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Understanding the mechanistic causes of change in the diversity and functioning of 

ecosystems is a key step in limiting ecological degradation. Eutrophication, now a 

pervasive global disturbance driving widespread change in plant community composition 

and function, might be understood in terms of changes in fundamental ecological 

mechanisms relating to species interactions. However, it often remains unclear how these 

dynamics operate in empirical settings, especially where multiple global change 

pressures may simultaneously alter species interactions. In this thesis, I present three 

articles broadly connected by a focus on the consequences of altered nutrient availability 

for plant communities. Specifically, in chapter one, I assessed how multiple-nutrient 

enrichment affected the temporal stability of aboveground biomass production in 34 

globally distributed grasslands over seven years. My analysis indicated that 

destabilization was most severe where nutrients reduced species richness and increased 

species synchrony but that this effect depended on nutrient identity, with nitrogen more 

commonly destabilizing than phosphorus or potassium. In chapter two, working at the 

species level, I parameterized plant competition models with data from a greenhouse 



 

 

 

experiment designed to test how multiple-nutrient enrichment influenced species 

coexistence. This provided some of the first empirical evidence that both niche and fitness 

differences among competing plants are responsive to changes in nutrient availability but 

challenged general predictions by showing that both stabilization and destabilization were 

possible, depending on nutrient identity. Lastly, in chapter three, I conducted a field 

experiment to test how shifts in species’ competitive interactions explained responses to 

nutrient addition in a heterogenous environment, where plant fitness was impacted by 

several factors simultaneously. The experiment indicated that the influence of competitive 

interactions mediated by niche and fitness differences can become less important than 

the ability to tolerate pressures of herbivory. Collectively, my research contributes to an 

improved understanding of when and how eutrophication will impact plant community 

diversity and function by altering species interactions and diversity-function relationships.  
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General introduction 

Human actions are causing widespread changes in the environmental conditions facing 

ecological communities (Hutchinson 1973; Tilman 1999a; Tilman & Lehman 2001). The 

eutrophication of terrestrial ecosystems is a primary example that, in plant communities, 

is observed to reduce biodiversity (Field et al. 2014; Harpole et al. 2016) and alter 

functioning (Isbell et al. 2013; Fay et al. 2015). Understanding the mechanisms that cause 

these responses is a key challenge facing ecology, one that holds the promise of better 

predicting and managing ecosystem change (HilleRisLambers et al. 2012; Valladares et 

al. 2015). A legacy of ecological research shows that species interactions can generate 

structure in communities by regulating diversity and function (Hutchinson 1953; 

MacArthur 1970; Chesson 1990; Tilman 1999b). Consequently, changes in species 

interactions are increasingly implicated in plant community responses to global change 

pressures (Kareiva et al. 1993; Tylianakis et al. 2008; Chesson 2013; Valladares et al. 

2015).  

Species interactions can be defined as feedbacks between populations in which 

changes in one species’ density impact the growth rates of others (Chesson 2013). For 

plants, interactions generally occur at the local neighborhood scale, are indirect – 

mediated by such processes as resource competition or herbivore pressure – and may 

be antagonistic, mutualistic, or facilitative (Roughgarden & Diamond 1986; Chesson 

2013). Competitive interactions can prevent the coexistence of certain species (Gause 

1934; Hardin 1960); for example, plant species may exclude neighbors by depleting soil 

resources below a tolerable level (Tilman 1982). However, the likelihood of competitive 

exclusion is mediated by niche differences, which define the degree of overlap species 

have in their requirements and impacts on environmental conditions (Chase & Leibold 

2003). If sufficient, niche differences reduce feedback strength such that species 

densities are less tightly coupled (Chesson 2013). In combination, differences in niches 

and competitive abilities determine the stability of coexistence among co-occurring 

species (Chesson 2000). Accordingly, species interactions are fundamental regulators of 
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plant community composition at the local scale (Chesson 2000; HilleRisLambers et al. 

2012). 

Species interactions are also implicated in regulating the rate and stability of 

ecosystem functioning (Tilman 1999b; Carroll et al. 2011; Godoy et al. 2020). Niche 

differentiation, such as in plant water acquisition strategies (Cody 1986; Silvertown et al. 

1999; García‐Baquero et al. 2016), can increase resource capture at the community level, 

generating a positive relationship between species richness and biomass production 

(Loreau & Hector 2001; Loreau 2010). Similarly, the temporal stability of plant community 

function – here, invariability (Ives & Carpenter 2007; Donohue et al. 2016) – may be 

influenced by species competitive interactions. Niche differences can generate species 

asynchrony – a measure of the similarity of species responses to environmental 

fluctuations that can reduce variability in ecosystem-level functioning (Tilman 1996; 

Loreau & de Mazancourt 2013). This dynamic is intensified if declines in one species 

releases others from competitive suppression, maintaining relatively consistent rates of 

community function over time (Brown et al. 2016). 

Nutrient availability is a critical mediator of plant species interactions. Generally, 

plants require some 25 essential nutrients to power the biochemical processes that 

support growth and function (Kaspari & Powers 2016; Kaspari 2021). The availability of 

these nutrients can place stoichiometric constraints on species distributions (Sterner & 

Elser 2002). Plant-plant competition often plays a key role in nutrient availability and can 

lead to the localized exclusion of weak competitors; however, niche differences that lead 

to species being limited by different resources can prevent this, enabling coexistence 

(Tilman 1982). Consequently, the occurrence of multiple limiting nutrients is thought to 

play a critical role in species interactions by providing opportunities for species to have 

distinct limitations (Levin 1970; Tilman 1982).  

By altering the context in which species interactions unfold, global changes may 

disrupt patterns of diversity and function. An understanding of the direction or magnitude 

of changes in interactions would allow clear predictions for changes in community 

composition and function and would be especially useful if generalizable patterns emerge. 



 

 

 

 

 

 3 

For example, knowledge of species niche differences enabled prediction of when climate 

variability would affect communities through direct changes in species fitness versus 

indirect effects mediated by species interactions (Adler et al. 2012). In plant communities, 

eutrophication is predicted to drastically reorganize species interactions (Grime 2001). 

Central to this is the hypothesis that removing limiting factors (e.g., by nutrient 

enrichment) will increase niche overlap between co-occurring plant species, affording 

competitive differences a greater role in determining coexistence outcomes, driving 

competitive exclusion and species loss (Harpole & Tilman 2007; Harpole et al. 2016). 

Knowledge of how nutrients affect species interactions should enable accurate prediction 

of species and community responses to enrichment that could be utilized in attempts to 

maintain ecosystem function in nutrient enriched landscapes.  

To date, work to ascertain the role of species interactions based on niche and 

fitness differences has been primarily theoretical but experimental methods for explicitly 

estimating niche and fitness differences are emerging (Levine & HilleRisLambers 2009; 

Godoy & Levine 2014; Hart et al. 2018). Such experiments are critical for validating and 

extending theoretical understanding (Inouye 1999; Hart & Marshall 2013) and, for 

example, have provided support for key predictions of coexistence theory (Adler et al. 

2018). Work assessing how shifts in environmental context alter species coexistence is 

only recently receiving the same empirical consideration (Germain et al. 2018; Matías et 

al. 2018; Wainwright et al. 2019; Godoy et al. 2020). For example, ratios of niche and 

fitness differences between annual plant species pairs shifted under different watering 

regimes such that coexistence outcomes changed (Germain et al. 2018; Wainwright et 

al. 2019). However, explicit consideration of these dynamics is lacking for altered nutrient 

availability despite its widespread role in plant community change. 

Studies of eutrophication in plant communities often test community-level 

responses such as diversity change, but not the critical changes in species interactions 

that regulate coexistence and community structure (McCann 2007; Valladares et al. 

2015). For example, patterns of diversity loss supportive of the niche dimensionality 

hypothesis are evident from experimental studies (Harpole & Tilman 2007; Harpole et al. 

2016) but lack quantification of the underlying shifts in niche and fitness differences 
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hypothesized to drive this effect. Given this lack of mechanistic understanding, it is not 

always clear how plant species interactions will respond to eutrophication. Further, the 

paucity of evidence for nutrient effects on coexistence mechanisms means there is also 

a lack of clear predictions for impacts of enrichment on diversity-mediated change in 

function and stability over longer time frames. Species loss may continue but with limited 

loss of function (Komatsu et al. 2019; Seabloom et al. 2021), or function may eventually 

crash due to the loss of positive diversity-stability effects (Isbell et al. 2013) mediated by 

asynchrony-generating niche differences (Loreau & de Mazancourt 2013). 

Here, I present three manuscripts that seek to improve understanding of the effects 

of nutrient enrichment on species interactions and emergent function in plant 

communities. This work is conducted in grassland study systems, including natural 

grasslands (Chapter one) and experimental systems using plant species from annual 

grasslands under greenhouse (Chapter two) and field conditions (Chapter 3). Grasslands 

are well-established study systems for assessing the role of resource availability in 

ecosystems (Tilman 1982; Borer et al. 2014, 2017), particularly owing to their sensitivity 

to variations in resources – partly based on their long-term association with herbivory, 

fire, and variability in precipitation and temperature (Axelrod 1985; MacDougall et al. 

2013). Further, grasslands have a significant research value given their substantial 

geographic cover (Bengtsson et al. 2019) and their production of key ecosystem services, 

including food production, carbon storage, water filtration, and pollination (Hungate et al. 

2017; Bengtsson et al. 2019). Nonetheless, a significant proportion of the world’s 

grasslands are impacted by intensive land management, especially cropping and 

livestock grazing (Murray et al. 2000), rendering improved understanding of grassland 

ecology important from both fundamental and applied perspectives. Throughout this 

thesis, my focus remains with local ‘neighborhood-scale’ plant species interactions. While 

many processes operating over larger spatial or temporal scales impact coexistence 

(Chesson 2000; Barabás et al. 2018), local competitive interactions remain an important 

determinant of community composition (Chesson 2000; HilleRisLambers et al. 2012), 

especially in plant communities where interactions are often mediated by competition 

among physically overlapping root and canopy zones (Tilman 1982). 
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In chapter one I assess how multiple-nutrient addition affected the temporal 

stability of aboveground biomass production in 34 globally distributed grasslands over 

seven years, including how this was influenced by changes in species richness and 

synchrony. Here, the assumed mechanism of community change was altered species 

interactions and competitive exclusion. The focus of the remaining two chapters shifts to 

experimental investigation of these mechanisms. Specifically, in chapter two, I 

parameterized plant competition models with data from a greenhouse experiment I 

designed to test how multiple-nutrient enrichment influenced plant species coexistence. 

This analysis provided some of the first empirical evidence that both niche and fitness 

differences among competing plants are responsive to changes in nutrient availability. 

Lastly, in chapter three, I present a field experiment designed to test how well shifts in 

competitive interactions explain plant species’ responses to nutrient addition in a 

heterogenous environment, where performance may be impacted by several 

environmental factors acting simultaneously. 
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1 Chapter one: Nutrient identity modifies the destabilising 

effects of eutrophication in grasslands 

ABSTRACT 

Nutrient enrichment can simultaneously increase and destabilize plant biomass 

production, with co-limitation by multiple nutrients potentially intensifying these effects. 

Here, we test how factorial additions of nitrogen (N), phosphorus (P), and potassium with 

essential nutrients (K+) affect the stability (mean/standard deviation) of aboveground 

biomass in 34 grasslands over seven years. Destabilization with fertilization was 

prevalent but was driven by single nutrients, not synergistic nutrient interactions. On 

average, N-based treatments increased mean biomass production by 21-51% but 

increased its standard deviation by 40-68% and so consistently reduced stability. Adding 

P increased interannual variability and reduced stability without altering mean biomass, 

while K+ had no general effects. Declines in stability were largest in the most nutrient-

limited grasslands, or where nutrients reduced species richness or intensified species 

synchrony. We show that nutrients can differentially impact the stability of biomass 

production, with N and P in particular disproportionately increasing its interannual 

variability. 

INTRODUCTION 

Biomass production is a critical ecological function that supports many ecosystem 

services (Kremen 2005; Cardinale et al. 2012; Gounand et al. 2020), especially in 

grasslands where it contributes to carbon storage and food production (Haberl et al. 2007; 

Song et al. 2019; Borer et al. 2020). Biomass may be limited by the availability of single 

resources like nitrogen (N; LeBauer & Treseder 2008), phosphorus (P; Hou et al. 2020), 

or water (Huxman et al. 2004; Morgan et al. 2016), or co-limited by multiple resources 

that interactively affect biomass production (Elser et al. 2007; Harpole et al. 2011; Fay et 

al. 2015; Kaspari & Powers 2016). Accordingly, human-driven increases in nutrient 

availability, a common disturbance of grasslands (Stevens et al. 2004), can strongly 
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impact biomass production and its associated ecosystem services (Tilman 2001; Tilman 

& Lehman 2001; Song et al. 2019). Over time, chronic nutrient enrichment may impact 

different aspects of grassland biomass, including mean annual production (Fay et al. 

2015; Seabloom et al. 2021), its standard deviation (henceforth ‘interannual variability’; 

Koerner et al. 2016; Avolio et al. 2020), and its temporal stability (here, ‘invariability’ 

calculated as S = mean/standard deviation; Tilman 1999; Tilman et al. 2006). While 

previous work has shown that multiple nutrient inputs can exert interactive effects on 

mean biomass production (Elser et al. 2007; Harpole et al. 2011; Fay et al. 2015), to date, 

it is not known if different single- or multiple-nutrient inputs exert independent or 

interactive effects on its interannual variability or overall stability.  

Several processes operating among individuals and populations interact to 

regulate community biomass production (Loreau 2010; Hautier et al. 2014, 2020) and its 

potential responses to different nutrients. At the individual level, resource availability limits 

biomass production by imposing physiological constraints on growth (Droop 1974). 

Subsequently, species interactions determine how individual growth contributes to 

community biomass production (Loreau 2010). Trait differences between species, such 

as in their resource acquisition strategies or competitive abilities, enable multiple species 

to contribute to community function and can generate a positive relationship between 

species richness and mean community biomass production (Tilman 1999b; Carroll et al. 

2011). This dynamic may be impacted by different single- or multiple-nutrient inputs. The 

number and identity of limiting resources in a system influences which species coexist 

(Levin 1970; Chesson 2000; Harpole & Tilman 2006; Danger et al. 2008). In grasslands, 

changing the availability of limiting nutrients can lead to the competitive exclusion of 

species (Tilman 1982; Braakhekke & Hooftman 1999) and a decline in species richness 

(Bakelaar & Odum 1978; Harpole & Tilman 2007; Harpole et al. 2016, 2017). This may 

drive changes in mean biomass production that depend on the number or identity of 

enriching nutrients (Harpole et al. 2011; Fay et al. 2015). 

Processes operating within communities also contribute to the interannual 

variability of biomass production, principally by determining the responsiveness of 

community productivity to interannual fluctuations in the environment (Tilman 1996; 
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Loreau & de Mazancourt 2008). Species richness often minimizes interannual variability 

(Hautier et al. 2015) by increasing the likelihood that a community includes species that 

can produce biomass in a given environmental context (Loreau 2010; MacDougall et al. 

2013). This effect is influenced by species synchrony – a measure of the similarity of 

species responses to temporal environmental fluctuations (Hector et al. 2010; Loreau & 

de Mazancourt 2013; Gilbert et al. 2020; Valencia et al. 2020a). Low synchrony in 

species-level biomass production produces compensatory dynamics that reduce 

interannual variability in community biomass production (Tilman 1996; Loreau & de 

Mazancourt 2013; Brown et al. 2016). As above, synchrony also depends on trait 

differences among species that allow them to respond differently to environmental 

fluctuations (Loreau 2010). Where changes in limiting factor availability reduce species 

or trait diversity (Harpole et al. 2016), synchrony may increase among the remaining 

species. For example, eutrophication was shown to increase species synchrony and, 

subsequently, increase the interannual variability of grassland biomass production 

(Hautier et al. 2014).  

Global changes impact the temporal stability of biomass production (see metric 

above) by altering the relationship between its temporal mean and standard deviation 

(Ives et al. 2000; Cardinale et al. 2013; Kohli et al. 2019). Different nutrient inputs may 

drive such transitions by affecting the mechanisms that regulate these aspects of biomass 

production, which could have serious implications for the maintenance of ecosystem 

function. Temporal stability provides a scaled measure of interannual changes in biomass 

relative to the mean production of a community (Ives & Carpenter 2007; Donohue et al. 

2013; Carnus et al. 2014). Accordingly, changes in temporal stability indicate deviations 

from average levels of production, a process that can increase the likelihood of 

irreversible change in community composition or functioning (Scheffer et al. 2001; Beisner 

et al. 2003; Carpenter & Brock 2006). For example, large relative changes in primary 

productivity can alter food web interactions and cause the local extinction of consumers 

and their predators (Rosenzweig 1971). Therefore, grasslands are at an increased risk of 

irreversible change where nutrient enrichment causes interannual variability to change 

relative to mean production. While this paradox of enrichment dynamic is well described 
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in the theoretical literature (Rosenzweig 1971; McCann et al. 2021), its interaction with 

co-limitation in empirical systems remains poorly characterized.  

Here, we assessed the effects of individual and combined N, P, and Potassium + 

essential nutrients (K+) enrichment of 34 grassland sites spanning six continents over 

seven years. We aimed to test the hypothesis that the effect of chronic nutrient enrichment 

on the mean, interannual variability, and temporal stability of biomass production is 

influenced by nutrient identity and multiple-nutrient interactions. We also aimed to test 

potential mechanisms of temporal biomass production responses. We addressed our 

aims in three stages: 

(1) We assessed the temporal stability of biomass production within nutrient 

treatment plots to determine if different individual and combined nutrient inputs had 

different stability effects. 

(2) We assessed the temporal mean and interannual variability of biomass 

production within treatment plots to determine if changes in stability were mean- or 

variability-driven (Carnus et al. 2014; Kohli et al. 2019) and if this differed among 

treatments. Variability-driven destabilization would occur if the mechanisms that control 

interannual variability show strong responses to nutrient enrichment, causing increases 

in the standard deviation relative to the mean. Alternatively, multiple nutrient inputs could 

cause synergistic increases in mean biomass (Harpole et al. 2011) that mitigate against 

destabilization.  

