
University of New Mexico University of New Mexico 

UNM Digital Repository UNM Digital Repository 

Biology ETDs Electronic Theses and Dissertations 

Summer 7-11-2021 

What does the future look like? Plant community change at the What does the future look like? Plant community change at the 

recruitment life stage recruitment life stage 

BROOKE E. WAINWRIGHT 
UNIVERSITY OF NEW MEXICO 

Follow this and additional works at: https://digitalrepository.unm.edu/biol_etds 

 Part of the Biology Commons 

Recommended Citation Recommended Citation 
WAINWRIGHT, BROOKE E.. "What does the future look like? Plant community change at the recruitment 
life stage." (2021). https://digitalrepository.unm.edu/biol_etds/384 

This Thesis is brought to you for free and open access by the Electronic Theses and Dissertations at UNM Digital 
Repository. It has been accepted for inclusion in Biology ETDs by an authorized administrator of UNM Digital 
Repository. For more information, please contact disc@unm.edu. 

https://digitalrepository.unm.edu/
https://digitalrepository.unm.edu/biol_etds
https://digitalrepository.unm.edu/etds
https://digitalrepository.unm.edu/biol_etds?utm_source=digitalrepository.unm.edu%2Fbiol_etds%2F384&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/41?utm_source=digitalrepository.unm.edu%2Fbiol_etds%2F384&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalrepository.unm.edu/biol_etds/384?utm_source=digitalrepository.unm.edu%2Fbiol_etds%2F384&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:disc@unm.edu


i 

 

     

  

     Brooke Wainwright 
       Candidate  

      

     Biology 

     Department 

      

 

     This thesis is approved, and it is acceptable in quality and form for publication: 

 

     Approved by the Thesis Committee: 

 

               

     Scott Collins  , Chairperson 

  

 

     Jennifer Rudgers 

 

 

     Nancy Emery 

 

 

      

 

 

      

 

 

      

 

 

       

 

 

       

 

 

       

 

 

  



ii 

 

     

  

  

  

  

  

WHAT DOES THE FUTURE LOOK LIKE? 

PLANT COMMUNITY CHANGE AT THE 

RECRUITMENT LIFE STAGE 

 

 

 

by 

 

 

BROOKE WAINWRIGHT 

 

 

B.S., BIOLOGICAL SCIENCES, 

CALIFORNIA POLYTECHNIC STATE UNIVERSITY, 

SAN LUIS OBISPO, 2016 

 

 

 

 

 

 

 

 

THESIS 

 

Submitted in Partial Fulfillment of the 

Requirements for the Degree of 

 

Master of  

Science in  

Biology 

 

The University of New Mexico 

Albuquerque, New Mexico 

 

 

July, 2021 



iii 

WHAT DOES THE FUTURE LOOK LIKE? PLANT COMMUNITY CHANGE AT 

THE RECRUITMENT LIFE STAGE  

by 

Brooke Wainwright 

B.S., Biological Sciences, California Polytechnic State University, San Luis Obispo, 

2016 
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ABSTRACT 

Species ranges are shifting due to anthropogenic climate change. However, it is 

unclear how climate variability affects species recruitment, an essential step in range 

expansion. Recruitment is challenging in drylands, where soil moisture is highly 

unpredictable. In Southwestern North America, creosotebush (Larrea tridentata) has 

expanded into Chihuahuan Desert grassland (CDG) dominated by black grama (Bouteloua 

eriopoda), and black grama is expanding into Great Plains grassland (GPG) dominated by 

blue grama (Bouteloua gracilis). To evaluate how precipitation variability affects 

germination and survivorship, we added blue and black grama seeds into a climate variability 

experiment in GPG in 2019 and 2020 and blue grama, black grama, and creosote seeds to a 

climate variability experiment in CDG in 2020. Seeds were monitored biweekly. Overall, 

12.5% of seeds germinated. Soil moisture increases blue (p < 0.005) and black grama (p = 

0.0463) germination probability and this effect is stronger in GPG. Temperature has a strong 

negative effect on creosote germination (p < 0.005). Climate variability did not affect 

survivorship (p = 0.5523), but ecosystem did (p < 0.005). Creosote had the highest survival 

with 44.8% of seedlings alive after 10 months. The germination and survival differences 
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between ecosystems is likely due to vegetation and soil. At GPG, blue grama is a strong 

competitor for soil moisture and GPG contains higher amounts of clay, which retains 

moisture. Our results inform the impact of other climate change trends (e.g. increased 

temperature) on foundation species recruitment. Finally, we emphasize the importance of 

including germination in ecotone and climate variation studies. 
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INTRODUCTION 

