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Appendix 1 
Methods 
Greenhouse experiment 

Seeds for the greenhouse experiment were sown into 12.7 cm diameter, 23 cm deep treepots filled 

with a 3:2 mixture of sand and screened topsoil, to mimic the sandy loam soils characteristic of 

annual grasslands. The greenhouse was maintained at day/night temperatures of 14/7°C, which was 

set to gradually increase to 29/17°C on average by the end of the experiment. High intensity 

discharge (HID) lighting was provided to create a 12 h photoperiod. Each pot was watered daily to 

saturation using a drip irrigation system during a three-week establishment period, after which pots 

were randomly assigned to either a wet or dry soil moisture treatment. Using a drip irrigation 

system, pots in the wet treatment received 175 ml water twice as often as those in the dry treatment. 

Pots were watered at one and two day intervals initially, which was extended to seven and 14 days 

(for wet and dry treatments respectively) as the growing season progressed [see Fig. S1 in Germain 

and Gilbert (2014) for a schematic of the watering and temperature conditions throughout the 

experiment]. These two soil moisture regimes were selected to simulate realistic inter-annual 

differences in precipitation, or equally, the 30-year average differences between wet (mesic) [662 

mm] and dry [312 mm] sites across the species ranges (<www.climate-charts.com>). We confirmed 

that the wet (11.1 ± 0.56%; mean ± SE percent soil moisture content) and dry (5.8 ± 0.42%) 

treatments were effective using a volumetric water probe (HydroSense Campbell Scientific 

Australia). Prior to flowering (~60 days after planting), we added 350 ml of 1500 ppm 20-20-20 

NPK fertilizer to each pot. Pollination was provided by commercial colonies of the generalist 

pollinator Bombus impatiens, which were active throughout the flowering period. 	

At the end of the experiment, the seed material produced in each pot was collected, dried for 

48 h at 60°C, weighed, and then subsampled to obtain a countable pool of seeds. Subsampling was 

conducted using a standardised procedure in which each sample was sequentially divided into equal 

smaller units until manageable subsample sizes were obtained. A single subsample was then chosen 
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haphazardly. The subsample as a percentage of the total seed material by weight ranged from 3% to 

48% (14% on average) depending on the seed mass of each species, and contained a minimum of 19 

seeds and a maximum of 778 seeds (186 seeds on average). The subsample was weighed, cleaned of 

debris, and enumerated to estimate mass per seed and number of seeds produced. Seed mass was 

estimated as the total mass of all seeds in the subsample divided by number of seeds in the 

subsample, and seed number was calculated as the average number of seeds produced per plant in 

each pot. 

 

Frequency-dependent seed mass by native status 

We used a linear mixed effects model to test differences in seed size responses to conspecific 

frequency among native and non-native species. The estimated slopes of frequency dependence 

were used as the response variable, native status (native versus non-native) and soil moisture (wet 

versus dry) were fixed factors, and species pair was used as a random factor to account each pair 

being competed in two soil moisture environments. Significance was assessed with a type II sums 

of squares using the ‘Anova’ function in R package ‘car’.  
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Table A1. Taxonomic and collection information for the 25 species included in this study. 1	

Species names Family 
Native 

status 
Competitor(s) Seed supplier  

Collection 

details*  

Bromus cucamonga Poaceae native 
Hordeum depressum, 

Hordeum vulgare 
S & S seed  AF <10 years  

Chenopodium 

berlandieri 
Chenopodiaceae native Claytonia perfoliata 

Wild Garden 

Seed  
NA†  

Claytonia perfoliata Montiaceae native Chenopodium berlandieri S & S seed  NP in 2011  

Collinsia heterophylla Lamiaceae native Salvia columbariae S & S seed  NP in 2011  

Crepis capillaris Asteraceae non-native Uropappus lindleyi Herbiseed  NP in 2008  

Eschscholzia caespitosa Papaveraceae native Eschscholzia mexicana S & S seed  AF <20 years  

Eschscholzia mexicana Papaveraceae native Eschscholzia caespitosa S & S seed  AF <10 years  

Hordeum depressum Poaceae native Bromus cucamonga S & S seed  AF <10 years  

Hordeum vulgare Poaceae non-native Bromus cucamonga S & S seed  NP in 2011  

Lasthenia californica Asteraceae native Lasthenia glabrata S & S seed  AF <20 years  

Lasthenia glabrata Asteraceae native Lasthenia californica S & S seed  AF <20 years  

Lotus purshianus Fabaceae native Lupinus bicolor S & S seed  AF <10 years  

Lupinus bicolor Fabaceae native Lotus purshianus S& S seed  AF <20 years  

Madia elegans Asteraceae native Uropappus lindleyi S & S seed  AF <10 years  
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Monolepis nuttalliana Chenopodiaceae native Silene gallica 
Independent 

donor  
NP in 2011  

Myosotis arvensis Boraginaceae non-native Phacelia campanularia Herbiseed  NP in 2011  