(3) We examined between-site differences in stability responses and tested four 

potential mechanisms of destabilization. Specifically, we tested if destabilization following 

nutrient addition was stronger at sites where nutrient limitation was stronger. We tested if 

enrichment had less effect on stability at sites with lower precipitation, where biomass 

was likely to be more limited by water availability than nutrients, and greater effect at sites 

with higher precipitation, where nutrient inputs could increase plant responsiveness to 

precipitation (Paruelo et al. 1999; Morgan et al. 2016; Wang et al. 2017). Finally, we tested 

if changes in stability were driven by changes in species richness (Hautier et al. 2015) or 

species synchrony (Valencia et al. 2020a), such that stability decreases where species 

are lost or synchronized. We predicted that multiple nutrient treatments would be more 
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destabilizing than single nutrient treatments because they are likely to cause greater 

species loss (Harpole et al. 2016) and impose greater constraints on the niche differences 

that tend to prevent synchrony.  

METHODS 

Experimental design and nutrient additions 

We assessed the mean, interannual variability and stability of aboveground biomass 

production in 34 grassland sites that received standardized annual inputs of N, P and K+ 

for seven years (Table S1-1). These data are from the globally distributed Nutrient 

Network (NutNet) experiment, described in Borer et al. (2014). We studied a seven-year 

treatment period to balance duration, thereby allowing temporal dynamics to unfold, with 

replication of sites. We tested the sensitivity of our analyses to these criteria by comparing 

our results with all subsets between three and twelve years (Table S1-2).  

Most sites contain 3 blocks (but ranges from 1 to 6; Table S1-1) comprising 25 m2 

treatment plots that receive one of the possible factorial combinations of N, P and K+ and 

an unfertilized control plot. Plots are arranged in a randomized block design. Nutrients 

were applied at a standardized yearly rate, using 10 g N (time-release urea) m-2 yr-1, 10 

g P (triple-super phosphate, which also includes Ca) m-2 yr-1, and 10 g K (potassium 

sulphate, which also includes S) m-2 yr-1. In the first year only, all K plots also received 

100 g m-2 of an essential nutrient mix, comprising: 15% Fe, 14% S, 1.5% Mg, 2.5% Mn, 

1% Cu, 1% Zn, 0.2% B, and 0.05% Mo – forming the K+ treatment. All plots included in 

this analysis were open to herbivory. Site-level mean annual precipitation (MAP) and MAP 

variability data were obtained from the WorldClim Global Climate database (Version 1.4; 

Hijmans et al. 2005). 

 

Metrics 

We harvested aboveground biomass annually from two 10 cm x 100 cm strips in each 

plot at the site-specific time of peak biomass. Live biomass was separated from dead 

biomass, dried at 60°C and weighed to estimate biomass production in g m-2 year-1 for 
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each plot (Borer et al. 2014). Harvest strips were relocated within each plot each year to 

avoid a clipping effect. We calculated the temporal mean (𝜇) of biomass within plots as 

the seven-year mean of annual biomass measurements. Data for multiple nutrient effects 

on mean biomass over three years were previously presented (Fay et al. 2015), but did 

not jointly consider interannual variability. Considering both metrics concurrently is critical 

to interpreting stability effects (Carnus et al. 2014; Kohli et al. 2019).  

Ecosystems responding to chronic nutrient inputs can display directional trends in 

biomass (Seabloom et al. 2021) that may influence stability metrics (Lepš et al. 2019). To 

focus our analysis on interannual variability in biomass production, we detrended our data 

by taking the residuals from a linear regression of biomass over years of treatment in 

each plot (Tilman et al. 2006). We used model 1 regression to isolate residuals 

perpendicular to the x axis (Legendre & Legendre 2012). Subsequently, the standard 

deviation of residuals in a plot (𝜎𝑑𝑒𝑡𝑟) was used as a measure of interannual variability 

and in calculating a single detrended 𝑆 value for each plot, as: 𝑆𝑑 = 𝜇 / 𝜎𝑑𝑒𝑡𝑟.  

Plant species richness and percent cover (to the nearest 1%) were surveyed in 

permanent 1 m2 quadrats in each plot, based on visual assessment. Surveys were 

conducted annually or biannually according to the growing season at each site. We used 

these data to calculate the temporal mean of species richness for each plot. Additionally, 

we used species’ percent cover to calculate detrended species synchrony in each plot, 

using the calc_sync function (Lepš et al. 2019) in R (v 3.6.3; R Foundation for Statistical 

Computing). This function detrends the  synchrony metric (Loreau & de Mazancourt 

2008) by aggregating  values from a moving 3-year window (t3; Lepš et al. 2019). This 

mitigates against directional trends that can cause correlations in species abundances 

over time that are separate from the year-to-year fluctuations that drive synchrony (Lepš 

et al. 2019; Valencia et al. 2020b). Values of t3 are bounded between 0 (perfect 

asynchrony) and 1 (perfect synchrony). 

We calculated treatment effects using natural-log response ratios, as: 𝐿𝑅𝑅 =

ln(𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡/𝑐𝑜𝑛𝑡𝑟𝑜𝑙). This effect size highlights the change in the value of a metric in 

a treatment plot relative to control plots located within the same experimental block. Using 
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LRRs standardized treatment effects across sites, centered values around zero, and 

improved the normality of our data (Hedges et al. 1999). We back-transformed LRR 

estimates and converted them to percent change relative to the control for presentation 

in figures. 

 

Analysis 

We used linear mixed effects models to test how different nutrient inputs impacted the 𝑆𝑑, 

𝜇, and 𝜎𝑑𝑒𝑡𝑟 of grassland biomass. We assessed each metric using the model: 

𝑦𝑖𝑗𝑘 =  𝛽𝑗 + 𝑏𝑖 + 𝜀𝑖𝑗𝑘           [1] 

This model provides estimates for the 𝑘𝑡ℎ observation of 𝑦 in the 𝑗𝑡ℎ nutrient treatment at 

the 𝑖𝑡ℎ site. The parameter 𝛽 is the fixed effect intercept for the 𝑗𝑡ℎ level of the nutrient 

treatment and 𝑏 is the random intercept for the 𝑖𝑡ℎ site. The 𝑘 index accounts for within-

site variation that results from observation of multiple blocks at each site. We chose this 

model structure after trialing models including random slopes for treatment effects within 

each site, but these models did not converge. We also used model 1 to test for nutrient 

effects on species richness and species synchrony. For each response, we tested 

interactions between nutrients by replacing the 𝛽𝑗  term in model 1 with all interactions 

between dummy coded N, P and K+ factors.  

We assessed the dependence of stability responses on mean biomass responses 

using the model: 

      𝑦𝑖𝑗𝑘 = 𝛽1𝑗 + 𝑏𝑖 + 𝛽2𝜒𝑖𝑗𝑘 + 𝜀𝑖𝑗𝑘                [2] 

where 𝛽1 is the fixed effect intercept for the 𝑗𝑡ℎ nutrient treatment, 𝑏 is the random 

intercept for the 𝑖𝑡ℎ site, and 𝛽2 is the fixed effect slope associated with 𝜒 (here, mean 

biomass). We built these models and obtained estimates of model parameters by 

maximum likelihood estimation using the lme4 package (Bates et al. 2015) in R. 

We evaluated both the statistical and biological significance of our effect size 

estimates (Nakagawa & Cuthill 2007). We present mean effects with their 95% confidence 

intervals and provide P-values that indicate whether a treatment effect was significantly 

different from controls (at alpha < 0.05). We also compare our results with effect sizes 
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observed in previous studies as a benchmark for interpreting nutrient effects on stability 

(Table S1-3).  

 To test mechanisms of nutrient effects, we built a model for each biomass 

response that included: plot-level LRRs of plant species richness and synchrony, site-

level MAP and MAP variability, nutrient treatment, and the interaction of nutrient treatment 

with each predictor. We evaluated the contribution of these factors to changes in the 

mean, variability and stability of biomass production using a model selection approach. 

We used the dredge function in the MuMIn package (Bartoń 2009) to determine which 

set of predictors and interactions best explained the responses. We selected all predictors 

included in models within four AIC of the most parsimonious model and obtained their full 

averages and summary statistics using the model.avg function (Bartoń 2009).  
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Figure 1-1 | Effect of seven years of single- and multiple-nutrient additions on the 

detrended stability (inverse CV) (a), temporal mean (b), and detrended standard deviation 

(SD) (c) of grassland biomass production in 34 sites. Different individual and combined 

additions of nitrogen (N), phosphorus (P), and potassium with essential nutrients (K) 

influenced the magnitude of stability, mean and interannual variability responses. The 

points show percent change relative to unenriched control plots. They represent back-

transformed fixed effect estimates (with 95% confidence intervals) from mixed effects 

models that accounted for site as a random grouping factor. See Supplementary 

Information for detailed model specification and summary statistics. 
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RESULTS 

Do nutrient identity and nutrient interactions impact the temporal stability of 

grassland biomass production? 

At the global scale, seven years of single nutrient N enrichment decreased 𝑆𝑑 by 14% 

relative to control plots (LRRN = -0.16 P < 0.001; Figure 1-1a, Table S1-4). Inputs of P 

were also generally destabilizing (LRRP = -0.12, P = 0.011). In contrast, K+ did not 

significantly affect 𝑆𝑑 (LRRK+ = -0.04, P = 0.322).  

Multiple nutrient input treatments destabilized biomass (Figure 1-1a, Table S1-4) 

by 13% with NP (LRRNP = -0.14, P = 0.003), 15% with NK+ (LRRNK+ = -0.17, P < 0.001), 

and 12% with NPK+ (LRRNPK+ = -0.13, P = 0.004). However, we did not observe 

destabilizing interactions between any nutrients (Table S1-5). Instead, stability in NP, 

NK+ and NPK+ plots was equivalent to the stability of single-nutrient N and P input plots. 

Further, sub-additive interactions between N and P acted to stabilize biomass relative to 

the potential additive effect of N and P inputs (LRRN*P = 0.14, P = 0.045). 

 

Do nutrient identity and nutrient interactions impact the temporal mean and 

interannual variability of grassland biomass production? 

At the global scale, increases in mean biomass following nutrient inputs were 

accompanied by greater increases in interannual variability (Figure 1-1b-c), a trend that 

defines decreases in 𝑆𝑑. Inputs of N increased mean biomass production by 21% (LRRN 

= 0.19, P < 0.001), while P and K+ did not significantly impact mean biomass globally 

(Figure 1-1b, Table S1-6). Concurrently, N additions increased the interannual variability 

of biomass by 40% (LRRN = 0.36, P < 0.001) and P additions by 19% (LRRP = 0.17, P = 

0.007; Figure 1-1c, Table S1-7). K+ inputs had no significant effect on variability.  

Multiple nutrient addition effects on the mean and interannual variability of biomass 

production were larger than single nutrient effects. Inputs of NP, NK+, and PK+ increased 

mean biomass by 48% (LRRNP = 0.39, P < 0.001), 28% (LRRNK+ = 0.26, P < 0.001) and 

16% (LRRPK+ = 0.15, P < 0.001), respectively (Figure 1-1b, Table S1-6). Concurrently, 

they increased interannual variability by 68% (LRRNP = 0.52, P < 0.001), 49% (LRRNK+ = 
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0.42, P < 0.001) and 21% (LRRPK+ = 0.2, P = 0.002), respectively (Figure 1-1c, Table S1-

7). Simultaneous NPK+ additions increased mean biomass by 51% (LRRNPK+ = 0.41, P < 

0.001), exceeding the effect of all one- or two-nutrient treatments, and increased 

variability by 68% (LRRNPK+ = 0.53, P < 0.001). 

We observed a general synergistic co-limitation of mean biomass production by N 

and P (LRRN*P = 0.14, P = 0.011, Table S1-5). There was also a notable interaction 

between P and K+ (LRRP*K+ = 0.1, P = 0.071) that increased biomass in PK+ plots relative 

to controls. In contrast, we did not observe any significant nutrient interactions for 

interannual variability (Table S1-5). Instead, multiple nutrient effects on interannual 
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Figure 1-2 | Relationship between change in mean biomass production and change in 

stability under seven years of different individual and combined additions of nitrogen (N), 

phosphorus (P), and potassium with essential nutrients (K). Larger biomass responses 

were associated with larger declines in stability for all treatments except NP and NPK. 

Points show plots within blocks at 34 grassland sites. Colored lines are fixed-effect 

regression slopes for each treatment from mixed effects models. See Supplementary 

Information for detailed model specification and summary statistics. 
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variability were driven by significant effects of N and P that produced additive increases 

in 𝜎𝑑𝑒𝑡𝑟 (Table S1-5). 

 

How consistent were effects among the 34 globally distributed grassland sites? 

Destabilization most frequently occurred in response to treatments containing N. Inputs 

of N alone decreased stability by more than 10% relative to control plots at 23 sites and 

by more than 20% at 8 sites (Table S1-8). Similarly, large biomass and standard deviation 

responses were most frequently observed in response to N treatments. Mean biomass 

increased by over 25% with NPK+ at 31 sites and by over 50% at 18 sites (Table S1-8). 

Interannual variability increased by over 25% at 33 sites and by over 50% at 26 sites. 
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Figure 1-3 | Effect of individual and combined additions of nitrogen (N), phosphorus (P), 

and potassium with essential nutrients (K) on the temporal mean of species richness (a) 

and detrended species synchrony (b) in 34 grassland sites. Positive responses in species 

synchrony indicate species were more synchronized, while negative responses indicate 

increased asynchrony. Points show fixed effect estimates with 95% confidence intervals 

(see Figure 1 caption and Supplementary Information). 
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Multiple nutrient treatments produced mean biomass and variability responses more 

frequently than inputs of single nutrients (Table S1-8).  

 

Does nutrient limitation status impact the destabilization potential of nutrient 

enrichment? 

Across the study, sites with larger biomass responses, indicative of stronger underlying 

nutrient limitations, were associated with larger destabilization responses to nutrient 

enrichment (Figure 1-2, Table S1-9). This relationship held for all nutrient combinations 

except NP and NPK+ (Table S1-9). 

 

Does average site precipitation influence the response of temporal stability to 

nutrient enrichment? 

Average site precipitation did not strongly drive stability effects; MAP and MAP variability 

were retained in the model selection procedure for the stability, mean biomass, and 

interannual variability models but were not significant predictors of these responses 

(Table S1-10). 

 

Do nutrient effects on species richness or species synchrony influence the 

response of temporal stability to nutrient enrichment? 

Species richness declined with N addition and all multiple nutrient treatments but was not 

generally impacted by P or K+ additions (Figure 1-3a, Table S1-11). Species loss was 

highest with simultaneous NPK+ inputs, which reduced species richness by 16% 

(LRRNPK+ = -0.17, P < 0.001) across the study. Species synchrony did not display a clear 

directional response to any nutrient treatment at the global scale (Figure 1-3b, Table S1-

12). 

𝑆𝑑 was positively associated with species richness (P = 0.009; Figure 1-4a, Table S1-

10). Specifically, species loss was associated with decreased stability of biomass 

production whilst species gains were associated with increased stability. In contrast, 

overall mean biomass responses were negatively associated with species richness such 
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that biomass was most likely to increase where species were lost (P = 0.001; Figure 1-

4b, Table S1-10). Similarly, change in the interannual variability of biomass production 

was negatively associated with species richness such that plots displayed greater 

increases in interannual variability where species loss was higher (P < 0.001; Figure 1-

4c, Table S1-10). 

Species synchrony and 𝑆𝑑 responses displayed a negative relationship (P = 0.052; 

Figure 1-5, Table S1-10). Consequently, destabilization of community biomass was more 

likely where nutrients caused species synchrony to increase, and stabilization more likely 

where nutrients promoted asynchrony (Figure 1-5). Species synchrony was retained in 

the model set for the mean and interannual variability of biomass but was not a statistically 

significant predictor of these responses (Table S1-10). 
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Figure 1-4 | Nutrient-driven changes in species richness contribute to nutrient effects on 

the temporal stability (inverse CV) (a), mean (b), and detrended standard deviation (SD) 

(c) of grassland biomass production. Points show plots within blocks at 34 globally 

distributed grassland sites. Colored lines are fixed-effect regression slopes from mixed 

effects models for individual and combined nitrogen (N), phosphorus (P), and potassium 

with essential nutrients (K) addition treatments. Similar trends caused overlapping lines 

for some treatments in panels a (PK overlaps P) and c (PK overlaps K). See 

Supplementary Information for detailed model specification and summary statistics. 
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DISCUSSION 

Do nutrient identity and nutrient interactions impact the temporal stability, mean 

and interannual variability of grassland biomass production? 

Grassland biomass production is often limited or co-limited by nutrients (Harpole et al. 

2011; Fay et al. 2015). However, understanding of how co-limitation dynamics affect 

grassland stability is still lacking. Our analyses showed that N and multiple nutrient 

enrichment generally increased mean biomass production but destabilized it by inducing 

even greater increases in interannual variability. This indicates that, despite elevated 

biomass production, N inputs also increased the magnitude of fluctuations among years 

−1.5

−1.0

−0.5

0.0

0.5

1.0

1.5

−5 −4 −3 −2 −1 0 1 2 3

Change in synchrony (LRR)

C
h

a
n
g

e
 in

 s
ta

b
ili

ty
 (

L
R

R
)

K

N

NK

NP

NPK

P

PK

Figure 1-5 | Nutrient-driven changes in species synchrony contribute to nutrient effects 

on the stability of grassland biomass production over seven years. Positive responses in 

species synchrony indicate species were more synchronized, while negative responses 

indicate increased asynchrony. Colored lines show fixed-effect slopes within different 

nitrogen (N), phosphorus (P), and potassium with essential nutrients (K) treatments (see 

Figure 1-4 caption and Supplementary Information). 
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(McCann et al. 2021). Enrichment of P did not generally increase mean biomass but still 

increased its interannual variability and therefore had a general destabilizing effect. In 

contrast, K+ enrichment did not change either the mean or variability of biomass, and 

therefore did not impact stability at the global scale.  