Species ranges are rapidly changing due to anthropogenic climate change (Parmesan 

2006). Most commonly, warming is causing poleward latitudinal and upward elevational 

shifts in species distributions (Chen et al. 2011). In addition to mean annual temperature, 

climate change is also increasing within- and between-season climate variability (Fischer et 

al. 2013, IPCC 2019). Increased climate variability can alter ecosystem functions (Cardinale 

et al. 2002, Pessarrodona et al. 2019, Sorte et al. 2010), resilience following disturbance 

(Beisner et al. 2003), and resistance to noxious or disease-causing species (Weed et al. 2013). 

In addition, directional changes in climate (e.g., warming) can lead to range expansion 

(Parmesan & Yohe 2003), as well as local extirpations due to changes in biotic and abiotic 

drivers (Weiskopf et al. 2019). Thus, understanding the causes and consequences of range 

expansions under changes in climate mean and variability is essential for ecological 

forecasting, conservation, and management. 

Extreme climate events can drive rapid shifts in ecosystem structure and function 

(Wernberg et al. 2013). For example, severe drought caused an uphill transition from piñon-

juniper woodland to juniper savanna in Northern New Mexico (Allen & Breshears 1998). 

How extreme events affect the recruitment life stage of foundation species, those species that 

define an entire community or ecosystem (Ellison et al. 2005), remains unknown in many 

ecosystems. Recruitment includes production, dispersal, germination, and establishment of 

propagules. Although the response of adult foundation species to climate variability has been 

well established (Munson et al. 2013, Rudgers et al. 2018), how climate variability affects 

recruitment and range expansion potential of foundation species is much less well understood 

(although see Yando et al. 2019) even though the establishment of seedlings is the riskiest 
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stage in colonization (Fraser & Karnezis, 2005, Grubb, 1977), and seedling establishment is 

crucial for understanding ecosystem dynamics (Clark et al. 2007). 

Climate change is likely to be highly impactful in drylands, particularly at dryland 

ecotones, where species reach their physiological and ecological limits (Allen et al. 2015), 

and recruitment partially determines ecosystem boundaries. Drylands are highly sensitive to 

climate variability (Knapp & Smith 2001, Maurer et al. 2020), and thus they are especially 

vulnerable to anthropogenic climate change (Huang et al. 2016, Anderegg & Diffenbaugh 

2015). Drylands cover over a third of earth’s terrestrial surface, are growing in extent (Li et 

al. 2019, Prăvălie et al. 2019, Yao et al. 2020), and drive interannual variability in global 

carbon flux (Ahlstrom et al. 2015, Biederman et al. 2016, Poulter et al. 2014). Recruitment 

and climate change studies in water-limited systems have often focused on annual plants 

(Angert et al. 2007, Pake & Venable 2006), which have distinct strategies for coping with 

climate variation, particularly drought, compared to perennial plants (Kooyers 2015). 

Additionally, studies investigating shifting ecotone boundaries typically use transplanted 

seedlings instead of seeds (Devaney et al. 2017, Jobe IV & Gedan 2021), which overlooks 

how ecosystem setting and climate variability affect germination. To test the role of climate 

variation in shifting dryland ecosystem boundaries, experiments are needed that test seed 

germination and seedling survival across ecosystems under climate variability scenarios. 

In central New Mexico, three dryland ecosystems co-occur, making it an ideal setting 

to investigate the effect of climate variability and change on the recruitment stage and range 

shifts of foundation plant species. Great Plains grassland, dominated by blue grama 

(Bouteloua gracilis) is transitioning to Chihuahuan Desert grassland, dominated by black 

grama (B. eriopoda). Chihuahuan Desert grassland is gradually being invaded by 
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Chihuahuan Desert shrubland, dominated by creosotebush (Larrea tridentata). Each 

ecosystem is characterized by one foundation species, making seed addition studies a useful 

and accurate model for whole-ecosystem scale reordering of dominant species. Over the last 

twenty years, black grama has doubled its abundance in Great Plains grassland, whereas 

abundance of blue grama has remained relatively stable (Collins & Xia 2015). Blue grama to 

black grama transitions have been shown to be linked to climate and disturbance (Collins et 

al. 2020). Though Chihuahuan Desert shrubland has greatly expanded throughout 

Southwestern North America over the past century (Gibbens et al. 2005, Goslee et al. 2003), 

this northern range boundary has been more or less stable in central New Mexico (Moreno-de 

las Heras et al. 2015) over the past few decades. While mature populations of these species 

have been the subject of climate change experiments, recruitment, and thus invasion potential 

of these foundation species across these ecotones, remain untested. 

