.1 ± 18 156.1 ± 41 962.3 ± 190 

10 11.0 ± 2 27.7 ± 4 136.0 ± 22 

Taeniatherum caput-

medusae 

1 71.2 ± 13 171.6 ± 25 954.4 ± 160 

10 29.0 ± 4 43.6 ± 4 111.7 ± 13 
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APPENDIX B 

 

Appendix B. Proportional biomass achieved by each species in the greenhouse 

fertilization experiment (relative to the species’ lowest biomass) along the nitrogen and 

phosphorus supply gradients for plants grown at density of one plant per pot.  Units of N 

and P are in μmol. 

 

Nitrogen supply controlled biomass response: the highest level of N always 

yielded the highest biomass, regardless of level of P (though in 6 of 11 species, the 

middle level of P x the highest level of N yield the largest biomass) and ratio of N:P.   

Koeleria macrantha was the most responsive species to fertilization.  The species 

showed the largest proportionate biomass increase in response to all combinations of NxP 

fertilizer. 

Biomass achieved by native species did not differ from exotic biomass (neither 

for lowest NxP fertilizer combination nor for the highest NxP) (Wilcoxon Rank Sum 

Test, P = 0.51 and P = 0.85, respectively).   
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Figure 4.  Proportional biomass of Arrhenatherum elatius along 

the N and P supply gradients (relative to the species’ lowest 

biomass), for plants grown at density of one plant per pot. 

 
Figure 5. Proportional biomass of Avena fatua relative  

to the species’ lowest biomass for plants grown at density of  

one plant per pot. 

 
Figure 6.  Proportional biomass of Bromus carinatus relative  

to the species’ lowest biomass for plants grown at density of  

one plant per pot. 

 
Figure 7.  Proportional biomass of Bromus hordeaceus relative 

to the species’ lowest biomass for plants grown at density of  

one plant per pot. 
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Figure 8. Proportional biomass of Bromus inermis relative to 

the species’ lowest biomass for plants grown at density of one 

plant per pot. 

 
Figure 9. Proportional biomass of Cynosurus echinatus relative 

to the species’ lowest biomass for plants grown at density of one 

plant per pot. 

 

Figure 10. Proportional biomass of Elymus glaucus relative to 

the species’ lowest biomass for plants grown at density of one 

plant per pot. 

 
Figure 11. Proportional biomass of Festuca arundinacea relative 

to the species’ lowest biomass for plants grown at density of one 

plant per pot. 
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Figure 12. Proportional biomass of Festuca roemeri relative 

to the species’ lowest biomass for plants grown at density of 

one plant per pot. 

 
Figure 13. Proportional biomass of Koeleria macrantha relative 

to the species’ lowest biomass for plants grown at density of one 

plant per pot. 

 

Figure 14. Proportional biomass of Taeniatherum caput-medusae relative to 

 the species’ lowest biomass for plants grown at density of one plant per pot. 
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APPENDIX C 

 

Appendix C. Mean root-to-shoot ratio ± 1SE for each species-planting density-N level. 

 