Multiple nutrient treatments revealed interactive effects on mean biomass 

production, including a general synergistic interaction between N and P, consistent with 

previous observations of co-limitation (Harpole et al. 2011; Fay et al. 2015). However, this 

did not directly translate to stability responses. Multiple nutrient inputs did not drive 

transitions in mean-variability scaling beyond the effects of single N or P inputs. 

Consequently, nutrient interaction effects on stability were generally sub-additive (i.e. less 

than the sum of multiple single-nutrient effects; Harpole et al. 2011). This mitigated 

against compounding destabilization effects that could occur if all added nutrients exerted 

additive or synergistic effects (Harpole et al. 2011).  

Accordingly, multiple-nutrient enrichment was not more destabilizing than single-

nutrient enrichment at the global scale. Declining stability may indicate an increased risk 

of reaching a minimum acceptable value of an ecosystem function (Carnus et al. 2014) 

where, for example, substantial changes to community composition become likely 

(Beisner et al. 2003; McCann et al. 2021) or a food production system fails to reach a 

profit. Our study suggests that single N inputs generally increased mean biomass 

production (more reward) but decreased stability (more risk). In contrast, relative to N, 

multiple-nutrient NP and NPK+ inputs generally increased mean biomass but maintained 

an equivalent stability. 

All inputs containing N generally increased interannual variability in biomass, 

consistent with previous work (Rosenzweig 1971; Hautier et al. 2014). However, while 

NP and NPK+ produced the same risk as N-only inputs, they offered greater biomass 

production, potentially increasing ecosystem services such as food production and soil 

carbon sequestration (Gounand et al. 2020). Nonetheless, situations where stability is 

equivalent but the means are different indicate that total interannual variability is greater 

in the high means group. Variability can be of interest itself as it determines the absolute 

size of fluctuations in ecosystem services (Kohli et al. 2019). In this study, the standard 
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deviation was higher in NP and NPK+ treatments than with N only, despite equivalent 

stability, a result that could still translate to altered nutrient cycling or secondary 

production (Kohli et al. 2019). Accordingly, it is important to be clear about the aspects of 

variability and stability that are of concern in a given context (Carnus et al. 2014; Kohli et 

al. 2019). 

Here, explicit consideration of nutrient effects on both the mean and variability of 

biomass indicated a general effect in which adding limiting nutrients increased mean 

biomass but drove disproportionate increases in the standard deviation, resulting in 

variability-driven destabilization. It also revealed that the type of multiple nutrient limitation 

of the mean (synergistic vs additive; Harpole et al. 2011) was not the same as multiple 

limitation of interannual variability. While joint consideration of the mean and variability 

remain uncommon (Hautier et al. 2015; Kohli et al. 2019; Avolio et al. 2020), global 

change drivers do not always appear to alter mean-variability proportionality. For 

example, Kohli et al. (2019) observed that disturbance of consumer food webs had no 

effect on the stability of grassland biomass production because the mean and variability 

responded proportionately. These results show that future work should routinely consider 

how both the mean and variability of ecosystem processes respond to global changes 

(Avolio et al. 2020). 

 

How consistent was nutrient-driven destabilization among 34 globally distributed 

grassland sites? 

The magnitude of nutrient-driven changes in stability varied among sites. Twenty sites 

displayed 10% declines in stability following NPK+ enrichment and eight displayed 

reductions in stability of more than 20%. This effect size has a similar magnitude to 

previously reported stability responses. For example, declining species richness is a 

widely acknowledged driver of significant destabilization (Tilman et al. 2006) and, in a 

recent meta-analysis, experimentally reducing richness from 16 to 2 was also shown to 

destabilize biomass production by 20% (Hautier et al. 2015). This suggests that the 

effects of nutrient enrichment on stability can match other key global change drivers. 

Overall, our study suggests that there is a wide range in the magnitude of grassland 
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stability responses to elevated nutrient supply, but that increasing eutrophication will likely 

drive more grasslands towards critical thresholds of functioning. 

Nutrient effects on mean biomass production were more prevalent. At 31 sites, 

NPK+ enrichment increased mean biomass production by at least 25%. Nutrient limitation 

has not appeared this prevalent in previous, shorter assessments (Fay et al. 2015). This 

is consistent with increasing nutrient effects observed over ten years (Seabloom et al. 

2021) and might be explained by a progressive shift in community composition, as 

opposed to immediate and possibly transient changes in relative abundance and 

individual biomass production. Nutrient effects on interannual variability were even more 

prevalent, with 33 sites increasing variability by 25% and 26 sites increasing variability by 

50% following NPK+ enrichment. 

 

Was there evidence for mechanisms associated with destabilization following 

nutrient enrichment? 

Understanding the mechanisms that determine the potential for different nutrients to 

destabilize biomass production is crucial to maintaining grassland function over the long 

term. One possible cause of increased interannual variability following nutrient 

enrichment is the amplified responsiveness of plant growth to precipitation events (Wang 

et al. 2017) due to increased rain use efficiency (Huxman et al. 2004). In our analysis, 

there was no clear association of nutrient-driven destabilization with MAP or the variability 

of MAP. This is consistent with broader observations that nutrient enrichment can 

destabilize biomass production in both wet (Tilman et al. 2006) and dry (Wang et al. 2017) 

grassland systems, where different mechanisms mediate the relationship between 

moisture availability and stability, but each still promote destabilization (Wang et al. 2017). 

Studies that assess wet and dry grasslands separately have provided better insight into 

the role of precipitation and moisture availability in mediating nutrient effects on the 

stability of grassland biomass production (Bharath et al. 2020).  

Our study suggests that destabilization following nutrient enrichment is partly 

driven by the extent of underlying nutrient limitation, suggesting destabilization with 

enrichment is stronger where nutrient limitation is stronger. One explanation for this is 
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that nutrient limitations can impose constraints on community composition by mediating 

competition among species (Tilman 1982; Braakhekke & Hooftman 1999). Enrichment of 

nutrient-limited communities may then cause changes in community composition that 

impact community biomass production. Despite the overall relationship between mean 

and stability effects, the response of mean biomass was not a significant predictor of 

stability within the NP and NPK+ treatments, suggesting these inputs also reduced 

stability where they did not limit biomass. This may be because NP and NPK+ enrichment 

can drive species loss even where they are not limiting factors (Harpole et al. 2016), 

causing destabilization through lost diversity-stability effects.  

Our results also showed that nutrient effects on species richness contributed to 

changes in mean biomass production and its stability (Hautier et al. 2015). Plots that lost 

more species typically became more productive but less stable due to proportionally 

larger increases in the temporal standard deviation of biomass production. This has not 

been observed in previous analyses of NutNet data (Hautier et al. 2014, 2020). Our ability 

to detect this here is likely due to the increased power afforded by including observations 

from all treatment plots (not just NPK+) and the accumulation of more sites with longer-

term data. In addition to species richness effects, we also found that changes in species 

synchrony following enrichment contributed to changes in stability. Overall, stability was 

reduced where synchrony increased (Hautier et al. 2014, 2020; Muraina et al. 2021). 

However, in contrast to richness, there were no general effects of nutrient treatments on 

synchrony, nor differences between treatments.  

In addition to the decreased stability observed here, our results also suggest a 

heightened destabilization risk over longer periods of nutrient enrichment. Coupled with 

evidence that species loss can continue for more than a decade with simultaneous NPK+ 

enrichment (Seabloom et al. 2021), our observation that species loss contributed to 

nutrient-driven destabilization suggests that increased variability could be exacerbated 

over longer periods. Further, our observation of increased overall mean biomass with 

species loss was characteristic of a shift in community composition towards highly 

productive species (Tilman 1982). Productive species can mitigate against destabilization 

by maintaining a high temporal mean. However, with higher species loss and increased 
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sensitivity to other environmental fluctuations (MacDougall et al. 2013), mean-driven 

stabilization effects may be lost, exacerbating destabilization and the risk of total collapse 

over longer timeframes (Isbell et al. 2013). Our findings suggest this risk is particularly 

enhanced with N and the NP interaction that drove the greatest species loss. 

 

Conclusions 

Despite widespread multiple nutrient effects on mean biomass production (Harpole et al. 

2011; Fay et al. 2015), we are lacking studies investigating independent or interactive 

effects of multiple nutrients on the interannual variability or temporal stability of biomass 

production. Here, we demonstrated that changes in the mean, interannual variability, and 

stability of biomass production with fertilization were prevalent across 34 grasslands. We 

demonstrated that changes in stability were largely driven by single nutrient effects, rather 

than synergistic nutrient interactions. N- and P-based treatments caused the largest 

destabilization effects. Ongoing disruptions of multiple nutrient availability are likely to 

reduce the reliability of grassland functioning and increase the chance of irreversible 

change in species composition. This risk is greatest when the most limiting nutrient for 

production is added, or where nutrients reduce species richness or increase species 

synchrony.  
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2 Chapter two: Contrasting influences of nutrient 

availability on the coexistence of competing plant species 

ABSTRACT 

Changes in environmental conditions can simultaneously affect the growth rates and 

interactions of co-occurring species. Eutrophication is notoriously detrimental to plant 

species coexistence yet, in theory, altered nutrient availability may promote coexistence 

by increasing intraspecific density dependence or destabilize it by intensifying 

interspecific competitive exclusion. Here, we parameterized annual plant competition 

models with data from a nutrient addition experiment under greenhouse conditions to test 

how eutrophication influences species niche and fitness differences in an empirical 

system. Nutrient enrichment usually destabilized coexistence by increasing fitness 

differences or reducing niche differences, but also stabilized coexistence under certain 

conditions. This depended on species-level responses to enrichment as nutrient limitation 

directly constrained fitness by limiting fecundity and increasing sensitivity to interspecific 

competition. We provide empirical evidence that niche and fitness differences are 

responsive to eutrophication and give new insight into processes affecting nutrient-driven 

plant community change. 

INTRODUCTION 

Density dependence in the growth rates and competitive interactions of co-occurring 

species is a critical determinant of their stable coexistence (Chesson 2000; Grainger et 

al. 2019). Modern coexistence theory suggests that the many biotic and abiotic processes 

that act on these dynamics can be summarized by their effects on two key terms: niche 

and fitness differences (Chesson 2000). The impacts of global environmental change on 

species coexistence should be partly explained by shifts in these differences (Adler et al. 

2012; Valladares et al. 2015). However, due to the complexities of empirically evaluating 

niche or fitness differences (Levine & HilleRisLambers 2009; Godoy & Levine 2014), 

especially under different environmental conditions, there are limited tests of how global 
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changes impact coexistence (Germain et al. 2018; Matías et al. 2018; Wainwright et al. 

2019). Accordingly, while it is evident that anthropogenic disturbances influence species 

growth rates and competitive interactions, it is rarely clear how these effects 

mechanistically maintain or reshape ecological communities (HilleRisLambers et al. 

2012). 

These issues are acutely evident in eutrophied plant communities. Nutrient 

limitation regulates plant growth in many ecosystems globally (Elser et al. 2007; Fay et 

al. 2015) and may maintain diversity by allowing tradeoffs between plant species (Harpole 

& Tilman 2007). Conversely, nutrient enrichment is associated with declining biodiversity 

(Tilman & Lehman 2001) and the degradation of processes maintaining the stability of 

ecosystem functioning (Hautier et al. 2020; Carroll et al. 2022). Mechanistically, limiting 

nutrient addition provides the resources needed to increase plant growth (Kaspari & 

Powers 2016) and is predicted to reduce the strength of density dependent feedbacks 

mediated by the added nutrient (Chesson 2013). The consequences of this for 

coexistence depend on whether enrichment increases the intensity of interspecific 

competition for remaining limiting resources – destabilizing coexistence through a 

reduction of niche dimensionality (Harpole et al. 2016), or whether enrichment increases 

resource supply to the extent that the overall intensity of competition is reduced – 

promoting coexistence. Despite abundant evidence of nutrient-driven community change 

(Stevens et al. 2004), there is limited evidence for nutrient effects on these mechanisms 

– leaving several unresolved possibilities.  

Coexistence theory suggests four possible scenarios for nutrient effects on plant 

niche and fitness differences. Where nutrient limitation directly affects species growth 

rates, nutrient enrichment might (1) increase the fitness advantages of competitively 

dominant species, intensifying the likelihood of competitive exclusion, or (2) increase the 

fitness of weaker competitors, equalizing species fitness and increasing the likelihood of 

stable coexistence. In addition, where nutrient limitation acts on the competitive 

interactions of species, nutrient enrichment might (3) intensify interspecific relative to 

intraspecific competition, reducing niche differences and destabilizing coexistence, or (4) 

decrease interspecific relative to intraspecific competition, driving stabilizing increases in 
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niche differences. Establishing when these different scenarios occur would clarify how 

resource availability transforms or strengthens coexistence (MacDougall et al. 2009; 

Chesson 2013). 

Here, we assess niche and fitness differences in three pairs of annual grassland 

plant species grown in greenhouse conditions under experimentally manipulated 

availabilities of nitrogen (N), phosphorus (P), and other essential nutrients (K+). We 

calculate coexistence terms by empirically parameterizing annual plant competition 

models with these data (Godoy & Levine 2014; Hart et al. 2018) and test if nutrient 

availability impacts coexistence via the four possible scenarios outlined above. We 

assess species relative fitness differences and stabilizing niche differences in each 

nutrient treatment, then test factors influencing the responses of these metrics. 

Specifically, we test if release from nutrient limitation – as indicated by positive responses 

of biomass production to nutrient addition – are associated with increased fitness, which 

may be driven by changes in fecundity, sensitivity to competition, or both. We also 

evaluate the relative contribution of changes in fecundity, intraspecific, and interspecific 

competition to altered coexistence outcomes. 

METHODS 

We established a greenhouse pot experiment (Appendix S2-1) with three species of 

California annual grasslands, including two grasses (Bromus hordeaceus and Festuca 

microstachys), and one forb (Eschscholzia californica). Each pot contained a focal 

individual grown alone or in competition with 1, 10, or 25 neighbor individuals. This was 

repeated across the nine possible intra- and interspecific pairwise focal-neighbor 

combinations, for eight levels of a factorial N, P, and K+ addition treatment, and within 

four experimental blocks (Appendix S2-1). We measured the growth (aboveground 

biomass production) and reproduction (seed production) of all focal individuals (n=1,152). 

Following experimental designs proposed elsewhere (Godoy & Levine 2014; Hart 

et al. 2018), we used these data to parameterize several candidate annual plant 

competition models that define population growth as a function of species reproductive 
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rates (𝜆) and sensitivities to intraspecific (𝛼𝑖𝑖) and interspecific (𝛼𝑖𝑗) competition over the 

gradient of neighbor densities (Table S2-1). Estimates of 𝜆, 𝛼11, and 𝛼12 are derived from 

the change in focal species seed production as neighbor density increases from 0, such 

that a single individual was grown in a pot with no competition, to 25. All models were fit 

using maximum likelihood estimation (Appendix S2-1). For each focal species, we 

evaluated models that held parameter estimates constant across treatments as well as 

models allowing parameter values to respond to neighbor identity and nutrient addition. 

We evaluated the importance of treatment effects by comparing these models with null 

models using AIC values. 

We used estimates from models with parameters varying across treatments to 

calculate niche and fitness differences for each species pair in each nutrient treatment 

level. We calculated the average fitness of focal species 𝑖 in a pairwise scenario with 

neighbor species 𝑗 as: 𝑘𝑖  = 
𝜆𝑖−1

√𝛼𝑖𝑗𝛼𝑖𝑖
 (Hart et al. 2018), relative fitness differences between 

species 𝑖 and 𝑗 as 
𝑘𝑖

𝑘𝑗
, and stabilizing niche differences between species 𝑖 and 𝑗 as 1 −

√
𝛼𝑖𝑗

𝛼𝑗𝑗
∙

𝛼𝑗𝑖

𝛼𝑖𝑖
 (Chesson 2013). We used major axis regression to test the relationships between 

nutrient limitation and coexistence parameters and to test if nutrient effects on niche 

differences were generally driven by changes in intra- versus interspecific competition 

(Appendix S2-1). 

RESULTS 

Competition models 

Competitive interactions affected the seed production of all species, as indicated by 

comparison of competition models with null models (Table S2-2). Model fit was further 

improved for all species by allowing competition coefficients to vary with neighbor identity 

(Table S2-2), suggesting focal species experienced inter- and intraspecific competition 

differently – a prerequisite for niche differences. Nutrient enrichment affected competitive 



 

 

 

 

 

 29 

interactions for B. hordeaceus and F. microstachys but not for E. californica (Table S2-

2). In total, the models suggested that N and P addition increased the fecundities of B. 

hordeaceus and F. microstachys (Figure S2-1), while nutrient effects on intra- and 

interspecific competition varied across species and nutrient treatments (Figures S2-2 - 

S2-3; Table S2-3). 

 

Figure 2-1 | Nutrient enrichment altered the potential for stable species coexistence (a; 

shaded plot regions) in a pairwise plant competition experiment (b-c). Nutrient enrichment 

simultaneously affected niche and fitness differences in all species pairs (d-f). 

Coexistence metrics were calculated using parameter estimates from annual plant 

competition models fit to species’ seed production data under different nutrient treatments 

(colored circles). Parameter estimates and their standard errors are presented in Table 

S2-3. 
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Coexistence responses 

We found that nutrient availability altered coexistence by acting on all four hypothesized 

scenarios. Changes in nutrient availability simultaneously affected niche and fitness 

differences in all species pairs and altered the potential for stable coexistence in two pairs 

(Figure 2-1).  

Our models indicated that B. hordeaceus would competitively exclude E. 

californica under control conditions and in all nutrient treatments (Figures 2-1b, 2-1d). 

However, the addition of NP, NK+, PK+, and NPK+ decreased the fitness advantage of 

B. hordeaceus (Scenario 2) and increased stabilizing niche differences (Scenario 4), 

although these effects were not sufficient to stabilize coexistence.  