By adding seeds of foundation species in field-based climate-change experiments, we 

evaluated how precipitation variability affected seed germination and seedling survival in 

adjacent Great Plains and Chihuahuan Desert grassland ecosystems. We asked the following 

questions: 

1) How do precipitation variation and ecosystem setting affect the germination of 

perennial foundation species in drylands? 

2) How do precipitation variation and ecosystem setting affect the survival and ultimate 

establishment of perennial foundation species in drylands? 

 

 

 

https://www.zotero.org/google-docs/?hVcGj6
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MATERIALS & METHODS  

Study Site 

To test our questions we added seeds to two sites within the Sevilleta National 

Wildlife Refuge (Sevilleta; 34.30, -106.80) in central New Mexico, USA, as part of the 

Sevilleta Long Term Ecological Research Program (SEV-LTER, http://sev.unm.edu). Mean 

annual precipitation is ~240 mm, with 60% of the annual precipitation occurring from July-

September during the North American monsoon. Over the last 100 years, the average number 

of daily monsoon rain events has increased while the average size of daily rain events has 

decreased (Petrie et al. 2014). As a consequence, average annual precipitation has not 

changed over time. Average annual winter and summer temperatures have increased over 

time which has increased aridity (Rudgers et al. 2018). Additionally, climate models predict 

more frequent and intense El Niño events (Power et al. 2013), declining winter/spring 

precipitation, more variable monsoon rainfall (Gutzler & Robbins 2011), and more severe, 

prolonged droughts (Cook et al. 2015, Bradford et al. 2020). Together these patterns and 

predictions reveal a more variable climate future in the Southwest. 

 We selected two sites for seed additions within the Sevilleta, one near the ecotone 

between Great Plains and Chihuahuan Desert grassland (Mean-Variance Blue) on the east 

side of the Sevilleta (34.3390, - 106.63121) at 1646 m elevation. The other site is near the 

Chihuahuan Desert grassland and shrubland ecotone (Mean-Variance Black) about 5 km 

west of Mean-Variance Blue (34.33563, - 106.72730) at 1587 m elevation. Sites contain 

existing experimental infrastructure for imposing precipitation variation. There are 

meteorological stations near each site, which take hourly precipitation readings. Both sites 

are on sandy loam/sandy clay loam soils. 

https://www.zotero.org/google-docs/?3T47Hz
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Study Species 

 This study investigates the recruitment of three foundation species: blue grama, black 

grama, and creosotebush. Blue grama is a perennial C4 bunch grass native to much of North 

America, but dominating short-grass steppe from southern Colorado to southeastern New 

Mexico. Blue grama individuals may live for over a century (Gibbens & Lenz 2001) and 

reproduce predominantly by basal tillering (Ravi et al. 2008); natural blue grama seed 

recruitment at the Sevilleta is rare (Peters 2000). Blue grama’s congener, black grama, is also 

a perennial C4 bunch grass and is exclusively found in Southwestern North America. It 

characterizes Chihuahuan Desert grassland, which reaches its northern extent in central New 

Mexico. Black grama is relatively short-lived (~40 years) and reproduces via stolons and 

seeds (Peters & Yao 2012). Finally, creosotebush is a perennial semi-evergreen C3 shrub 

found throughout the Mojave, Sonoran, Chihuahuan Deserts. It is characteristic of 

Chihuahuan Desert shrubland, where it reproduces only by seed.  

Experimental Design 

Sites Mean-Variance Blue and Mean-Variance Black were established in 2019 and 

2020, respectively, to determine the effects of changes in precipitation mean and interannual 

variance on ecosystem dynamics and biome transitions. Each site follows a 2-factor 

randomized-block design, with 5 blocks. The first factor, precipitation mean, has two levels: 

control and reduced (-25%) (n = 5). The second factor, inter-annual variability, has three 

levels: decreased (-50%), control, and increased (+50%) precipitation. The 50% decreased 

and 50% increased treatments are paired so that the diverted water from one plot is added to 

its paired plot. Because the two factors are additive, the result is five blocks of six plots 

ranging in diverted to added precipitation (-75%, -50%, -25%, 0, +25%, +50%). To 
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manipulate interannual variability, the plots in these pairs are randomly assigned to either the 

increase (+50%) or decrease (-50%) treatment each year (n = 10). To date, only Mean-

Variance Blue has undergone the inter-annual variation treatment: five pairs of plots 

switched variation treatment in October 2020. 