Species Density 

7.5 μmol N 

root:shoot ± 

1 SE 

37.5 μmol N 

root:shoot ± 

1 SE 

375 μmol N 

root:shoot ± 

1 SE 

Arrhenatherum elatius 
1 2.27 ± 0.4 2.09 ± 0.3 1.74 ± 0.3 

10 2.81 ± 0.8 2.10 ± 0.3 2.13 ± 0.4 

Avena fatua 
1 8.43 ± 7.6 0.71 ± 0.1 0.40 ± 0.1 

10 0.49 ± 0.1 0.57 ± 0.1 0.53 ± 0.1 

Bromus carinatus 
1 1.59 ± 0.3 1.91 ± 0.4 1.02 ± 0.2 

10 1.00 ± 0.1 0.93 ± 0.1 0.91 ± 0.1 

Bromus hordeaceus 
1 2.56 ± 0.4 1.70 ± 0.2 1.30 ± 0.2 

10 2.98 ± 0.9 2.18 ± 0.6 1.60 ± 0.3 

Bromus inermis 
1 2.43 ± 0.3 2.10 ± 0.2 1.95 ± 0.3 

10 2.24 ± 0.4 1.89 ± 0.3 2.01 ± 0.4 

Cynosurus echinatus 
1 2.11 ± 0.5 2.52 ± 0.6 1.87 ± 0.4 

10 4.31 ± 1.6 2.04 ± 0.4 2.54 ± 0.6 

Elymus glaucus 
1 1.79 ± 0.2 2.19 ± 0.4 1.22 ± 0.2 

10 1.74 ± 0.4 1.43 ± 0.1 1.26 ± 0.1 

Festuca arundinacea 
1 4.57 ± 1.8 2.61 ± 0.5 1.57 ± 0.3 

10 3.04 ± 0.6 2.28 ± 0.4 2.05 ± 0.3 

Festuca roemeri 
1 1.79 ± 0.4 1.86 ± 0.3 1.12 ± 0.2 

10 2.15 ± 0.2 2.54 ± 0.3 1.86 ± 0.2 

Koeleria macrantha 
1 2.31 ± 0.4 3.95 ± 1.4 1.73 ± 0.4 

10 2.23 ± 0.5 3.38 ± 0.8 2.80 ± 0.9 

Taeniatherum caput-medusae 
1 1.78 ± 0.3 1.64 ± 0.4 1.28 ± 0.3 

10 1.42 ± 0.3 1.46 ± 0.3 1.10 ± 0.2 
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APPENDIX D 

 

Appendix D.  Proportional root-to-shoot ratio achieved by each species in the greenhouse 

fertilization experiment (relative to the species’ lowest root-to-shoot ratio) along the nitrogen and 

phosphorus supply gradients for plants grown at density of one plant per pot.  Units of N and P 

are in μmol. 

 

Patterns of biomass allocation differed in response to fertilization by N and P.  There was 

a vague trend toward decreasing root-to-shoot ratio with an increasing level of N (e.g., AVFA, 

BRCA, BRHO, BRIN, FEAR, and FERO), though in some cases, the species showed an increase 

in root-to-shoot ratio at the mid-level N then a decrease at the highest level of N supply (e.g., 

CYEC, ELGL).  At the lowest level of N, the root-to-shoot ratio often increased with an 

increasing level of P (e.g., AVFA, BRHO, CYEC, and FEAR).   

Other species exhibited an apparently random response to fertilization by N and P (e.g., 

KOMA, and TACA).  In AREL, the root-to-shoot ratio varied little among all fertilizer 

treatments; the species did not exhibit a plastic response to the changing nutrient environment.  
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Figure 15. Proportional root:shoot of Arrhenatherum elatius along the 

N and P supply gradients relative to the species’ lowest root:shoot 

for plants grown at density of one plant per pot. 

 
Figure 16. Proportional root:shoot of Avena fatua relative  

to the species’ lowest root:shoot for plants grown at density  

of one plant per pot. 

 
Figure 17. Proportional root:shoot of Bromus carinatus relative  

to the species’ lowest root:shoot for plants grown at density  

of one plant per pot. 

 
Figure 18. Proportional root:shoot of Bromus hordeaceus 

relative to the species’ lowest root:shoot for plants grown at 

density of one plant per pot. 
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Figure 19. Proportional root:shoot of Bromus inermis relative  

to the species’ lowest root:shoot for plants grown at density of  

one plant per pot. 

 
Figure 20. Proportional root:shoot of Cynosurus echinatus relative  

to the species’ lowest root:shoot for plants grown at density of  

one plant per pot. 

 
Figure 21. Proportional root:shoot of Elymus glaucus relative  

to the species’ lowest root:shoot for plants grown at density of  

one plant per pot. 

 
Figure 22. Proportional root:shoot of Festuca arundinacea relative  

to the species’ lowest root:shoot for plants grown at density of  

one plant per pot. 
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Figure 23. Proportional root:shoot of Festuca roemeri relative  

to the species’ lowest root:shoot for plants grown at density of  

one plant per pot. 

 
Figure 24. Proportional root:shoot of Koeleria macrantha relative  

to the species’ lowest root:shoot for plants grown at density of  

one plant per pot. 

 
Figure 25. Proportional root:shoot of Taeniatherum caput-medusae relative to  

the species’ lowest root:shoot for plants grown at density of one plant per pot. 



 

 

 