B. hordeaceus was competitively dominant to F. microstachys under control 

conditions (Figure 2-1e). Enrichment of NK+ and PK+ switched the outcome of their 

interaction in favor of F. microstachys by increasing its average fitness (Scenario 2) and 

decreasing niche differences (Scenario 3). In contrast, additions of N, P and K+ were 

enabled their coexistence by increasing stabilizing niche differences (Scenario 4).  

Lastly, our models indicated that E. californica and F. microstachys would stably 

coexist in control conditions (Figures 2-1c, 2-1f). N, P, and K+ increased the relative 

fitness of F. microstachys, but not sufficiently to destabilize coexistence. Conversely, their 

Figure 2-2 | Nutrient effects on focal species 

biomass production are positively associated with 

nutrient effects on focal species average fitness (P 

= 0.001; R2 = 0.244). Tests of this relationship are 

based on Major Axis regression (Table S2-4). The 

effect sizes are log response ratios of biomass 

production or fitness in treatment versus control 

conditions. The fitted line shows the global 

relationship across all pairwise species 

combinations and nutrient treatments. 
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interaction was destabilized by all multiple-nutrient additions due to an increase in the 

relative fitness of F. microstachys (Scenario 1), as well as a decrease in niche differences 

under NK+ and NPK+ (Scenario 3). 

 

Determinants of coexistence responses 

Whether changes in nutrient availability acted on a particular coexistence-response 

scenario was influenced by nutrient limitation, which constrained the average fitness of 

species (Figure 2-2). Increases in average fitness in response to nutrient addition were 

positively associated with changes in species aboveground biomass production (Figure 

2-2; Table S2-4; P = 0.002).  

Changes in fitness are, by definition, driven by species fecundities and sensitivity 

to competition. Here, the responses of species fecundities to nutrient additions were 

positively associated with biomass responses, suggesting nutrient limitation constrained 

Figure 2-3 | Nutrient effects on focal species biomass production are positively 

associated with nutrient effects on focal species fecundity (a; P = 0.001, R2 = 0.571) and 

negatively associated with nutrient effects on focal species sensitivity to interspecific 

competition (b; P = 0.035, R2 = 0.077), but displayed no association with nutrient effects 

on intraspecific competition (c). Tests of these relationships are based on Major Axis 

regression (Table S2-5). Effect sizes are log response ratios in treatment versus control 

conditions. Plots show data across all species and nutrient treatments. 
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seed production (Figure 2-3a; Table S2-5a; P = 0.001). In addition, increases in biomass 

with nutrient addition were negatively associated with changes in interspecific 

competition, suggesting release from nutrient limitation is associated with decreased 

sensitivity to the suppressive effect of other taxa (Figure 2-3b; Table S2-5b; P = 0.035). 

In contrast, nutrient limitation was not associated with changes in the intensity of 

intraspecific competition (Figure 2-3c; Table S2-5c). 

Nutrient addition was observed to both increase (Scenario 3) and decrease 

(scenario 4) stabilizing niche differences, depending on the species pair and nutrient 

input. Changes in niche differences generally resulted from disproportionate nutrient 

effects on interspecific competition relative to intraspecific competition (Figure 2-4). If the 

slope of the relationship between change in pairwise inter- and intraspecific competition 

Figure 2-4 | Nutrient effects on species niche differences (1 − √
𝛼𝑖𝑗

𝛼𝑗𝑗
∙

𝛼𝑗𝑖

𝛼𝑖𝑖
) were explained 

by disproportionate changes in pairwise interspecific competition (ξ𝛼12 ∗  𝛼21) relative to 

intraspecific (ξ𝛼11 ∗ 𝛼22) competition. Values falling on the line defined by a slope of 1 

(red dashed line) indicate proportional changes in inter- and intraspecific competition. The 

trend line (solid black) shows the best linear fit from a Major Axis regression (Table S2-

6) and is not significantly different from zero, indicating changes in inter- and intraspecific 

competition were not proportional. 
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was close to one, it would indicate both coefficients changed proportionally – causing no 

change in niche differences. However, major axis regression indicated that this slope was 

not significantly different from zero and its confidence intervals did not overlap with one 

(Table S2-6). 

DISCUSSION 

Our experiment provided empirical evidence that, for competing plant species, changes 

in nutrient availability can act on any of four proposed coexistence response-scenarios. 

This supports theoretical suggestions that changes in environmental conditions may 

impact coexistence through simultaneous effects on species niche and fitness differences 

(Chesson 2013; Valladares et al. 2015). We showed that nutrient enrichment often 

destabilized coexistence by simultaneously increasing fitness differences and reducing 

niche differences. This matches hypotheses that nutrient pollution gives competitive 

advantages to a subset of species (e.g. Tilman 1988; Stevens et al. 2004) or reduces 

environmental heterogeneity and constrains opportunities for trade-offs in resource-use 

(Valladares et al. 2015; Harpole et al. 2016). However, we also observed that nutrient 

addition sometimes stabilized species coexistence by equalizing fitness or increasing 

niche differences. This contrasts typical expectations that enrichment reduces richness 

but, as explored below, makes sense after separately considering nutrient effects on 

fecundity and competitive interactions. In total, we provide some of the first empirical 

evidence that both niche and fitness differences among competing plants are responsive 

to changes in nutrient availability and provide insight into when these responses may 

occur, including whether they respond positively or negatively. 

Understanding when shifts in species coexistence with global environmental 

change are driven by niche differences, fitness differences, or both is an important 

challenge (HilleRisLambers et al. 2012; Valladares et al. 2015; Wainwright et al. 2019). 

Our findings suggest that in nutrient limited ecosystems (Elser et al. 2007; Fay et al. 

2015), changes in species fitness are likely to play a key role in nutrient-driven community 

change. We found that nutrient limitation generally constrained species average 



 

 

 

 

 

 34 

fitnesses. This occurred in part because nutrient limitation impeded seed production (), 

a finding that matches observations of increased plant fecundity in response to 

experimental water addition under xeric conditions (Wainwright et al. 2019). In addition, 

fitness was influenced by a heightened sensitivity to interspecific competition under 

nutrient limitation. This contrasts expectations that nutrient enrichment is likely to intensify 

interspecific competition for remaining limiting resources, such as other nutrients or light 

(Hautier et al. 2009; Harpole et al. 2016). However, our observation may be explained by 

the possibility that nutrient enrichment increases resource availability to all species with 

similar nutrient requirements, reducing interspecific competition. Regardless of 

mechanism, our finding suggests that nutrient limitation promoted negative density-

dependent feedbacks between plant species (Chesson 2013) but also that increasing 

nutrient supply reduced the strength of these feedbacks.  

Nutrient-driven changes in niche differences are inferred from a change in the 

relative strengths of inter- and intraspecific competition (Chesson 2013). We observed 

that species niche differences were responsive to nutrient addition – both increasing and 

decreasing, depending on the species pair and nutrient input – and that this was explained 

by a higher responsiveness of interspecific competition. The responsiveness of niche 

differences to nutrient enrichment suggests global changes may cause shifts in ‘realized 

niche differences’, that is, the niche differences that contribute to coexistence in a given 

scenario. Occasional stabilization with enrichment suggests that with better 

understanding of the roles of specific nutrients in plant interactions (Kaspari & Powers 

2016), nutrient availability may play a role in community reassembly as well as 

disassembly (HilleRisLambers et al. 2012). One caveat to our result is that interspecific 

effects may be artificially increased in greenhouse experiments relative to field conditions, 

where predation, co-limiting resources such as drought, or spatial differentiation in 

resource availability may mitigate interspecific pressure (Chesson 2013; Adler et al. 

2018). 

Here, we have explicitly isolated the effects of nutrient availability on pairwise 

competition and coexistence metrics by using a pot-scale experiment under greenhouse 
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conditions. By design, we excluded several processes that may affect coexistence 

responses to eutrophication in natural communities. These include fluctuation dependent 

mechanisms operating over larger spatial and temporal scales, such as the storage-effect 

interacting with climate variability (Adler et al. 2006), or mechanisms based on 

multispecies (Saavedra et al. 2017) or multitrophic (Chesson 2018) interactions. Under 

field conditions, these mechanisms would likely interact with the resource-use differences 

that drove the nutrient addition responses we observed. Consequently, to further assess 

the impact of nutrient enrichment on plant species coexistence, we recommend extending 

our crossed nutrient manipulation by neighbor density design to field settings. We suggest 

its application to experimentally assembled communities as well as natural communities, 

using manipulations of species relative densities (e.g. Wainwright et al. 2019).  

Overall, we found that nutrient enrichment can affect pairwise plant species 

coexistence, both destabilizing but also potentially stabilizing, through simultaneous 

effects on niche and fitness and is likely to affect fitness when nutrients were previously 

limiting. The responsiveness of coexistence parameters to environmental change here 

and elsewhere (Matías et al. 2018; Wainwright et al. 2019) suggests further work 

evaluating the responses of niche and fitness differences offers considerable potential in 

understanding plant community responses to global change drivers (HilleRisLambers et 

al. 2012). Such work represents one avenue toward mitigating nutrient-driven species 

loss (Stevens et al. 2004; Seabloom et al. 2021) and the resultant negative impacts for 

the long-term stability of ecosystem function (Tilman & Lehman 2001). 
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3 Chapter three: Resource competition fails to explain 

plant species responses to nutrient enrichment in a complex 

environment 

ABSTRACT 

The impacts of environmental changes on plant community biodiversity may be explained 

by changes in species interactions, mediated by shifts in the balance of niche and fitness 

differences. However, it is often unclear how the strength and direction of species 

interactions respond in complex field settings, where multiple processes can 

simultaneously affect plant growth and reproduction. We designed a field experiment to 

test how competition and coexistence among four annual grassland plant species 

responded to nutrient enrichment and variability in herbivore pressure. Focal species 

reproduction was limited by both factors, such that the outcome of species interactions 

was context dependent. Competitive interactions failed to predict species persistence 

under these conditions. Instead, facilitation was critical – phytometers grown without 

neighbors consistently failed to produce seed under herbivore pressure while 

reproductive success and fecundity significantly increased with neighbor density. Overall, 

our work demonstrates the importance of species interactions in community responses 

to environmental variability but emphasizes that ‘indirect’ drivers of plant performance 

may influence, or indeed overwhelm, nutrient effects on plant-plant interactions. 

INTRODUCTION 

Understanding how global changes impact species interactions improves our ability to 

manage changes in the biodiversity and functioning of ecological communities (Tylianakis 

et al. 2008; Valladares et al. 2015). Eutrophication is a significant global threat to plant 

communities (Borer et al. 2017; Borer & Stevens 2022; Carroll et al. 2022) that may be 

explained by shifts in plant-plant interactions (Tilman & Lehman 2001). Coexistence 

theory offers a useful framework for explaining this process through a set of mechanisms 
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that prevent competitive exclusion and stabilize species coexistence when they cause 

species niche differences to exceed their fitness differences (Chesson 2000, 2018). Plant 

community responses to global changes may be understood in terms of shifts in the 

balance of these terms (Adler & HilleRisLambers 2008; HilleRisLambers et al. 2012; 

Valladares et al. 2015; Wainwright et al. 2019). However, it is unclear if coexistence theory 

contains the level of realism required to explain community responses to eutrophication 

in complex empirical settings, where multiple processes simultaneously regulate fitness 

and niche overlap. 

The contribution of niche and fitness differences to plant diversity in field settings 

is increasingly evident (Levine & HilleRisLambers 2009; Godoy & Levine 2014), as is their 

role in plant community responses to altered water availability (Matías et al. 2018; Hallett 

et al. 2019; Wainwright et al. 2019). However, such studies often underpredict 

coexistence relative to observed community composition (Godoy & Levine 2014; Kraft et 

al. 2015; Wainwright et al. 2019; Bowler et al. 2022). In a global change context, 

uncertainty in the responses of niche and fitness terms to a given pressure may be driven 

by interactions with other axes of environmental variability. Plants are often co-limited by 

multiple resources such that their response to change in one resource is contingent on 

the availability of others (Harpole et al. 2011; Fay et al. 2015; Kaspari & Powers 2016; 

Borer & Stevens 2022). Multiple global change pressures often occur simultaneously and 

may act synergistically (Harpole & Tilman 2007; Komatsu et al. 2019). These 

contingencies are further compounded by the fact that environmental context can affect 

the direction of plant species interactions; for example, increasing the importance of 

facilitative rather than competitive interactions under physical or biological conditions that 

are unfavorable for growth (Bertness & Callaway 1994; Brooker et al. 2008). Together, 

these ‘indirect’ drivers of plant performance may influence, or indeed overwhelm, nutrient 

effects on plant-plant interactions, challenging the value of existing coexistence theory for 

understanding plant community responses to eutrophication in empirical settings. 

Here, we conducted a field experiment to test how pairwise niche and fitness 

differences in four annual grassland plant species responded to nutrient enrichment in a 

heterogeneous empirical setting. We followed established experimental designs for the 
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field parameterization of annual plant competition models by growing focal species across 

a gradient of inter- and intraspecific neighbor densities (Levine & HilleRisLambers 2009; 

Hart et al. 2018), repeated under ambient and enriched nutrient availability. We also 

measured a suite of variables, including predation by small herbivores, species’ water-

use, and species’ light-use. We aimed to assess the relative contribution of these factors 

to species average fitness (Chesson 2000) – including survival, per capita fecundity, and 

the sensitivity of fecundity to neighbors – as well as species niche differences. We asked 

how interactions between nutrient availability and herbivory, light competition, and water 

competition affected plant species interactions by impacting fitness. We predicted that (1) 

nutrient enrichment would exacerbate fitness inequalities and increase niche overlap but 

(2) that these effects may depend on the covarying influences of herbivory and 

competition for water and light, which could even overwhelm nutrient effects. 

METHODS 

Field site and study species 

We established a field experiment on 16th June 2021 to test how environmental context 

affects interactions among four annual plant species (Figure S3-1). The experiment was 

conducted in the Cowichan Garry Oak Preserve on southern Vancouver Island, British 

Columbia, Canada (48° 48' 30.2688'' N, 123° 38' 2.2884'' W). This region is characterized 

as a sub-Mediterranean climate, defined by cool but not cold winters and dry summers 

(Seager et al. 2019) that are similar but less pronounced than regions to the south, 

including those characteristic of California annual grasslands (Stromberg et al. 2007). 

Summer is commonly moisture-limited with most rainfall falling in the late fall and winter 

(MacDougall 2005; MacDougall & Turkington 2006). We began experimental work in the 

summer, allowing us to control water inputs and minimize the flow of water between plots. 

Throughout, ambient rainfall was low (<55 mm for the entire experimental period) while 

temperatures were generally high (Table S3-1). Plots were watered evenly by hand for 

the duration of the experiment. We followed two separate watering periods, initially 

maintaining a high application rate to facilitate germination and establishment, then 



 

 

 

 

 

 39 

reducing inputs to promote maturation and senescence. Precise watering rates are given 

in Table S3-1. 

Our work was conducted in an experimental plot measuring 22.5 m x 6.5 m that 

was plowed and weeded continually to control plant community composition. The study 

species were three grasses (Bromus hordeaceus, Festuca myuros, and Lolium 

multiflorum) and one forb (Clarkia amoena). Seeds were surface sown into plots. 

Weeding protocols were enforced to protect the plant composition, richness, and density 

of our trials, as is typical for field-based experiments on diversity effects (e.g. Tilman et 

al. 2012). Plots were hand-weeded in addition to a single application of glyphosate 

herbicide to control field bindweed (Convolvulus arvensis), applied directly to shoots using 

a brush. 

 

Experimental design 

Our four study species were grown as focal individuals (henceforth ‘phytometers’) among 

three experimental treatments in a semi-open environment allowing full access by small 

mammals. Small mammals such as rodents and introduced rabbits can have powerful 

impacts in this system, with both voles (Microtus spp.) and rabbit (Oryctolagus cuniculus) 

well described at this site (MacDougall et al. 2010). We surrounded the experiment by a 

large-gauge deer fence. Deer are rarely observed in the area where we worked although 

are abundant regionally (Duwyn & MacDougall 2015) and can damage new plants by 

trampling.  

We applied three primary direct treatments: nutrient enrichment, neighbor density, 

and neighbor identity. We factorially crossed the four study species such that phytometers 

faced all possible pairwise inter- and intraspecific interactions across a density gradient. 

This design was implemented to provide data to fit competition models describing the 

sensitivity of phytometer fecundity to variation in neighbor density (Levine & 

HilleRisLambers 2009; Godoy & Levine 2014; Hart et al. 2018). Experimental treatments 

were organized in a split-split-plot design with 12 whole-plots, 120 split-plots, and 480 

split-split-plots (Figure S3-1).  
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A nutrient treatment with two levels was applied at the whole-plot level. Control 

plots (no nutrient addition) were contrasted with nutrient enrichment plots (henceforth 

‘NPK+’) that received 10 g m-2 nitrogen (N; added as Urea), 10 g m-2 phosphorus (P; 

added as triple-super phosphate), 10 g m-2 potassium (K; added as potassium sulphate), 

and 20 g m-2 of a micronutrient mix comprising: 17% Fe, 12% S, 6% Ca, 3% Mg, 2.5% 

Mn, 1% Cu, 1% Zn, 0.1% B, and 0.05% Mo (MicroMax; ICL Speciality Fertilizers). The six 

control and six NPK+ plots were randomly distributed among the twelve whole-plots. 

Nutrients were applied at the whole-plot level to prevent the movement of nutrients 

between control and NPK+ plots. Whole-plots measured 4.8 m by 1.7 m and were 

arranged in a 3-plot by 4-plot grid with 0.5 m borders between plots (Figure S3-1a). 

Nutrients were applied once at the start of the experiment, prior to seed addition. 

 At the split-plot level, we applied the neighbor density and neighbor identity 

treatments. The neighbor density treatment had three levels: no competition (phytometers 

grown alone), mid-density (neighbor seeds sown at a rate of 2 g m-2) and high-density 

(10 g neighbor seed m-2). The neighbor identity treatment had four levels, corresponding 

to the four focal species. Each whole-plot was subdivided into ten split-plots measuring 

0.8 m by 0.8 m organized in a 5-plot by 2-plot grid, with borders of 0.2 m in the rows and 

0.12 m in the columns (Figure S3-1a). We randomly assigned two split-plots in each whole 

plot to the ‘no competition’ level, while remaining split-plots were randomly assigned to 

one of the eight possible combinations of four neighbor identities and two remaining levels 

of the neighbor density treatment.  