We used automated rainfall manipulation systems (ARMS; Gherardi & Sala 2013) to 

alter precipitation amounts at each site. ARMS use acrylic V-shaped shingles to reduce 

precipitation from a treatment plot. The shingles drain rainwater into gutters and 

subsequently into water tanks. The water is then immediately added to the “increase” plots 

via a solar-powered sprinkler system. Each plot is 5 m x 5 m and hydrologically isolated by 

aluminum flashing buried to a depth of 20-30 cm. Eighteen plots contain soil moisture and 

temperature sensors (Plains grassland: EC-TM5, Decagon, Pullman, WA; Desert grassland 

TEROS 11, Meter Group, Pullman, WA), measured bihourly at three soil depths: 12.5, 22.5, 

37.5 cm. 

Seed Addition 

To investigate the role of precipitation variability on foundation species recruitment, 

and potentially ecosystem-level shifts in dominance, we added seeds of the local and 

neighboring foundation species. We sourced blue and black grama seeds from regional seed 

companies and creosote seeds directly from the Sevilleta. Blue and black grama seeds are 

notoriously difficult to collect at the Sevilleta and thus collecting bulk seeds was not feasible.  

In order to track germination, ensure seed fidelity (i.e., the seedling came from our 

seed and not the natural population), and to prevent wind dispersal, we glued seeds to 

Makerstep toothpicks using a small drop of water soluble Elmers School Glue.  
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In 2019, at Mean-Variance Blue, we added 100 seeded toothpicks of each species 

(blue grama and black grama) per plot between late August and early October (6000 

toothpicks total). We split each addition between the southwest and northeast corners of each 

plot, with southwest additions in bare ground (Figure 1) and northeast additions in and 

among existing blue grama individuals. Each group of toothpicks per species was added in a 

5 cm x 10 cm grid. We monitored toothpicks weekly for germination and survival until 

November 2019, when they were then checked monthly. We continued monitoring biweekly 

in summer 2020, and monthly in winter 2020-2021.                         

 In 2020, due to seed source constraints, we added 100 blue grama toothpicks and 50 

black grama toothpicks to each plot at Mean-Variance Blue and Mean-Variance Black, as 

well as 30 toothpicks of creosote seeds to each plot at Mean-Variance Black (Figure 2). We 

added toothpicks in July 2020, splitting them among the southwest and northeast corners. All 

toothpicks were planted in bare ground given the low germination success of seeds planted 

among blue grama plants in 2019. We monitored toothpicks every two weeks for germination 

and survival until November 2020, when they were then checked monthly. If there was green 

tissue present on the seedling, it was counted as alive.  

Statistical Analyses 

 Data were separated into germination and survival, where germination included the 

total number of seeds that could germinate. If a seed germinated, it was removed from the 

germination dataset for all subsequent census dates. For example, if we added 10 seeds, and 

one germinated on Day 1, germination probability was observed as 0.1 for Day 1. If another 

seed germinated on Day 2, germination probability was calculated as 1/9 = 0.11 for Day 2. 

For looking at overall germination by precipitation variation treatment, the monitoring day 
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factor was removed and we simply looked at whether or not a toothpick yielded a seedling. 

These germination data included all plots. When building a model with soil moisture, only 

germination data from plots with soil sensors were included, due to the high variability in soil 

moisture among plots and treatments. Soil moisture and temperature values were averaged 

over 7-, 14-, and 28-day windows prior to the monitoring day, and used for model selection. 

The survival dataset only included seeds that germinated. Survival time was the difference in 

days between germination and death, which were modified to be the halfway point between 

two consecutive monitoring days. Individuals that were alive at the end of the study (April 

2021) were included as censored data. 

To answer our first question about the effect of precipitation variation and ecosystem 

type foundation species germination, we used a mixed effects logistic regression for each 

species using the glmer function in the lme4 package (Bates et al. 2015). We also used a 

mixed effects logistic regression for each species with precipitation variation treatment as a 

fixed effect. We selected models with the lowest second-order Akaike information criterion 

(AIC; Yanagihara et al. 2011; Appendices A-C) and that most nearly satisfied assumptions. 

Assumptions were checked using the DHARMa package (Hartig 2021). 