Nemophila menziesii Boraginaceae native Phacelia campanularia S & S seed  NP in 2011  

Phacelia campanularia Boraginaceae  native 
Nemophila menziesii, 

Myosotis arvensis 
S & S seed  AF <20 years  

Salvia columbariae Lamiaceae native 
Salvia viridi, Collinsia 

heterophylla 
S & S seed  NP in 2011  

Salvia viridis Lamiaceae non-native Salvia columbariae 
B & T World 

seed  
NA†  

Silene gallica Caryophyllaceae non-native Monolepis nuttalliana Herbiseed  AF for 1 year  

Uropappus lindleyi Asteraceae native 
Crepis capillaris, Madia 

elegans 
Theodore Payne  NP in 2011  

Vulpia microstachys Poaceae native 
Vulpia myuros, Vulpia 

octoflora 
S & S seed  AF <10 years  

Vulpia myuros Poaceae non-native Vulpia microstachys S & S seed  NP in 2011  

Vulpia octoflora Poaceae native Vulpia microstachys S & S seed  AF <10 years  

 2	

*The collection details summarize the origins of the seed used in this experiment, based on information provided by the seed 3	

suppliers. NP = collected directly from natural populations; AF = grown in agricultural fields for x years since source seed was 4	
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collected from natural populations. In all but two cases†, populations cultivated in agricultural fields are regularly supplemented with 5	

seed from natural populations to maintain genetic diversity. 6	

†C. berlandieri and S. viridis are commonly cultivated for food and horticulture, respectively. The populations used in this experiment 7	

were raised in agricultural fields for 8–10 generations for both species and the original source is unknown. 8	
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Table A2. Summary of a reduced backward-selected linear mixed effects model testing for 

effects of species identity, soil moisture, and conspecific frequency on the seed mass in 25 

annual plant species.  

 df F p 

Species 29 2.26 <0.001 

Soil moisture  1 0.94 0.334 

Frequency  1 0.48 0.490 

Species × soil moisture 29 3.19 <0.001 

Species × frequency 29 2.84 <0.001 

Note: effect size estimate ± standard error main effects of soil moisture (wet relative to dry 

environment) and frequency are -0.69 (±0.36) and –0.13 (±0.30), respectively. 

 

 

Table A3. Summary of a reduced backward-selected linear mixed effects model testing for 

effects of species identity, soil moisture, and conspecific frequency on seed number in 25 annual 

plant species.  

 df F p 

Species 29 5.05 <0.001 

Soil moisture 1 0.51 0.477 

Frequency 1 53.17 <0.001 

Species × soil moisture 29 1.62 0.022 

Species × frequency 29 6.63 <0.001 

Soil moisture × frequency 29 4.49 0.034 

Note: effect size estimate ± standard error main effects of soil moisture (wet relative to dry 

environment) and frequency are 0.09 (±0.35) and -1.41 (±0.28), respectively. 
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Figure A1. Maximum clade credibility tree of the 25 annual plant species with median node 

heights. The tree was generated in BEAST using ITS1/5.8S/ITS2 and rbcL sequence data, and 

calibrated to real-time based on fossil records. The scale bar is in millions of years ago, and 

nodal support values are the posterior probabilities; * indicates nodes that were fixed based on a 

priori information. The original tree of 30 species (Germain et al. 2016) was pruned to the 25 

used in the current experiment; pruned species are shown in grey. See Table A1 for species 

information. 
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Figure A2. (a–h): effect of competitor frequency on the seed mass of species i (left panels) and 

species j (right panels). The points at a frequency of 7:0 are seed masses of the focal species at 

low densities in the absence of a heterospecific competitor. Seed mass is standardized for each 

species, grey symbols are the dry treatment, and black symbols are the wet treatment.  
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Figure A2. (i–p) effect of competitor frequency on the seed mass of species i (left panels) and 

species j (right panels). The points at a frequency of 7:0 are seed masses of the focal species at 

low densities in the absence of a heterospecific competitor. Seed mass is standardized for each 

species, grey symbols are the dry treatment, and black symbols are the wet treatment. 
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Figure A2. (q–x) effect of competitor frequency on the seed mass of species i (left panels) and 

species j (right panels). The points at a frequency of 7:0 are seed masses of the focal species at 

low densities in the absence of a heterospecific competitor. Seed mass is standardized for each 

species, grey symbols are the dry treatment, and black symbols are the wet treatment. 
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Figure A2. (y–dd) effect of competitor frequency on the seed mass of species i (left panels) and 

species j (right panels). The points at a frequency of 7:0 are seed masses of the focal species at 

low densities in the absence of a heterospecific competitor. Seed mass is standardized for each 

species, grey symbols are the dry treatment, and black symbols are the wet treatment. 