Finally, each split-plot was subdivided into four 0.4 m by 0.4 m split-split-plots. At 

this level, we randomly assigned one of the four possible focal phytometer species. 

Phytometers were sown into the center of the split-split plot at the same time as neighbor 

seed addition. This design provided phytometers of each focal species grown in the 

absence of competitors, at each level of the neighbor density treatment for all inter- and 

intraspecific species pairs, and at both nutrient levels of the nutrient treatment. 

Herbivore damage of the neighbor assemblage was measured by visual 

assessment of percent canopy destruction to the nearest 25%. By measuring herbivore 

damage at all levels of the nutrient treatment and for all species we were able to test if 
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nutrient enrichment impacted vulnerability to herbivory and if certain species were 

disproportionately impacted.  

 

Vegetation sampling 

We measured species resource use in monocultural stands at mid- and high-densities as 

an approximation of R* values as calculated elsewhere in Californian Mediterranean 

grasslands (e.g. Hillebrand et al. 2007). We measured species soil moisture-use as the 

rate of water draw down over three days. Specifically, we recorded percent soil moisture 

at 20 cm depth using a Hydrosense II water content sensor (Campbell Scientific, Alberta, 

Canada) immediately after watering, then measured percent soil moisture again at 24- 

and 48-hours post-watering in a period with no rainfall. We used these measurements to 

fit linear models of change in percent soil moisture over the three time points and used 

the inverse of the slopes of these models as an index of species water use. We 

determined species light-use as the difference between photosynthetically active 

radiation (PAR) detected above and below the canopy (using a 100cm Light Bar, Apogee 

Scientific, UT, USA), converted to percent interception. We measured neighbor canopy 

height as the average height from the ground to the tallest photosynthetically active 

structure at four points per split-plot. In total, these measurements allowed us to test how 

resource availability to phytometers was influenced by nutrient addition, neighbor density, 

and neighbor identity. It also allows us to quantify species-specific impacts on limiting 

resources among the four species used in our experiment.  

Our experiment was concluded by harvesting focal species seeds and biomass 

between September 22nd-23rd, 2021. The aboveground biomass of all surviving 

phytometers was dried at 60°C for 48 hours to reach a constant weight, then weighed to 

provide aboveground biomass production in grams. To measure the per capita fecundity 

of the three grass species, we counted all seeds produced by phytometers. For C. 

amoena, we estimated total phytometer seed production by multiplying the number of 

seed pods by the average number of seeds per pod, determined by counting the seed 

content of a subsample of pods. 
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Statistical analysis 

All analyses were conducted in R (v 4.2.0; R Foundation for Statistical Computing). Our 

experiment was designed to allow us to obtain competition coefficients for each species 

pair to empirically parameterize niche and fitness difference metrics (Chesson 2000; Hart 

et al. 2018). We fit Beverton-Holt models of the form: 
𝜆𝑖

1 + 𝛼𝑖𝑖𝑁𝑖+ 𝛼𝑖𝑗𝑁𝑗
 to phytometer fecundity 

data (Hart et al. 2018) using maximum likelihood estimation in in the ‘bbmle’ package 

(Bolker 2021). We fit these models for all species pairs to obtain all inter- and intraspecific 

competition coefficients and repeated this under both levels of nutrient availability. In our 

experiment, phytometers frequently failed to reproduce and plant-plant competition did 

not appear to contribute to this process (see results) niche and fitness differences were 

frequently undefinable. To provide an estimate of the general sensitivity of each species 

to the presence of neighbors, we also fit competition models for each focal species without 

allowing neighbor identity to vary. 

To test the processes regulating phytometer fitness in our field setting, we used a two-

step ‘hurdle model’ approach (Zeileis et al. 2008) to first test factors contributing to the 

probability of successful seed production in phytometers and, second, to test factors 

affecting the rate of seed production among survivors. We fit a series of binomial 

generalized linear mixed-effect models (GLMMs) to test how binary success versus 

failure in seed production was affected by nutrient addition and (1) neighbor density, (2) 

percent destruction of the plot by herbivores, and (3) neighbor resource-use (water and 

PAR). For each model, we evaluated how the inclusion of independent versus interaction 

effects altered model fit using AIC, and we present results from the most parsimonious 

model. These models were fit as mixed-effect models using the ‘lme4’ package (Bates et 

al. 2015), allowing the inclusion of a separate error term at the whole-plot level to account 

for our split-split-plot design. Due to singularities encountered in the random effect 

structure of the resource-use model, we refit this as a fixed-effect generalized linear 

model (GLM).  

To assess processes affecting rates of seed production in successful phytometers, 

we fit a series of negative binomial GLMs modelling the response of fecundity to nutrient 
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enrichment with (1) neighbor density, (2) herbivore plot destruction, and (3) neighbor 

resource-use. We followed the same model selection process outlined above and present 

results from the best model. Finally, to test possible mechanisms through which neighbor 

species affected phytometer growth and reproduction, we tested for differences between 

species in canopy height, PAR interception, water-use, and vulnerability to herbivory. We 

also tested if these values were impacted by nutrient addition. Each response was 

modelled using linear mixed-effects models with focal species identity, nutrient addition, 

and their interaction as fixed effects, and whole-plot identity as a random effect. 

RESULTS 

Survival and reproductive success 

Of 480 focal phytometers, 97 (20%) were not detectable at the end of the experiment 

(Figure 3-1). Among the remaining 383 with observable biomass at harvest only 56 (12%) 

successfully produced seed (Figure 3-1) – an essential requirement for recruitment and 

persistence in annual plant species. Of these, 34 were B. hordeaceus, 16 were C. 

amoena, and 5 were L. multiflorum, while F. myuros failed to reproduce across the entire 

experiment (Figure 3-1). 

Figure 3-1 | The number of 

phytometers that were planted, had 

detectable biomass at the conclusion 

of the experiment, and successfully 

produced seed. Different colors refer 

to four focal species.  
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Among the 96 phytometers planted with no neighbors, only one successfully produced 

seed (Table S3-2). However, the probability of successful seed production significantly 

increased with planted neighbor density (Figure 3-2a; R2 = 0.23, P <0.001). In contrast, 

the probability of phytometer reproductive success decreased as the percentage of the 

plot destroyed by herbivores increased (Figure 3-2b; R2 = 0.26, P <0.001). The probability 

of reproductive success also increased as neighbor resource-use increased. Specifically, 

a significant interaction between neighbor PAR interception and water-use acted to 

maximize the probability of successful seed production when both variables were at their 

highest value (Figure 3-2c; R2 = 0.35, P = 0.034). In all models, nutrient addition had no 

effect on the probability of successful seed production (Table S3-3).  

Where phytometers fail to reproduce over all neighbor densities, competition 

coefficients are undefinable. This occurred for at least one coefficient in ten of the twelve 

possible species pairs under both nutrient treatment levels (Table S3-2). Consequently, 

niche and fitness difference terms were unsuitable for describing species growth and 

Figure 3-2 | The probability of successful seed production by phytometer individuals 

increased at higher planted neighbor densities (a), decreased with herbivore damage (b) 

and increased with neighbor interception of photosynthetically active radiation (PAR; c). 

Neighbor water use interacted with light interception to increase the facilitative effect 

when both variables were at their highest (c). The figures show fitted trends from 

generalized linear mixed effects models (a, b) and generalized linear models (c), with 

associated error shown in Table S3-3.  
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persistence. In total, of the 32 possible inter- and intraspecific coefficients, 17 were 

undefined, eleven were negative (indicating facilitation), while just four were positive 

(indicating competition; Table S3-2). Similarly, when refitting across all neighbor species 

identities, with eight possible coefficients, two were undefined, five were negative, and 

just one was positive (Table S3-4). 

 

Per capita fecundity 

Among successful phytometers, per capita fecundity was not significantly influenced by 

planted neighbor density (Table S3-5a) but significantly increased with neighbor PAR 

interception (Figure 3-3; Table S3-5b). Notably, a significant interaction between focal 

identity and nutrient addition (Table S3-5b) produced context dependent relationships 

between neighbor PAR interception and fecundity for each species. Overall, predicted 

fecundity for B. hordeaceus was relatively low but increased with neighbor PAR 

interception, especially under control conditions (Figure 3-3a). Predicted fecundity was 

higher for C. amoena, especially under nutrient addition (Figure 3-3b), while predicted 

fecundity for L. multiflorum remained relatively low in the nutrient addition treatment but 

received a facilitative benefit of neighbor density under control conditions (Figure 3-3b).  

Per capita fecundity significantly decreased as herbivore damage of a plot 

increased (Figure 3-4; Table S3-5c). Again, nutrient enrichment interacted with focal 

species identity to produce context dependent relationships between herbivore damage 

and fecundity for each species (Table S3-5c). Specifically, fecundity remained relatively 

low across the gradient of herbivore damage for B. hordeaceus, regardless of nutrient 

enrichment (Figure 3-4a). C. amoena displayed high sensitivity to increasing herbivore 

damage but this was unaffected by nutrient enrichment (Figure 3-4b). In contrast, the 

fecundity of L. multiflorum was low under nutrient enrichment but, while higher under 

control conditions, displayed greater sensitivity to herbivore pressure (Figure 3-4c). 

 

Neighbor species modification of environmental conditions 

In general, phytometers were most successful when surrounded by C. amoena (28 

successes) and B. hordeaceus (17) but performed poorly when surrounded by F. myuros 
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Figure 3-3 | Predicted rates of per capita fecundity increased with neighbor interception 

of photosynthetically active radiation (PAR) in successful individuals of B. hordeaceus 

(a), C. amoena (b), and L. multiflorum (c). This relationship differed under experimental 

nutrient addition (green) relative to controls (pink). The figures show fitted trends from 

generalized linear models, with the error associated with model estimates shown in Table 

S3-4b. 

 

 

Figure 3-3 | Predicted rates of per capita fecundity decreased with herbivore damage of 

plots in successful individuals of B. hordeaceus (a), C. amoena (b), and L. multiflorum (c). 

This relationship differed under experimental nutrient addition (green) relative to controls 

(pink) in L. multiflorum. The figures show fitted trends from generalized linear models, 

with the error associated with model estimates shown in Table S3-4c. 
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(only 5 successes) or L. multiflorum (4). We observed significant differences in trait values 

between species (Figure 3-5). Specifically, average canopy height was significantly 

different among the four neighbor species (Figure 3-5a; Table S3-6a) and was tallest in 

C. amoena and shortest in F. myuros stands. Similarly, neighbor species % PAR 

Figure 3-4 | Differences in modification of environmental conditions by monocultural 

stands of different neighbor species (B. hordeaceus, C. amoena, F. myuros, and L. 

multiflorum) under control conditions and nutrient enrichment (NPK+). Traits measured 

include neighbor canopy height (a), light-use (PAR) (b), water-use (c), and vulnerability 

to herbivory (d). Bars shown mean values with standard errors. 
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interception significantly differed among species and was greatest under C. amoena 

(Figure 3-5b; Table S3-6b). In contrast, while the rate of water-use differed among 

species, it was greatest in stands of L. multiflorum (Figure 3-5c; Table S3-6c). The 

susceptibility of neighbor stands to herbivore destruction significantly differed between 

species and, notably, this vulnerability was affected by nutrient addition – plots of C. 

amoena and L. multiflorum were most susceptible to herbivore damage, especially under 

nutrient addition (Figure 3-5d; Table S3-6d). 

DISCUSSION  

Nutrient enrichment of plant communities is a global driver of biodiversity loss and 

functional instability (Harpole et al. 2016; Komatsu et al. 2019; Carroll et al. 2022). 

Coexistence theory offers a framework for understanding plant community responses to 

eutrophication through shifts in species interactions (Adler et al. 2012; Valladares et al. 

2015). Using a field experiment designed to parameterize competition and coexistence 

models with empirical data, we tested how nutrient availability affected plant fitness in a 

heterogeneous field setting characterized by variability in herbivore pressure. In this 

system, both herbivory and nutrient availability limited fecundity but, critically, facilitation 

against herbivore pressure, not resource competition, was the primary determinant of 

survival to reproductive success.  

The most common result in our experiment was mortality – phytometers widely 

failed to produce seed. This failure was not caused directly by nutrient availability, 

neighbor density, or neighbor identity (i.e., our experimental treatments) but was 

determined by herbivore destruction. We found that the probability of success decreased 

with herbivore pressure, joining the well-established literature describing that herbivory 

can be a key regulator of plant species persistence (Holt et al. 1994; Orrock et al. 2006). 

In line with this, small mammal herbivory has been previously observed to limit native 

plant species recruitment in our system (MacDougall et al. 2010). Mechanistically, 

herbivory can act as strong limiting factor for population growth, mediating the balance 

between reproduction and mortality (Chesson 2000). Under our experimental conditions, 
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withstanding herbivore pressure by achieving reproductive success appeared to be the 

primary hurdle to species persisting. 

Facilitation played a critical role in both increasing the chance of reproductive 

success and increasing rates of seed production in successful phytometers. A key benefit 

derived from facilitation was likely concealment from herbivores, a pattern observed in 

many plant communities globally (Brooker et al. 2008; Louthan et al. 2014). By mediating 

the risk of destruction by herbivores, the probability of reproductive success was highest 

when neighbor density was at its maximum, including when competition for light and water 

were highest. Together, the frequent failure of species to establish and the strong 

facilitative effect of neighbors suggest that competitive interactions (in which increases in 

neighbor density decrease phytometer fecundity) had little effect on phytometer 

persistence. Nutrient enrichment did not affect the probability of reproductive success but 

did influence the number of seeds produced by phytometers. However, it only did so by 

mediating the relationship between fecundity and herbivory and fecundity and neighbor 

resource use. This emphasizes that ‘indirect’ drivers of plant performance may influence, 

or indeed overwhelm, nutrient effects on plant-plant interactions (Wright et al. 2017). 

More generally, our results support the well-established role of facilitation in plant 

fitness and diversity (Bertness & Callaway 1994; Callaway 2007) and emphasize an 

increased importance of facilitation in plant community responses to global change 

(Valladares et al. 2015). Resolving how environmental context affects the direction of 

species interactions is a key challenge for developing a mechanistic understanding of 

community responses to global changes (Tylianakis et al. 2008). Combined with previous 

work suggesting that stress amelioration is likely to make facilitation more prominent in 

stressful environments (Bertness & Callaway 1994; Maestre et al. 2009; McIntire & 

Fajardo 2014; Valladares et al. 2015), our results suggest that neighbors may often be 

essential to recovery from low density in disturbed conditions.  

Coexistence theory shows that species’ abilities to recover from low densities in 

the presence of neighbors is a prerequisite for coexistence, preventing the competitive 

exclusion of rare populations and enabling mutual invasibility (Chesson 2000; Grainger 

et al. 2019). The most common explanation for this at low densities is that intraspecific 
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competition is reduced, increasing the availability of species-specific optimum conditions 

(e.g., the availability of limiting resources). Of course, herbivore pressure can act on 

species niche and fitness differences to regulate coexistence by apparent competition 

(Holt et al. 1994; Chesson 2000, 2013), but only when herbivore effects are density 

dependent. Our findings suggest that concealment from herbivores may be an alternative 

mechanism for low density recovery in grassland plant species that may be unrelated to 

resource-mediated niche differences and the strength of inter- and intraspecific 

competition. This dynamic may be more likely where environmental stressors directly 

impact fitness or increase the importance of facilitative interactions. 

In summary, we provide evidence that changes in species interactions mediated by 

niche and fitness differences may be insufficient to explain the effects of eutrophication 

on plant community diversity in complex field settings. Disentangling the impact of nutrient 

enrichment on plant-plant interactions may frequently be complicated by the simultaneous 

operation of multiple processes, especially multitrophic interactions (Chesson 2018) and 

the occurrence of multiple growth-limiting factors (Barabás et al. 2018). Future empirical 

work may further test the how multiple global change processes simultaneously affect 

plant niche and fitness differences in field settings using controlled experiments where 

multiple axes of environmental variability are explicitly manipulated, or by conducting 

experiments following established designs (e.g. Levine & HilleRisLambers 2009; Hart et 

al. 2018) in heterogenous settings to increase their realism.  
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General discussion 

The eutrophication of terrestrial ecosystems is causing extensive changes in plant 

community diversity and functioning worldwide (Tilman 1999a, 2022; Borer et al. 2017). 

Addressing this crisis will require knowledge of the ecological mechanisms that drive 

changes in community composition (HilleRisLambers et al. 2012; Valladares et al. 2015). 

The overarching goal of my thesis was to advance existing understanding of how nutrient 

enrichment affects the species interactions hypothesized to maintain plant community 

diversity (Chesson 2000), as well as how nutrient-driven changes in diversity translate to 

ecosystem functioning (Tilman 1999b). To achieve this, I conducted three separate 

research projects in natural (Chapter one) and experimental grasslands systems 

(Chapters two and three), with a particular focus on how simultaneous changes in the 

availability of multiple nutrients affect these dynamics (Chapters one and two). In chapter 

one, I assessed how multiple-nutrient addition affected the temporal stability of grassland 

biomass production, including how this was influenced by changes in species richness 

and synchrony. In chapters two and three, I established experimental systems to explicitly 

isolate nutrient effects on species niche and fitness differences from a coexistence theory 

perspective. Here, I summarize the key findings of these analyses and identify avenues 

for developing these findings in future research. 