 To answer our second question about the effect of precipitation variation and 

ecosystem type on foundation species survival, we used a mixed effects cox regression using 

the coxme function in the coxme package (Therneau & Therneau 2015; Appendix D). 

Kaplan-Meier Survivorship Curves using the survfit function in the survival package were 

used for data visualization. All statistical analyses were performed in R version 4.1.0 (R Core 

Team 2021). 
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RESULTS 

 Mean-Variance Black and Mean-Variance Blue differ slightly in their precipitation 

regimes. Mean-Variance Black has a mean annual precipitation (MAP) of 231 +/- 55.4 mm 

(sd), while Mean-Variance Blue MAP is 245 mm +/- 53.6 (sd). Mean-Variance Black only 

received 155 mm of rainfall in 2020, and Mean-Variance Blue received 247 mm and 239 mm 

in 2019 and 2020, respectively. Mean-Variance Blue received 81.9 mm of precipitation 

between July 2019 and September 2019, corresponding to an average soil moisture of 7.7% 

+/- 0.02 (sd) volume water content (VWC) in control plots, and 144 mm between July 2020 

and September 2020, resulting in an average soil moisture of 9.2% +/- 0.03 (sd). Mean-

Variance Black only received 82.6 mm of rainfall between July 2020 and September 2020, 

resulting in average soil moisture of 8.5% +/- 0.03 (sd) in control plots over the same time 

period (Figure 3). There is a large gap of missing values for soil moisture at Mean-Variance 

Black between August 20, 2020 and September 27, 2020. 

Germination 

 We added 15,900 toothpicks of three species to two sites over two years. These 

additions yielded 1708 seedlings. A logistic mixed effects regression revealed blue grama 

and black grama had significantly lower germination in blue grama competition microsites in 

2019 compared to bare ground (Figure 4; p < 0.005; OR = 9.44). Seeds are 9.44 times more 

likely to germinate in bare ground microsites than in competition microsites. This effect was 

weaker in 2020, after the toothpicks had been in the ground for a full year, but still 

competition negatively affected germination of both blue and black grama (p < 0.005, OR = 

1.82). Species identity was a significant predictor in the competition model for both years, 

but the coefficient for species switched from positive for blue grama in 2019 to negative in 
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2020. Blue grama seeds were 1.57 times more likely to germinate than black grama seeds in 

2019 but blue grama seeds were 1.55 times less likely to germinate than black grama in 2020. 

Thus, toothpicks planted in competition were removed from further analyses.  

After removing toothpicks planted among competition, the overall germination rate 

across all species, treatments, years, and sites was 12.5%. In control plots, the germination 

rate was 15.2%. Across both years and sites, 99.7% of germination occurred in July-

September, thus the germination data were restricted to August-September for 2019, and 

July-September for 2020. For seeds that germinated, the range of soil moisture values was 

5.8 - 23.5% VWC. 

(i) Blue grama 

 Over both sites and years, blue grama germination increased with the log of soil 

moisture values at 12 cm and averaged over 7 days prior to the observation day. The effect of 

log(soil moisture) was dependent on ecosystem setting (p < 0.005). A one unit increase in 

log(soil moisture) resulted in blue grama being 6.11 times more likely to germinate in Mean-

Variance Blue, compared to 3.67 times more likely at Mean-Variance Black (Figure 5). Blue 

grama appears to have a soil moisture threshold for germination, with 98.2% of germinated 

blue grama seeds germinating above 10% VWC. Precipitation variation treatment has a 

similar effect on blue grama germination, but it also depends on ecosystem setting and year 

(p < 0.005), with increasing precipitation having a stronger effect on increased germination at 

Mean-Variance Black in 2020 than Mean-Variance Blue in 2019 and 2020 (Figure 7). The 

highest germination rate for blue grama across all years, sites, and precipitation treatments 

occurred in +50% plots at Mean-Variance Black (Prob(germination) = 0.031).  

(ii) Black Grama 
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 Over both sites and years, black grama germination increased with the squared term 

soil moisture at 22 cm averaged over 7 days prior to the observation day. Similar to blue 

grama, this effect depends on ecosystem setting (p = 0.0463), with higher odds of 

germination at Mean-Variance Blue for every unit increase in soil moisture (Figure 6). This 

model had the best model fit (AIC) and most nearly satisfied all assumptions (Kolmogorov-

Smirnov Test, p = 0.02952). Black grama also appears to have a soil moisture threshold for 

germination, with 98.5% of germinated black grama seeds germinating above 10% VWC at 

12 cm. Precipitation variation treatment has a similarly positive effect on black grama 

germination, but it depends on ecosystem setting and year (p < 0.005), with increasing 

precipitation treatment having the strongest effect at Mean-Variance Blue in 2019, followed 

by Mean-Variance Black in 2020, and Mean-Variance Blue in 2020. Like blue grama, the 

highest germination rate for black grama across all years, sites, and precipitation treatments 

occurred in +50% plots at Mean-Variance Black (Prob(germination) = 0.061; Figure 7). 