Among its many effects, chronic eutrophication threatens the reliable delivery of 

essential ecosystem services over time (Isbell et al. 2013; McCann et al. 2021). In chapter 

one, I leveraged data from the globally distributed Nutrient Network experiment to test 

how nutrient enrichment impacted the temporal stability of biomass production in 34 

grasslands over seven years. While previous work has shown that the effects of 

eutrophication on stability may be mediated by lost species richness (Hautier et al. 2015), 

this effect had not been decomposed into the independent or interactive effects of multiple 

nutrients, despite the known role of multi-nutrient availability in the maintenance of plant 

community diversity (Harpole & Tilman 2007; Harpole et al. 2016). My analysis indicated 

that destabilization was most severe where nutrients reduced species richness and 

increased species synchrony. Further, I found that this effect depended on nutrient 
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identity, with nitrogen and phosphorus posing a greater threat than potassium or 

micronutrients. Overall, I contributed the general result that the risk of destabilized 

function appears greatest when the most limiting nutrient for production in a given location 

is enriched. 

 Despite theoretical expectations that multiple-nutrient limitation promotes plant 

community diversity by providing opportunities for niche differences between species 

(Tilman 1982; Harpole & Tilman 2007), explicit quantification of nutrient effects on species 

niche overlap has been lacking. I endeavored to address this paucity in chapters two and 

three by coupling recent advances in experimental designs for parameterizing models of 

species coexistence (Godoy & Levine 2014; Germain et al. 2018; Hart et al. 2018) with 

nutrient manipulation treatments similar to those deployed in the Nutrient Network 

experiment.  

In chapter two, this approach provided some of the first empirical evidence that 

niche and fitness differences among competing plant species responded to nutrient 

enrichment, including that different single- or multiple-nutrient additions may exert distinct 

effects on coexistence outcomes. This joins recent work demonstrating that other global 

change pressures such as drought can exert changes in coexistence parameters 

(Germain et al. 2018; Matías et al. 2018; Hallett et al. 2019; Wainwright et al. 2019). 

Collectively, these findings give rigorous foundation to the notion that coexistence theory 

may be useful for understanding plant community responses to ongoing global change 

(Valladares et al. 2015). Another valuable development would be to discern if there are 

generalizable trends in when community change is driven by changes in niche 

differences, fitness differences, or both (Valladares et al. 2015; Wainwright et al. 2019). 

My findings in Chapter two went some way towards this by suggesting that the growth-

limiting nutrient for a given species directly constrained fitness by limiting fecundity and 

increasing sensitivity to interspecific competition. However, tests of this finding in field 

settings and with additional species are required to better assess the robustness of this 

result. 

In chapter three, I redeployed a similar experimental design in a more complex 

field setting with the potential for multiple processes to covary with nutrient availability 
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and interactively affect species growth, reproduction, and coexistence. I found it was not 

possible to predict changes in species persistence from changes in nutrient availability 

under the experimental conditions, where limitation by herbivory overwhelmed the effects 

of resource competition. In fact, species interactions based on niche and fitness 

differences in controlled experimental settings often appear to contradict patterns of 

coexistence observed in natural communities (Godoy & Levine 2014; Kraft et al. 2015). 

Recent work suggests this may result from failure to account for stochasticity in species 

fitness (Bowler et al. 2022), multitrophic interactions (Chesson 2018), or multi-species 

interactions (Saavedra et al. 2017). Coupled with this, my experimental results suggest 

that future studies of coexistence may benefit from replicating a standardized density 

gradient experiment across multiple locations to test how variability in species responses 

to multiple axes of environmental variability regulate coexistence. 

While the chapters are intended as stand-alone manuscripts, a general trend 

emerged. In particular, by applying the same multiple nutrient treatment in different 

experimental contexts, it became clear that nutrient identity (e.g., whether N, P or K 

added) plays a key role in nutrient driven change, in addition to the effect of nutrient 

dimensionality (i.e., the number of added nutrients; Harpole & Tilman 2007). Further 

consideration of the role of nutrient identity in plant community responses to 

eutrophication may give better insight into the fundamental processes regulating plant 

species interactions, for example suggesting that the maintenance of diversity in plant 

communities may not be a simple function of the number of limiting resources present, 

but the function of more complex system of trade-offs based on the physiological needs 

of species in a given context and the biochemical roles of particular mineral nutrients. 

Explicit consideration of nutrient identity may also allow the prioritization of ecosystem 

management to focus on controlling the relative availability of specific nutrient(s) known 

to the be most impactful in a given plant community. 
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S1: SUPPLEMENTARY INFORMATION FOR CHAPTER ONE 

S1-1: Supplementary figures and tables 

Table S1-1 | Summary of site characteristics for the 34 sites included in the study. Sites 

were located in 9 countries across 6 continents. Sites typically had 3 experimental blocks, 

but this ranged from 1-6. The sites span a broad gradient of site-level plant species 

richness, mean annual precipitation (MAP; mm), and mean annual temperature (MAT; 

°C). The years of treatment data that were used in the analysis are indicated in the ‘years’ 

column, which also notes any years in which a site missed data collection. 

Site Country Continent Lat. Long. Elevation Blocks Richness MAP MAT Years 

bldr.us US N. America 40.0 -105.2 1633 2 49 487 9.9 1-7 
bnch.us US N. America 44.3 -122.0 1318 3 61 1618 6.8 1-7 
bogong.au AU Australia -36.9 147.3 1760 3 51 1678 6 1-7 
burrawan.au AU Australia -27.7 151.1 425 3 45 643 18 1-7 
cbgb.us US N. America 41.8 -93.4 275 6 113 871 9.3 1-7 
cdcr.us US N. America 45.4 -93.2 270 5 142 740 6.3 1-7 
cdpt.us US N. America 41.2 -101.6 965 6 85 456 9.6 1-7 
comp.pt PT Europe 38.8 -8.8 200 3 105 564 17 1-7 
cowi.ca CA N. America 48.8 -123.6 50 3 29 762 10 1-7 
elliot.us US N. America 32.9 -117.1 200 3 51 344 18 1-7 
frue.ch CH Europe 47.1 8.5 995 3 40 1546 7 1-7 
hall.us US N. America 36.9 -86.7 194 3 53 1289 14 1-7 
hopl.us US N. America 39.0 -123.1 598 3 132 1065 13 1-7 
kibber.in IN Asia 32.3 78.0 4241 3 37 400 -1.5 1-4,6 
kiny.au AU Australia -36.2 143.8 90 3 114 408 16 1-7 
koffler.ca CA N. America 44.0 -79.5 301 3 51 853 6.3 1-7 
konz.us US N. America 39.1 -96.6 440 3 109 889 12 1-5,7 
lancaster.uk UK Europe 54.0 -2.6 180 3 34 1522 8 1-3, 

6,7 
look.us US N. America 44.2 -122.1 1500 3 62 1877 6.9 1-7 
marc.ar AR S. America -37.7 -57.4 6 3 67 907 14 1-7 
mcla.us US N. America 38.9 -122.4 642 3 88 936 14 1-7 
mtca.au AU Australia -31.8 117.6 285 4 71 324 18 1-7 
saline.us US N. America 39.0 -99.1 440 3 122 608 12 1-7 
sedg.us US N. America 34.7 -120.0 550 3 34 478 16 1-7 
sevi.us US N. America 34.4 -106.7 1600 1 85 252 13 1-7 
sgs.us US N. America 40.8 -104.8 1650 3 78 369 8.9 1-7 
shps.us US N. America 44.2 -112.2 910 4 97 246 5.3 1-5 
sier.us US N. America 39.2 -121.3 197 5 128 936 16 1-7 
smith.us US N. America 48.2 -122.6 62 3 66 605 10 1-5 
spin.us US N. America 38.1 -84.5 271 3 52 1152 13 1-7 
temple.us US N. America 31.0 -97.3 184 3 99 877 19 1-7 
trel.us US N. America 40.1 -88.8 200 3 25 992 11 1-7 
ukul.za ZA Africa -29.7 30.4 842 3 176 832 18 1-7 
valm.ch CH Europe 46.6 10.4 2320 3 122 681 0.1  1-7 
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Table S1-2 | Assessment of the sensitivity of detrended stability (𝑆𝑑) effect size estimates 

from model 1a to the number of years assessed. We analyzed data for seven treatment 

years. This choice impacted the length of time available for temporal dynamics to unfold 

as well as the number of sites it was possible to use in the analysis. Significant effect 

sizes at alpha 0.05 are shown in bold and underlined. Effect sizes with P values below 

alpha 0.1 are underlined. The effects presented in the paper were most representative of 

those seen in subsets of between 1-6 and 1-9 years of treatment, which included from 43 

to 28 sites, respectively. 

  
  

 

Nutrient Treatment 

Years Sites Parameter K P N PK NK NP NPK 

3 70 Estimate 0.028 0.059 0.001 0.096 0.076 0.077 -0.034 
  P 0.642 0.335 0.986 0.115 0.212 0.208 0.573 

4 58 Estimate -0.010 -0.055 -0.119 0.019 -0.045 0.011 -0.078 
  P 0.853 0.312 0.030 0.732 0.415 0.837 0.155 

5 51 Estimate -0.024 -0.059 -0.083 -0.017 -0.058 -0.003 -0.076 
  P 0.625 0.238 0.099 0.741 0.245 0.956 0.128 

6 43 Estimate -0.028 -0.078 -0.104 -0.046 -0.122 -0.035 -0.087 
  P 0.541 0.093 0.025 0.321 0.009 0.455 0.061 

7 34 Estimate -0.044 -0.115 -0.163 -0.049 -0.165 -0.135 -0.129 
  P 0.322 0.011 <0.001 0.278 <0.001 0.003 0.004 

8 29 Estimate -0.026 -0.092 -0.135 -0.061 -0.140 -0.109 -0.122 
  P 0.573 0.051 0.004 0.194 0.003 0.021 0.010 

9 28 Estimate -0.032 -0.071 -0.122 -0.048 -0.114 -0.107 -0.119 
  P 0.444 0.090 0.004 0.255 0.007 0.011 0.005 

10 21 Estimate -0.001 -0.034 -0.035 0.006 -0.090 -0.030 -0.017 
  P 0.979 0.484 0.472 0.908 0.064 0.531 0.722 

11 16 Estimate 0.030 -0.037 -0.050 0.004 -0.113 -0.053 -0.069 
  P 0.547 0.463 0.325 0.934 0.027 0.296 0.175 

12 6 Estimate -0.025 -0.007 -0.070 -0.036 -0.087 -0.052 -0.114 

    P 0.685 0.915 0.258 0.561 0.158 0.399 0.066 
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Table S1-3 | Effect sizes of the temporal mean, standard deviation, and stability (inverse 

CV) of grassland biomass production in response to perturbations. We present this range 

of log response ratios (LRR) to aid interpretation of the biological significance of our 

results. Here, the effect sizes denote the impact of the listed experimental manipulation 

relative to control conditions within the study. The references used to provide these 

benchmarks include meta-analysis of multiple studies of stability effects (1), as well as 

assessment of sites with a wide geographical distribution (2). 

Response LRR  
% 

change Examples from previous grassland studies Ref* 

     

Biomass  0.22 25 LRR = 0.24: N enrichment - 34 kg ha-1 / 3.4 g m2 (1) 

   

LRR = 0.27: Benchmark for biologically significant 
mean biomass response (2) 

 0.4 50 LRR = 0.57: N enrichment - 54 kg ha-1 / 5.4 g m2 (3) 

 0.56 75 LRR = 0.66: N enrichment - 270 kg ha-1 / 27 g m2 (1) 

   LRR = 0.74: Increasing species richness from 1 to 16 (2) 
     

SD  0.22 25 LRR = 0.24: Reducing species richness from 16 to 4 (1) 

 0.4 50 LRR = 0.48: N enrichment - 54 kg ha-1 / 5.4 g m2 (1) 

   LRR = 0.48: Reducing species richness from 16 to 2  

 0.56 75 LRR = 0.60: Reducing species richness from 16 to 1 (1) 
     

CV -0.11 -10 LRR = -0.11: N enrichment - 54 kg ha-1 / 5.4 g m2 (1) 

 -0.22 -20 LRR = 0.22: Reducing species richness from 16 to 2 (1) 

   LRR = 0.29: N enrichment - 270 kg ha-1 / 27 g m2 (1) 

 -0.43 -35 LRR = 0.41: Reducing species richness from 16 to 1 (1) 
          

* (1): Hautier et al., 2015; (2): Fay et al., 2015; (3): Tilman et al., 2012 
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Table S1-4 | Summary of a linear mixed-effects model testing the effect of nutrient 

additions on the stability (𝑆𝑑) of aboveground biomass production in n=34 grassland sites. 

Specifically, we fit the model: lrr.detr.s ~ 0 + trt + (1 |site_code) using restricted maximum-

likelihood. Here, the response was the log response ratio (lrr = trt/control) of detrended 

temporal stability in nutrient treatment plots. The model provides the estimated effect in 

each treatment, after controlling for site as a random effect (site standard deviation = 

0.126). The table shows the parameter estimate, standard error (SE), degrees of freedom 

(df), t-test statistic (t), and P value for the response of stability in each level of the nutrient 

treatment. 

 

Treatment Estimate SE df t P 

K -0.044 0.045 232.6 -0.992 0.322 

N -0.163 0.045 232.6 -3.647 < 0.001 

NK -0.165 0.045 232.6 -3.687 < 0.001 

NP -0.135 0.045 232.6 -3.026 0.003 

NPK -0.129 0.045 232.6 -2.884 0.004 

P -0.115 0.045 232.6 -2.571 0.011 

PK -0.049 0.045 232.6 -1.088 0.278 
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Table S1-5 | Summary of linear mixed-effects model testing interactions among factorially 

applied N, P and K+ fertilizer. Models test main and interaction effects of the nutrients on 

the temporal stability (𝑆𝑑) (a), mean (b), and interannual variability (𝜎𝑑𝑒𝑡𝑟) (c) of biomass 

production. For each response, we fit the model: y ~ 0 + N * P * K + (1 | site_code) with 

site as a random effect. 

Table S1-5a | Stability (𝑆𝑑) 

Nutrient Estimate SE df t P 

N -0.163 0.045 232.6 -3.647 < 0.001 

P -0.115 0.045 232.6 -2.571 0.011 

K -0.044 0.045 232.6 -0.992 0.322 

N:P 0.143 0.071 628.2 2.010 0.045 

N:K 0.043 0.071 628.2 0.599 0.549 

P:K 0.111 0.071 628.2 1.558 0.120 

N:P:K -0.103 0.106 762.4 -0.972 0.331 

      
Table S1-5b | Mean 

Nutrient Estimate SE df t P 

N 0.194 0.039 111.8 5.003 < 0.001 

P 0.056 0.039 111.8 1.453 0.149 

K -0.004 0.039 111.8 -0.094 0.926 

N:P 0.135 0.056 361.3 2.421 0.016 

N:K 0.065 0.056 361.3 1.161 0.246 

P:K 0.100 0.056 361.3 1.796 0.073 

N:P:K -0.139 0.080 656.0 -1.740 0.082 

      
Table S1-5c | Standard deviation (𝜎𝑑𝑒𝑡𝑟) 

Nutrient Estimate SE df t P 

N 0.359 0.063 198.8 5.688 < 0.001 

P 0.173 0.063 198.8 2.745 0.007 

K 0.043 0.063 198.8 0.675 0.500 

N:P -0.009 0.098 577.9 -0.096 0.924 

N:K 0.020 0.098 577.9 0.207 0.836 

P:K -0.012 0.098 577.9 -0.125 0.901 

N:P:K -0.034 0.145 752.5 -0.235 0.814 
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Table S1-6 | Summary of linear mixed effects model assessing the effect of nutrient 

treatments on mean aboveground biomass production in n=34 grassland sites. 

Specifically, we fit the model: lrr.mean ~ 0 + trt + (1 | site_code) with site as a random 

effect (site standard deviation = 0.153). See description of Table S1-4 for further 

explanation of the model and the table headers. 

 

Treatment Estimate SE df t P 

K -0.004 0.039 111.8 -0.094 0.926 

N 0.194 0.039 111.8 5.003 < 0.001 

NK 0.255 0.039 111.8 6.58 < 0.001 

NP 0.386 0.039 111.8 9.941 < 0.001 

NPK 0.409 0.039 111.8 10.531 < 0.001 

P 0.056 0.039 111.8 1.453 0.149 

PK 0.153 0.039 111.8 3.944 < 0.001 
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Table S1-7 | Summary of linear mixed effects model assessing the effect of nutrient 

treatments on interannual variability in biomass production (𝜎𝑑𝑒𝑡𝑟) in n=34 grassland sites. 

Specifically, we fit the model: lrr.sd ~ 0 + trt + (1 |site_code) with site as a random effect 

(site standard deviation = 0.195). See description of Table S1-4 for further explanation of 

the model and the table headers. 

 

Treatment Estimate SE df t P 

K 0.043 0.063 198.8 0.675 0.500 

N 0.359 0.063 198.8 5.688 < 0.001 

NK 0.422 0.063 198.8 6.686 < 0.001 

NP 0.523 0.063 198.8 8.284 < 0.001 

NPK 0.540 0.063 198.8 8.546 < 0.001 

P 0.173 0.063 198.8 2.745 0.007 

PK 0.204 0.063 198.8 3.225 < 0.001 
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Table S1-8 | Number of grassland sites (total = 34) where predicted mean biomass, 

standard deviation (𝜎𝑑𝑒𝑡𝑟), and stability (Sd) responses to nutrient inputs exceeded effects 

demonstrated elsewhere in the literature. See the text and Table S1-3 for a description of 

comparable effect sizes. 

                     

  Mean 𝜎𝑑𝑒𝑡𝑟 Sd 

LRR: 0.22 0.4 0.56 0.22 0.4 0.56 -0.11 -0.22 -0.43 

% Change: 25 50 75 25 50 75 -10 -20 -35 

 K 1 0 0 5 0 0 8 0 0 

 P 4 0 0 12 3 0 19 7 0 

 N 13 1 0 25 12 3 23 8 0 

 PK 9 1 0 13 3 0 8 0 0 

 NK 21 4 1 28 16 7 24 8 0 

 NP 30 15 4 33 25 13 21 8 0 

  NPK 31 18 5 33 26 15 20 8 0 
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Table S1-9 | Summary of a linear mixed effects model assessing the response of the 

temporal stability of biomass production (𝑆𝑑) to changes in the response of mean biomass 

production (lrr.mean) within different nutrient treatments. Specifically, we fit the model: 

lrr.detr.s ~ trt:lrr.mean + (1 | site_code), including the interaction effect (denoted by ‘:’) 

between each nutrient treatment and lrr.mean to assess the association within-

treatments. The model controls for site as a random effect (site standard deviation = 

0.131). See Table S1-4 for description of table headers. 

 

Effect Estimate SE df t P 

(Intercept) -0.062 0.028 41.5 -2.161 0.037 

K*lrr.mean -0.313 0.111 765.5 -2.828 0.005 

N*lrr.mean -0.311 0.102 767.3 -3.055 0.002 

NK*lrr.mean -0.366 0.087 765.3 -4.180 < 0.001 

NP*lrr.mean -0.134 0.082 765.3 -1.629 0.104 

NPK*lrr.mean -0.145 0.074 766.2 -1.963 0.050 

P*lrr.mean -0.259 0.120 768.5 -2.153 0.032 

PK*lrr.mean -0.544 0.103 767.1 -5.301 < 0.001 
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Table S1-10 | Summary of linear mixed effects model assessing potential mechanisms 

of nutrient effects on the stability (𝑆𝑑) (a), mean 𝜇 (b), and interannual variability (𝜎𝑑𝑒𝑡𝑟) 

(c) of biomass production. We took a model averaging approach to determine the most 

important predictors from a broad set of hypothesized mechanisms. For each response, 

the maximal model included the predictors: nutrient treatment (trt), nutrient effects on 

mean species richness (lrr.rich), nutrient effects on detrended species synchrony 

(lrr.sync), log transformed mean annual precipitation for each site (log.map), and log 

transformed interannual variability in mean annual precipitation for each site 

(log.map.var). Maximal models also included the potential interaction between nutrient 

treatments and each covariate. Specifically, we fit the model: Y ~ trt + trt * (lrr.rich + 

lrr.sync + log.map + log.map.var) + (1 | site_code) which included site as a random effect. 

We considered all models within 4 AIC of the most parsimonious model. We present the 

full averages of the estimated effects of the parameters retained by this selection process. 

The number of models in which each effect was retained is noted under N-models. 

 

Table S1-10a | Stability (𝑆𝑑) 

Effect 
N-models 

(/6) 
Estimate SE Adj.SE z P 

(Intercept) - -0.012 0.253 0.253 0.048 0.961 

lrr.richness 6 0.173 0.066 0.066 2.624 0.009 

lrr.synchrony 5 -0.032 0.017 0.017 1.944 0.052 

log(MAP) 2 -0.011 0.033 0.033 0.327 0.744 

log(MAP.var) 2 -0.004 0.027 0.027 0.142 0.887 

N 1 -0.008 0.031 0.031 0.249 0.803 

NK 1 -0.009 0.034 0.034 0.255 0.799 

NP 1 -0.006 0.026 0.026 0.231 0.818 

NPK 1 -0.005 0.023 0.023 0.215 0.830 

P 1 -0.006 0.025 0.025 0.229 0.819 

PK 1 0.000 0.015 0.015 0.008 0.994 
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Table S1-10b | Mean biomass production (𝜇) 

Effect 
N-models 

(/11) 
Estimate SE Adj.SE z P 

(Intercept) - -0.117 0.282 0.282 0.414 0.679 

lrr.richness 11 -0.230 0.069 0.069 3.347 0.001 

N 11 0.186 0.040 0.040 4.659 < 0.001 

NK 11 0.246 0.040 0.040 6.112 < 0.001 

NP 11 0.369 0.040 0.040 9.217 < 0.001 

NPK 11 0.374 0.043 0.043 8.739 < 0.001 

P 11 0.065 0.040 0.040 1.654 0.098 

PK 11 0.148 0.040 0.040 3.717 < 0.001 

lrr.synchrony 5 -0.007 0.010 0.010 0.661 0.509 

log(MAP) 5 0.018 0.038 0.038 0.457 0.647 

log(MAP.var) 4 -0.003 0.026 0.026 0.110 0.913 

lrr.rich*N 3 0.008 0.066 0.066 0.114 0.909 

lrr.rich*NK 3 0.016 0.076 0.076 0.216 0.829 

lrr.rich*NP 3 -0.002 0.061 0.061 0.036 0.971 

lrr.rich*NPK 3 -0.038 0.115 0.115 0.330 0.742 

lrr.rich*P 3 -0.026 0.098 0.098 0.266 0.791 

lrr.rich*PK 3 -0.020 0.083 0.083 0.240 0.810 

 
 

     
Table S1-10c | Standard deviation (𝜎𝑑𝑒𝑡𝑟) 

Effect 
N-models 

(/8) 
Estimate SE Adj.SE z P 

(Intercept) - -0.235 0.485 0.486 0.484 0.628 

lrr.richness 8 -0.411 0.091 0.091 4.504 < 0.001 

N 8 0.292 0.074 0.074 3.931 < 0.001 

NK 8 0.358 0.074 0.074 4.809 < 0.001 

NP 8 0.446 0.074 0.075 5.989 < 0.001 

NPK 8 0.443 0.075 0.075 5.898 < 0.001 

P 8 0.143 0.074 0.074 1.923 0.055 

PK 8 0.149 0.074 0.074 2.009 0.045 

log(MAP) 4 0.039 0.066 0.066 0.591 0.554 

lrr.synchrony 4 0.008 0.016 0.016 0.506 0.613 

log(MAP.var) 4 0.001 0.040 0.040 0.026 0.980 
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Table S1-11 | Summary of linear mixed effects model assessing the effects of nutrient 

addition treatments on the temporal mean of species richness (lrr.rich) at n=34 grassland 

sites. Specifically, we fit the model: lrr.rich ~ 0 + trt + (1 | site_code) which controls for site 

as a random effect (site standard deviation = 0.084). See Table S1-4 for further model 

details and description of table headers. 

Nutrient Estimate SE df t P 

K -0.037 0.025 164.4 -1.454 0.148 

N -0.094 0.025 164.4 -3.716 < 0.001 

NK -0.094 0.025 164.4 -3.718 < 0.001 

NP -0.121 0.025 164.4 -4.802 < 0.001 

NPK -0.170 0.025 164.4 -6.733 < 0.001 

P -0.009 0.025 164.4 -0.369 0.713 

PK -0.067 0.025 164.4 -2.660 0.009 
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Table S1-12 | Summary of linear mixed effects model assessing the effects of nutrient 

addition treatments on detrended species synchrony (lrr.sync) of n=34 grassland sites. 

Specifically, we fit the model: lrr.sync ~ 0 + trt + (1 | site_code) which controls for site as 

a random effect (site standard deviation = 0.473). See Table S1-4 for further model details 

and description of table headers. 

 

 

 

 

 

 

  

Nutrient Estimate SE df t P 

K -0.039 0.125 120 -0.314 0.754 

N 0.081 0.125 120 0.649 0.518 

NK -0.230 0.125 120 -1.844 0.068 

NP -0.119 0.125 120 -0.955 0.341 

NPK -0.146 0.125 120 -1.170 0.244 

P -0.119 0.125 120 -0.958 0.340 

PK -0.098 0.125 120 -0.788 0.432 
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Table S1-13 | Summary of author contributions to project  
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x x 
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x x x 
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Johannes M. H. 
Knopps 

    

x x 
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Jason P. Martina 
    

x x 
 

Kevin S. McCann   x  x   

Joslin L. Moore 
    

x x 
 

John W. Morgan     x x  

Taofeek O. Muraina 
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Brooke Osborne     x   
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x x 
 

Carly Stevens     x x  
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Laura Yahdjian     x x  

Andrew S. MacDougall x       x x   
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S2: SUPPLEMENTARY INFORMATION FOR CHAPTER TWO 

S2-1: Supplementary methods 

Species and growth conditions  

We established a plant-growth experiment in greenhouse conditions to determine the 

impact of changes in nutrient availability on competition and coexistence between annual 

grassland plant species. We chose three study species that are observed to co-occur in 

California annual grassland systems: the invasive European grass Bromus hordeaceus, 

the native Californian grass Festuca microstachys, and the native Californian forb 

Eschscholzia californica.  

We grew plants in a soil mixture of 2-parts screened topsoil (Hutcheson’s, Ontario, 

Canada), 1-part sand (Hutcheson’s, Ontario, Canada), and 1-part perlite. Pilot analysis 

indicated that this medium was nutrient poor (Table S2-7). Plants were grown in square 

‘treepots’ (of 10.2 cm width, 35.6 cm height, and 2.83 liters volume; Stuewe & Sons Inc, 

Oregon, USA) arranged tessellated in trays with a 10 cm x 10cm cm square spacing 

between each pot (Figure S2-4). Seeds were surface sown directly into pots then thinned 

to their required densities (see below) following emergence. In the few instances where 

germination of focal individuals failed, seedlings that had been sown concurrently and 

treated identically were transplanted.  

Pots were watered using an automated irrigation system with a single drip-stake 

in the center of each pot (Figure S2-4). In addition to drip irrigation, pots were uniformly 

hand watered after sowing to assist germination and establishment. The irrigation system 

initially released 30 ml water per pot, three times daily. At the end of the experiment, water 

delivery to pots was gradually reduced promote seed set and ripening. Greenhouse day 

and night temperatures were initially maintained at 17°C and 10°C, respectively, and were 

periodically increased encourage plant development. Supplemental lighting was used to 

maintain a twelve-hour photoperiod for the duration of the experiment. 

 

Experimental design 
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We designed our experiment to assess how competition between the annual plant pairs 

was affected by different nutrient enrichment treatments. Our approach followed 

experimental designs proposed elsewhere for empirically parameterizing annual plant 

competition models (Godoy & Levine 2014; Hart et al. 2018). We considered several 

candidate models (Table S2-1) that define population growth as a function of species 

fecundity (𝜆; per capita seed production in the absence of competition) and the sensitivity 

of 𝜆 to intra- and interspecific competition (𝛼11 and 𝛼12, respectively; Hart et al. 2018).  

To generate the data needed to estimate these parameters, we grew focal 

individuals of the three species in conditions defined by crossing two experimental factors. 

Specifically, we manipulated (1) neighbor species identity (a factor with three levels: B. 

hordeaceus, E. californica, F. microstachys), and (2) neighbor species density (a factor 

with four levels: 0, 1, 10, 25). Estimates of 𝜆, 𝛼11, and 𝛼12 are derived from the change in 

focal species seed production as neighbor density increases from 0, such that a single 

individual was grown in a pot with no competition, to 25, a density comparable to that 

observed in crowded field settings in annual grassland systems (2,500 individuals m2; 

Levine & HilleRisLambers 2009). Growing focal individuals against a gradient of neighbor 

densities allowed us to test competition models with different functional forms (Hart et al. 

2018). Estimates of 𝛼11 and 𝛼12 are based on changes in focal seed production as 

conspecific and heterospecific neighbor density increased, respectively.  

To determine the effect of nutrient enrichment on competition and coexistence 

parameters, we repeated all focal-neighbor-density combinations in different nutrient 

addition treatments. This treatment factor comprised eight levels, including a control with 

no nutrient addition (C) and seven levels resulting from the full factorial combination of N, 

P and K+ addition (i.e., N, P, K+, NP, NK+, PK+, NPK+). All pots, including controls, 

received a baseline fertilization equivalent to 2 g N m-2 (added as Urea), 2 g P m-2 (added 

as triple-super phosphate (TSP), which also includes calcium), and 2 g K m-2 (added as 

potassium sulphate, which also includes sulfur). All N enrichment pots received an extra 

10 g N m-2 (+0.22 g Urea pot-1) and all P enrichment pots received an extra 10 g P m-2 

(+0.51 g TSP pot-1). All K+ enrichment pots received an extra 10 g K m-2 (+0.25 g 
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potassium sulphate pot-1) in addition to 100 g m-2 (1.02 g pot-1) of an essential nutrient 

mix comprising: 17% Fe, 12% S, 6% Ca, 3% Mg, 2.5% Mn, 1% Cu, 1% Zn, 0.1% B, and 

0.05% Mo (MicroMax; ICL Speciality Fertilizers). These application rates are equivalent 

to the N, P, and K+ inputs used elsewhere to explore nutrient effects on grassland 

diversity and function (Borer et al. 2014). Nutrient treatments were added to pots once, 

prior to seed addition. 

The full set of experimental conditions therefore comprised the three focal species, 

three neighbor species, four neighbor densities, and eight nutrient treatments. The full 

design was repeated in four blocks, providing four replicates of each treatment 

combination and a total of 1152 pots arranged in a randomized complete block design.  

 

Harvest and measurements 

Our experiment ran for 250 days, approximating the typical duration of the September to 

May growing season in California annual grassland habitat (Robinson et al. 1995; 

Stromberg et al. 2007). Seeds were sown on January 21st, 2020. All flowers of E. 

californica were hand pollinated. All inflorescences of the grasses and all seed pods of E. 

californica were wrapped in tulle netting as they reached maturity. The majority of F. 

microstachys individuals matured and senesced between days 120 and 140. B. 

hordeaceus and E. californica displayed more variability in their maturation, with some 

individuals maturing early but some continuing to produce inflorescences despite the 

imposition of increased temperatures and drought conditions (above). Biomass and 

seeds were harvested if all individuals within a pot had senesced. Remaining individuals 

were harvested by day 250 of the experiment. All seeds produced by focal individuals 

were counted. Samples were dried at 60C for 72 hours then weighed to produce focal 

and neighbor aboveground biomass production in grams.  

 

Model fitting and statistical analyses 

We sought the best description of competitive dynamics in our data by evaluating a series 

of candidate models. All models were fit by maximum likelihood estimation (MLE) using 
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Nelder-Mead minimization in the ‘bbmle’ package (Bolker 2021) in R (v 3.6.3; R 

Foundation for Statistical Computing). We ran an identical model fitting process 

separately for each focal species. First, we fit negative binomial and Poisson distributions 

to the focal seed production data. The negative binomial distribution was the most 

parsimonious for all focal species and was used to describe the stochastic component of 

all subsequent models. We then fit a series of candidate competition models (Table S2-

1) with parameters fixed across the neighbor identity and nutrient addition treatments. 

Finally, we fit models that allowed different parameter values at each treatment level. 

Throughout, we used parameter estimates from simpler models as starting points for 

estimation in the next model in the series (Bolker 2008).  

We used AIC to evaluate if including competition models improved fit relative to 

the negative binomial null model, to assess which competition model best described our 

data, and to test if neighbor identity or nutrient treatments meaningfully influenced model 

parameters. Competition models improved the fit for all focal species relative to null 

models. The Beverton-Holt competition model (model 1 in Table S2-1) was within 2 AIC 

of the best fit competition model for all focal species. We chose to use this model for all 

focal species given its proximity to the best fit, that it is one of the most widely supported 

models of annual plant competition in the literature, and that using the same model 

improved our ability to compare parameters between species. Model fit was improved by 

allowing allowing competition coefficients to vary with neighbor identity for all focal 

species. Models allowing different parameter values in each level of the nutrient treatment 

further improved model fit for B. hordeaceus and F. microstachys, but not E. californica. 

Standard errors of model parameters were obtained from the ‘bbmle’ package (Bolker 

2021). 

We used estimates from the models with parameters varying across treatments to 

calculate niche and fitness differences for each species pair in each nutrient treatment 

level. We calculated the average fitness of focal species 𝑖 in a pairwise scenario with 

neighbor species 𝑗 as: 

𝑘𝑖  = 
𝜆𝑖−1

√𝛼𝑖𝑗𝛼𝑖𝑖
. 
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We calculated the relative fitness differences and stabilizing niche differences between 

species 𝑖 and 𝑗 following Chesson (2013) as: 

𝑘𝑖

𝑘𝑗
, 

and 

1 − √
𝛼𝑖𝑗

𝛼𝑗𝑗
∙

𝛼𝑗𝑖

𝛼𝑖𝑖
, 

respectively. Following convention, stabilizing niche differences less than zero, which 

resulted when a ratio of inter- to intraspecific competition exceeded one, were set to zero 

(i.e., no niche differences). Competition coefficients greater than one were observed 

commonly, where fecundity declined rapidly with increasing neighbor densities. Given our 

experimental design, these metrics isolate the effects of neighborhood-scale competition 

for nutrients on pairwise coexistence. They do not consider the contribution of 

coexistence mechanisms operating at larger spatial or temporal scales. Notably, we used 

competition models that assumed 100% viability of focal species seed production and 

therefore do not incorporate the potential contributions of differences in germination rates 

or multi-year seed survival to coexistence.  

We tested the relationships between nutrient limitation and coexistence 

parameters using major axis regression in the lmodel2 package (Legendre 2018) in R. 

This allowed us to use Model 2 regression techniques, which provide more reliable slope 

estimates when both the independent and dependent variables contain error (Legendre 

2018). To assess the nutrient limitation of focal individuals, we calculated natural log 

response ratios (LRRs) of focal aboveground biomass production in nutrient addition 

treatments versus control conditions within each focal-neighbor treatment level. To 

enable comparison with coexistence metrics – which have a single value across the 

neighbor density gradient – LRRs were calculated using the sum of focal biomass 

production across the four pots comprising the neighbor density treatment within each 

block. Summed LRRs closely predicted LRRs of focal biomass at each individual level of 

the neighbor gradient but enabled a more intuitive comparison with competition 
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coefficients. We also used major axis regression to test if nutrient effects on niche 

differences were generally driven by changes in intra- or interspecific competition.  
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S2-2: Supplementary figures and tables 

 

Figure S2-1 | Estimates of fecundity (per capita seed production in the absence of 

competition) in different nutrient addition treatments for three focal species (a-c). 

Comparison between plots shows fitness differences. Note different y axis values. 
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Figure S2-2 | Effects of nutrient additions on intraspecific competition in B. hordeaceus 

(a), E. californica (b), and F. microstachys (c). Note different scale of the y axis for E. 

californica. 
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Figure S2-3 | Response of focal species sensitivity to interspecific competition to nutrient 

addition treatments. Note that all y axes are constrained between zero and four except 

for plot C, which goes to 30. 
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Figure S2-4 | Setup of treepots within experimental blocks (a). Pots were watered by an 

automated drip-irrigation system (white tubing; a-c). 
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Table S2-1 | Candidate annual plant competition models evaluated in our analysis. 