(iii) Creosote 

 Increasing soil temperature (12 cm, 7 days) has a negative effect on creosote 

germination (p < 0.005). For every one degree increase in soil temperature, creosote 

germination is half as likely to occur (OR = 0.492). There appears to be an upper temperature 

limit for germination: only one creosote seed germinated above 27°C. While germination 

does increase with the 14-day mean soil moisture (p = 0.005), soil moisture is not as strong 

of a predictor of creosote germination as soil temperature. Creosote appears to have a similar 

soil moisture threshold for germination to blue and black grama, with 100% of germinated 

creosote seeds germinating above 10% VWC. No models that included precipitation 

variation treatment satisfied assumptions. The highest rate of creosote germination occurred 
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in plots with +25% precipitation (Prob(germination) = 0.147), as opposed to plots with +50% 

precipitation (Prob(germination = 0.0267). 

Survival 

 Of all the 12,900 toothpicks added and the 1617 seeds that germinated over two years 

and two sites, 34 individuals remained alive as of April 2021. The median survival time 

(number of days for 50% of seedlings to die) was 42 days. All seedlings that germinated in 

2019 died after 50 days. There appears to be a sharp decline in survival around one month 

after germination (Figure 8). In a mixed effects cox regression, precipitation treatment did 

not increase probability of survival for any species at any site (p = 0.5523), while site (p < 

0.005) and species (p < 0.005) significantly affected survival. Creosote seedlings had a 

median survival time of 221 days while for blue grama and black grama median survival 

time is 42 days. Blue and black grama seedlings lived twice as long at Mean-Variance Blue 

compared to Mean-Variance Black (Figure 8). 

 While precipitation treatment was not a significant predictor of survival, blue and 

black grama shared high median survival times in -75% plots: 88 days for black grama, 70 

days for blue. However, +25% plots have the highest number and proportion of remaining 

alive seedlings. The high median survival time in -75% plots is driven by seedlings from 

Mean-Variance Blue in 2020 (Figure 9), where 94 seeds germinated, compared to none in 

2019 and one at Mean-Variance Black. Three -75% plots were changed to +25% in October 

2020 (“-75/+25”). The median survival time for seedlings in plots that remained -75% was 

44 days, while the median survival time for -75/+25 plots was 88 days (Figure 9). No 

seedlings in the permanently -75% plots were alive at the end of the study, while three 

seedlings in the -75/+25 plots were alive as of April 2021. 
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Great Plains Grassland 

Across species and precipitation treatments at Mean-Variance Blue, black grama had 

the highest germination in Great Plains grassland in +25% plots (Prob(survival) = 0.015), 

while blue grama had the highest survival in +25% plots (Prob(survival) = 0.0698). 

Ultimately, the probability of establishment (number of alive seedlings/number of 

toothpicks) was equal for blue and black grama in +25% plots (Prob(survival) = 0.008), 

followed by blue grama in -75% plots (Prob(survival) = 0.004), and black grama in -50% 

plots (Prob(survival) = 0.003; Figure 10).  

Chihuahuan Desert Grassland 

 Across species and precipitation variation treatments at Mean-Variance Black, black 

grama had the highest germination rate in +50% plots (Prob(survival) = 0.0607). Creosote 

had the highest survival rate across the range of -25%-50% plots (Prob(survival) = 0.44). 

Ultimately, creosote had the highest probability of establishment +25% plots (Prob(survival) 

= 0.06; Figure 11). 

DISCUSSION 

Recruitment is an essential step in species range expansion (Slatyer & Noble 1992) 

and climate variability can affect both the speed and magnitude of range shifts, especially at 

range margins (Allen & Breshears 1998, Cavanaugh et al. 2019, Jiang et al. 2016). In this 

study, we tested how experimentally imposed precipitation variability affected the 

germination and establishment of three foundation species in two ecosystems over two years, 

and how this variability might affect range expansion in the future. We found that soil 

moisture and precipitation variability affected germination for all three species, but the 

strength of that effect varied by ecosystem. In addition, we determined critical soil moisture 
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thresholds for germination and bottlenecks for survival. We also showed that that 

precipitation variability did not affect seedling survival overall, but species identity and 

ecosystem context did.         

How do climate variability and ecosystem setting affect the germination of perennial 

foundation species in drylands? 

Both blue and black grama had higher germination in Chihuahuan Desert grassland, 

which can be attributed in part to differences in existing vegetation and competition for water 

resources. The Great Plains grassland site is dominated by perennial C4 bunch grasses 

(Bouteloua gracilis, Bouteloua eriopoda, Pleuraphis jamesii), with few shrubs (e.g., 

Cylindropuntia imbricata, Atriplex canescens). The Chihuahuan Desert grassland is more 

exclusively dominated by black grama and hosts a higher prevalence of intermixed shrubs 

(e.g., creosote and Krascheninnikovia lanata). One explanation for lower overall germination 

in Great Plains grassland is that blue grama adults outcompete seeds for water.  

Two studies in central New Mexico have shown that adult blue grama individuals are 

stronger competitors for soil resources than adult black grama. Thomey et al. (2014) found 

that large precipitation events increased adult blue grama water status and carbon gain 

compared to black grama. In a dominance removal experiment, black grama cover increased 

when blue grama was removed, while blue grama cover was unaffected by black grama 

removal (Peters & Yao 2012). We found extremely low germination when seeds were 

planted among adult blue grama individuals at Great Plains grassland in 2019, but increased 

germination in both bare ground and competition microsites in plots that had experienced a 

year of extreme drought, which killed many blue grama adults. These results suggest that 
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blue grama is a dominating competitor when present, and that its absence can provide 

competitive release for seeds to germinate. 

Ecosystem setting also affects the influence of climate variability on foundation 

species germination: increases in soil moisture had greater positive effects on germination in 

Great Plains grassland compared to Chihuahuan Desert grassland. One explanation for this 

difference is soil texture between the two sites. While both sites have sandy loam soil, Great 

Plains grassland has higher clay content than Chihuahuan Desert grassland. The Chihuahuan 

Desert grassland is sandier and sand increases infiltration in the soil while clay increases 

water holding capacity (Birkeland et al. 1991). Thus, the higher clay content at Great Plains 

grassland reduced infiltration and held more available soil moisture closer to the soil surface 

where seeds could germinate. This contrasts with the inverse texture hypothesis (Noy-Meir 

1973), which suggests higher surface clay content should result in increased water stress for 

desert plants, but this hypothesis pertains to adult vegetation. In fact, increased infiltration 

might hinder germination because it ushers away soil water from the soil surface, where 

more seeds are located. Furthermore, the inverse texture hypothesis posits that shallow soil 

moisture due to higher clay content should result in increased evaporation, thus harming 

desert plants. However, evaporation of shallow soil moisture plays out on longer time scales 

(5-25 days) than a germination event (3-5 days). Future studies might explore further the role 

of soil texture on foundation species recruitment. 

Several other studies in central New Mexico have detected differences in vegetation 

responses to climate according to ecosystem setting. For example, in an analysis of long-term 

desert grassland and grassland ecotone data at the Sevilleta, Collins et al. (2020) found that 

grass cover increased with monsoon precipitation at the ecotone but not in the desert 
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grassland and that blue and black grama plant size responded differently to the Pacific 

Decadal Oscillation, depending on which ecosystem setting they were in. In another study 

using long term data, Rudgers et al. (2018) showed that Great Plains grassland had a positive 

primary productivity response to climate variability during wetter periods and Chihuahuan 

Desert grassland had a more positive response to variability during drier periods, revealing 

ecosystem differences in response to climate variability. Finally, Thomey et al. (2014) 

showed that adult blue and black grama had different photosynthetic responses to rain event 

sizes depending on whether they were in their home ecosystems vs. in ecotones. These 

studies predominantly focus on existing vegetation or adult plants; this is the first study in 

this area to directly investigate how climate variability and ecosystem setting affect 

foundation species recruitment. 