Models predict the annual per capita growth rate of species 𝑖 in competition with species 

𝑗 as a function of some combination of 𝜆𝑖 (the seed production of species 𝑖 in the absence 

of competition), 𝛼𝑖𝑖 and 𝛼𝑖𝑗 (intra- and interspecific competition coefficients), 𝑁𝑖 and 𝑁𝑗 

(current number of neighbors of species 𝑖 and 𝑗), and 𝑏 (a parameter that mediates the 

impact of sensitivity to competition). See Hart et al. (2018) for further discussion of these 

competition models and their relationship to different metrics of average fitness. 

 Candidate competition models 

(1) 

 

𝜆𝑖

1 + 𝛼𝑖𝑖𝑁𝑖 +  𝛼𝑖𝑗𝑁𝑗
 

 

(2) 

 

𝜆𝑖

(1 + 𝛼𝑖𝑖𝑁𝑖 + 𝛼𝑖𝑗𝑁𝑗)
𝑏 

 

(3) 

 

𝜆𝑖𝑒
−𝛼𝑖𝑖𝑁𝑖−𝛼𝑖𝑗𝑁𝑗 

 

(4) 

 

𝜆𝑖

1 + 𝑁𝑖
𝛼𝑖𝑖 + 𝑁𝑗

𝛼𝑖𝑗
 

 

(5) 
 

𝜆𝑖 − 𝛼𝑖𝑖𝑁𝑖 + 𝛼𝑖𝑗𝑁𝑗 
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Table S2-2 | AIC values for a series of models assessing the effects of competition and 

nutrient enrichment on the seed production of three focal species. Underlined AIC values 

indicate the best-fit competition model for each focal species. AIC values marked with an 

asterisk (*) indicate that a competition model was chosen over the best fit. AIC values in 

bold denote the best-fit model of the whole series for each focal species. Estimates from 

the competition-neighbor-nutrient model were used to evaluate coexistence in each 

treatment for all focal species. 

Model 

Species 

Bromus 

hordeaceus 

Eschscholzia 

californica 
Festuca microstachys 

Negative 

binomial 
4972 1845 4614 

Competition (1) 4858* 1831* 4354 

Competition (2) 4856 1831 4355 

Competition (3) 4883 1836 4416 

Competition (4) 4859 1829 4367 

Competition (5) 4917 1840 4450 

Competition-

Neighbor 
4843 1815 4335 

Competition-

Nutrients 
4754 1842 4348 

Competition-

Neighbor-

Nutrients 

4717 1833 4327 
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Table S2-3 | Summary of fitted alpha (competition coefficients) and lambda (fecundity) 

parameters in eight nutrient treatments for three focal species. Each parameter estimate 

is shown with its standard error (s.e.) in the row below. Models were fit using maximum 

likelihood estimation. Letters associated with alpha parameters indicate the focal species 

(i) in competition with neighbor species (j) as alpha ij, where i is the recipient of 

competition. 

                    

Focal species Parameter 
Nutrient Treatment 

Control N P K+ NP NK+ PK NPK+ 

B. hordeaceus alpha bb 0.68 0.56 0.78 0.49 0.55 0.52 0.52 0.36 
 

s.e. 0.33 0.27 0.36 0.25 0.26 0.27 0.27 0.19 
 

alpha be 0.61 0.2 0.7 0.62 0.38 1.91 1.19 0.14 
 

s.e. 0.32 0.13 0.34 0.33 0.21 0.89 0.56 0.12 
 

alpha bf 0.32 0.07 0.26 0.27 0.14 2.78 2.73 0.38 
 

s.e. 0.17 0.05 0.15 0.16 0.09 1.24 1.23 0.19 
          

 
lambda 511 818 759 244 949 452 348 345 

 
s.e. 136 198 196 65 222 131 94 82 

          

E. californica alpha eb 26.59 11.68 20.33 -0.02 1.69 0.33 0.62 0.07 
 

s.e. 25.75 11.4 20.9 0.06 2.09 0.57 0.81 0.2 
 

alpha ee 2.77 3.17 2.84 1.95 4.44 1.44 2.61 10.82 
 

s.e. 3.17 3.27 3.27 2.36 5.35 2.01 2.98 12.19 
 

alpha ef 0.03 0.02 0.04 0.02 0.14 1.29 0.33 2.9 
 

s.e. 0.11 0.1 0.11 0.11 0.26 1.82 0.48 3.47 
          

 
lambda 36 27 28 14 66 48 19 30 

 
s.e. 23 14 14 8 46 37 10 19 

          

F. microstachys alpha fb 0.57 0.22 0.37 0.09 0.52 0.17 0.11 0.43 
 

s.e. 0.18 0.08 0.12 0.04 0.16 0.07 0.05 0.15 
 

alpha fe 0.37 0.22 0.17 0.16 0.21 0.22 0.12 0.39 
 

s.e. 0.13 0.09 0.08 0.08 0.09 0.1 0.06 0.16 
 

alpha ff 0.43 0.28 0.61 0.58 0.39 0.47 0.6 0.41 
 

s.e. 0.14 0.09 0.22 0.18 0.13 0.15 0.19 0.14 
          

 
lambda 293 297 368 282 460 267 267 327 

 
s.e. 46 43 56 42 68 39 37 51 
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Table S2-4 | Major axis regression of the association between the nutrient limitation of 

biomass and nutrient driven changes in species fitness. Models show association across 

all species and nutrient treatments. 

 

Intercept Slope P R2 

0.01 2.91 0.001 0.245 
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Table S2-5 | Major axis regressions of the association between the nutrient limitation of 

biomass and nutrient driven changes in competition model coefficients. Coefficients 

include lambda (S5a), interspecific competition (S5b) and intraspecific competition (S5c). 

Models show association across all species and nutrient treatments. 

 

Table S2-5a | Association between biomass response to nutrient addition and the 

response of lambda (seed production in the absence of competition).  

 

Intercept Slope P R2 

0.05 0.93 0.001 0.571 

 

 

Table S2-5b | Association between biomass response to nutrient addition and the 

response of interspecific competition.  

 

Intercept Slope P R2 

0.21 -10.73 0.035 0.077 

 

 

Table S2-5c | Association between biomass response to nutrient addition and the 

response of intraspecific competition  

 

Intercept Slope P R2 

0.02 0.12 0.398 0.009 
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Table S2-6 | Major axis regression of the association between pairwise interspecific and 

intraspecific competition. Models show association across all species and nutrient 

treatments. Confidence intervals are shown for the slope estimate. Results indicate slope 

is not significantly different from zero. 

 

Intercept Slope P 2.5% Slope 97.5% Slope 

0.02 0.04 0.258 -0.07 0.14 
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Table S2-7 | Mean nutrient composition of the soil mixture used in our plant growth 

experiment. Mean values are from four composite samples, each comprised of 10 

subsamples of the bulk soil order. Soil analyses were conducted by the Agriculture and 

Food Laboratory at the University of Guelph, Canada. Extraction methods for each 

nutrient were: Phosphorous (Sodium bicarbonate eextraction; Olsen method); 

Magnesium, potassium, calcium and sodium (Ammonium acetate extraction); 

Manganese (Phosphoric acid extraction); Zinc, copper and iron (DTPA extraction).  

 

Nutrient Unit Mean S.D. 

P ppm 3.28 0.29 

Mg ppm 24.50 1.29 

K ppm 15.25 0.96 

Na ppm 10.70 0.60 

Ca ppm 152.50 9.57 

Mn ppm 4.63 0.17 

Zn ppm 0.59 0.06 

Cu ppm 0.19 0.01 

Fe ppm 31.50 1.91 

N 
% dry 
mass 

0.02 0.00 
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S3: SUPPLEMENTARY INFORMATION FOR CHAPTER THREE 

S3-1: Supplementary figures and tables 

Table S3-1 | Record of weekly temperature, precipitation, and water addition throughout 

the experimental period. Temperature and precipitation were recorded on-site, 0.5 km 

from the experimental plots (Note that the weather station was moved on the 12th 

September 2021 to within 0.1 km of experimental plots). Week 1 begins on the 16th June 

2021 with seed addition. Temperature measurements show the minimum, maximum, and 

mean temperatures over each 7-day period. Water column shows total weekly 

supplemental water addition to each 0.64 m2 split-plot in litres. 

  

Week Days Date 
Minimum 

temp. °C 

Maximum 

temp. °C 

Mean 

temp. °C 

Total 
precipitation 

(mm) 

Water 
(litres) 

1 7 2021-06-16 8.6 30.9 18.9 0 35.5 

2 7 2021-06-23 12.6 42.1 26.2 0 30.9 

3 7 2021-06-30 13.1 30 21.1 0 22.4 

4 7 2021-07-07 12.6 29.9 20.6 0 20.6 

5 7 2021-07-14 11.2 29.3 19.5 0 15 

6 7 2021-07-21 10.1 30.2 20.6 0 15 

7 7 2021-07-28 13.6 36.4 23.2 0 16.8 

8 7 2021-08-04 12.9 32.4 20.7 3.4 9.4 

9 7 2021-08-11 12 37.9 22.6 0 11.2 

10 7 2021-08-18 8.2 25.9 17.1 0 7.5 

11 7 2021-08-25 9.1 26.3 16.7 0 3.7 

12 7 2021-09-01 6.5 27.8 16.1 10.6 0 

13 7 2021-09-08 8.7 28.3 17 4 0 

14 7 2021-09-15 5.2 25.2 13.3 40.8 0 

15 2 2021-09-22 10.9 21.7 15.1 1.2 0 
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Figure S3-1 | Experimental plots over time in the Cowichan Gary Oak Preserve, BC, 

Canada. Photographs highlight the layout of plots before germination (a), the 

development of vegetation from seedlings to established canopies (b-c), and the 

progression of herbivore damage (d-f).  

 

a b 

c d 

e f 
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Table S3-2 | Summary of the fecundity and competitive interactions of four study species 

in all intra- and interspecific pairwise combinations under control conditions and nutrient 

enrichment (NPK+). For each treatment combination, the table shows the total number of 

phytometers that achieved reproductive success across the experiment, total fecundity at 

each level of the neighbor density treatments, and alpha competition coefficients. Alpha 

coefficients are maximum likelihood estimates from Beverton-Holt models fit to 

phytometer fecundity data over the neighbor density gradient. 

Phytometer 
species 

Nutrient 
treatment 

Neighbor 
species 

Successful 
phytom. 

No 
neighbor 
fecundity 

Mid-
density 

fecundity 

High-
density 

fecundity 

Alpha 
coefficient 

B. hordeaceus Control B 8 

0 

35 103 -0.09 

  C 9 633 310 -0.03 

  F 3 0 67 -0.10 

  L 2 74 0 0.30 

 NPK+ B 6 

0 

1 45 -0.10 

  C 3 15 74 -0.09 

  F 2 51 0 0.29 

   L 1 0 26 -0.10 

C. amoena Control B 2 

0 

0 176 -0.1 

  C 8 989 1160 -0.67 

  F 0 0 0 NA 

  L 0 0 0 NA 

 NPK+ B 2 

528 

4048 264 0.195 

  C 4 586 415 -0.01 

  F 0 0 0 NA 

   L 0 0 0 NA 

F. myuros Control B 0 

0 

0 0 NA 

  C 0 0 0 NA 

  F 0 0 0 NA 

  L 0 0 0 NA 

 NPK+ B 0 

0 

0 0 NA 

  C 0 0 0 NA 

  F 0 0 0 NA 

   L 0 0 0 NA 

Table continues on the next page. 
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Table S3-2 | Continued… 

 
L. multiflorum Control B 0 

0 

0 0 NA 

  C 3 0 558 -0.1 

  F 0 0 0 NA 

  L 0 0 0 NA 

 NPK+ B 0 

0 

0 0 NA 

  C 1 0 19 -0.1 

  F 0 0 0 NA 

    L 1 0 0 0.063 
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Table S3-3 | Summary of models testing how the probability of reproductive success was 

influenced by experimental treatments and environmental context. Models were fit with a 

binomial distribution. 

 
Table S3-3a | Output of a generalized linear mixed effects model testing the response of 
reproductive success to nutrient addition and planted neighbor density, including whole-
plot as a random effect. Model conditional R2 = 0.23. 

  

Parameter Estimate SE Z P 

Intercept (NPK+)  -3.78 0.52 -7.27 <0.001 

Intercept (Control)  0.67 0.48 1.41 0.159 

Neighbor density 0.91 0.24 3.88 <0.001 

 
Table S3-3b | Output of a generalized linear mixed effects model testing the response of 
reproductive success to nutrient addition and plot herbivore damage, including whole-plot 
as a random effect. Model conditional R2 = 0.26. 

  

Parameter Estimate SE Z P 

Intercept (NPK+)  -1.38 0.27 -5.13 <0.001 

Intercept (Control)  0.39 0.31 1.26 0.209 

% Herbivore damage -0.03 0.01 -4.21 <0.001 

 
Table S3-3c | Output of generalized linear fixed effects model testing the response of 
reproductive success to nutrient addition, neighbor water use, and neighbor interception 
of photosynthetically active radiation (PAR). No random effect structure was included in 
this model. Model R2 = 0.34. 

  

Parameter Estimate SE Z P 

Intercept (NPK+)  -2.62 0.27 -9.56 <0.001 

Intercept (Control)  0.33 0.32 1.04 0.299 

PAR use 1.11 0.16 6.81 <0.001 

Water use -0.36 0.24 -1.51 0.131 

PAR*Water 0.41 0.19 2.13 0.034 
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Table S3-4 | Maximum likelihood estimates of competition coefficients from Beverton-

Holt models fit to phytometer fecundity data over a gradient of neighbor densities. 

Separate models were fit for phytometers of the four study species under control 

conditions and nutrient enrichment (NPK+). These models did not allow neighbor identity 

to vary, and so give an indication of the general sensitivity of phytometers to the presence 

of neighbors.  

 

Phytometer 
species 

Nutrient 
treatment 

Alpha 
coefficient 

B. hordeaceus Control -0.02 

 NPK+ -0.08 

C. amoena Control -0.60 

 NPK+ 0.29 

F. myuros Control NA 

 NPK+ NA 

L. multiflorum Control -0.10 

  NPK+ -0.10 
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Table S3-5 | Summary of generalized linear models testing how rates of phytometer 

fecundity were influenced by experimental treatments and environmental context. Models 

were fit with a negative binomial distribution. 

 

Table S3-5a | Planted neighbor density was not a significant predictor of phytometer 

fecundity. 

Parameter ChiSquare DF P 

Nutrients 4.96 1 0.026 

Focal species identity 55.71 2 <0.001 

Neighbor density 0.52 1 0.472 

 
 
Table S3-5b | Effects of phytometer species identity, nutrient enrichment, and herbivore 
destruction on phytometer fecundity. Model R2 = 0.63. 

  

Parameter Estimate SE Z P 

Global intercept (NPK+, species = B)  3.20 0.29 11.21 <0.001 

(NPK+, species = C) 2.34 0.46 5.09 <0.001 

(NPK+, species = L) -0.19 0.69 -0.29 0.775 

(Control, species = B)  0.64 0.33 1.97 0.049 

(Control, species = C)  -0.65 0.56 -1.16 0.244 

(Control, species = L)  1.58 0.87 1.82 0.069 

Slope(% Herbivore destruction) -0.02 0.01 -2.40 0.016 

 
 
 
Table S3-5 continues on the next page.  
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Table S3-5b | Effects of phytometer species identity, nutrient enrichment, and neighbor 
species interception of photosynthetically active radiation (PAR) on phytometer fecundity. 
Model R2 = 0.72. 

  

Parameter Estimate SE Z P 

Global intercept (NPK+, species = B)  2.91 0.24 12.19 <0.001 

(NPK+, species = C) 2.80 0.39 7.10 <0.001 

(NPK+, species = L) 0.24 1.30 0.19 0.851 

(Control, species = B)  0.77 0.29 2.63 0.008 

(Control, species = C)  -1.05 0.51 -2.06 0.039 

(Control, species = L)  0.70 2.03 0.35 0.729 

Slope(% PAR, species = B) 0.51 0.14 3.54 <0.001 

Slope(% PAR, species = C) -0.46 0.26 -1.75 0.080 

Slope(% PAR, species = L) 0.32 0.92 0.34 0.731 
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Table S3-6 | Summary of generalized linear mixed effects models assessing how species 

characteristics differed among species and were affected by nutrient enrichment. All 

models included an interaction term to test if nutrient effects depended on species 

identity. All models included whole-plot number as a random effect. See figures 3-5a-d 

for corresponding means and standard deviations.  

 

Table S3-6a | Response of canopy height of monocultural stands. Conditional R2 of the 

model = 0.52. 

Parameter Num. DF Den. DF F P 

Species identity 3 366 0.9 0.4641 

Nutrient treatment 1 10 0.2 0.6722 

Species * Nutrient 3 366 10.3 <0.0001 

 

Table S3-6b | Response of PAR interception in monocultural stands. Conditional R2 of 

the model = 0.56. 

Parameter Num. DF Den. DF F P 

Species identity 3 366 36.8 <0.0001 

Nutrient treatment 1 10 1.0 0.3367 

Species * Nutrient 3 366 9.3 <0.0001 

 

 
Table S3-6 continues on the next page.  



 

 

 

 

 

 104 

Table S3-6c | Response of water-use in monocultural stands. Conditional R2 of the model 

= 0.34. 

Parameter Num. DF Den. DF F P 

Species identity 3 366 21.9 <0.0001 

Nutrient treatment 1 10 0.0 0.9472 

Species * Nutrient 3 366 1.8 0.1443 

 
Table S3-6d | Response of herbivore damage in monocultural stands. Conditional R2 of 

the model = 0.58. 

Parameter Num. DF Den. DF F P 

Species identity 3 366 26.5 <0.0001 

Nutrient treatment 1 10 0.9 0.3593 

Species * Nutrient 3 366 10.6 <0.0001 
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