The role of ecosystem setting in foundation species germination is not limited to the 

Southwest; it appears to be an important factor for establishment in a variety of systems. For 

example, in one study of an alpine forest ecotone, researchers found that plant community 

type (shrub vs. herbaceous) significantly affected germination of the foundation fir species, 

with higher establishment in herbaceous communities (Zhang et al. 2020). The effect of 

ecosystem setting also interacts with climate to affect germination success. Several wetland 

studies have shown that the effect of flooding regime on seed germination depends on the 

vegetation present (Xiong et al. 2003, Smith et al. 2021, Yando et al. 2019), but these effects 

appear to differ by the functional group of the seeded species. In semi-arid California, 

Benning & Moeller (2020) found that precipitation variability had different impacts on the 

germination of an annual plant depending on whether it was sown in its native soil vs. soil 

from outside of the species’ range, showing that climate and soil can interact to determine 
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range edges. Finally, Camarero et al. (2017) used a model of treeline dynamics to determine 

that the effect of warming on the speed and magnitude of a shifting treeline ecotone depends 

on the structure of the forest stand. 

In addition to the interaction between climate and ecosystem setting, we found that all 

three species had a 10% soil moisture threshold for germination. However, there were 

differences in the median soil moisture level for germination for each species: most black 

grama seeds germinated at 14.9%, blue grama at 16.0%, and creosote at 22.9%. The slight 

difference in soil moisture medians between blue and black grama reflect their geographic 

distributions, as extended drought is more prevalent in southern Chihuahuan Desert grassland 

compared to ecosystems where blue grama is the dominant species (Hochstrasser et al. 

2002). These results are corroborated by greenhouse studies, where black grama has higher 

germination rates at low moisture levels compared to blue grama and creosote, although all 

species increase germination with moisture (Bokhari et al. 1975, Knipe & Herbel 1960, 

Moreno de las Heras et al. 2016). This slight difference in median soil moisture between blue 

and black grama might also explain the increasing coexistence of the two Bouteloua species 

in Great Plains grassland (Collins & Xia 2015), where increases in aridity gives black grama 

a small competitive edge.  

Creosote, on the other hand, had the highest median soil moisture for germination, 

which aligns with past studies that found that creosote seeds from the Sevilleta had high 

germination success under conditions that were twice the amount of average rainfall but low 

success under average rainfall conditions (McGee & Marshall 1993). Although Moreno de 

las Heras et al. (2016) found that creosote had a lower water potential threshold (-0.55 MPa) 

for germination than black grama (-0.45 MPa) in greenhouse settings, which we did not find 
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in our study. Additionally, creosote seems to be more sensitive to temperature than blue and 

black grama: no creosote seeds germinated above 27ºC (compared to 34ºC and 33ºC for blue 

and black grama, respectively) and germination decreased significantly with increasing soil 

temperature. Rivera (1977) found that creosote germination was sensitive to temperature 

fluctuations and germination decreased with increasing maximum temperature. Creosote seed 

germination requirements could explain the stability of the creosote-grassland ecotone in 

recent years (Moreno de la Heras et al. 2015).  

In addition to moisture thresholds, we detected significant non-linear germination 

responses to soil moisture for blue and black grama. Non-linear responses to climate might 

be common (Knapp et al. 2017) and is a departure from more traditional methods of 

characterizing the magnitude of responses based on the slope of linear relationships (e.g., 

Munson 2013). These non-linear relationships, also known as climate sensitivity functions, 

capture how variance around a climate mean can drive ecological outcomes (Rudgers et al. 

2018), even if mean climate does not change (e.g., Gherardi and Sala 2015). For example, the 

relationship between blue grama germination and the natural log of soil moisture is 

increasing and convex at both sites. The shape of the curve shows that the losses of 

germination in low soil moisture conditions are minimal compared to the germination gains 

in high soil moisture conditions, which indicates a net positive effect of increasing variance. 

Alternatively, the curvilinear response of black grama to soil moisture is increasing and 

convex in Chihuahuan Desert grassland but increasing and concave in Great Plains grassland 

(Figure 6). In Chihuahuan Desert grassland, black grama germination losses in low soil 

moisture conditions do not outweigh the germination gains in high soil moisture conditions. 

These results suggest that increasing climate variance has net positive effects for black grama 
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in Great Plains grassland but net negative effects in Chihuahuan Desert grassland. Together, 

it appears that blue and black grama recruitment stands to benefit from increasing variance in 

Great Plains grassland, while black grama recruitment in Chihuahuan Desert grassland could 

be severely hindered by climate variability.  

How do climate variability and ecosystem setting affect the survival and ultimate 

establishment of perennial foundation species in drylands? 

Species identity and ecosystem setting are more important in determining survival 

than precipitation variability. Higher survival in Great Plains grassland could be because the 

higher clay content and soil water retention at this site. The Great Plains grassland also 

received 144 mm of monsoon precipitation in 2020 while the Chihuahuan Desert grassland 

only received 82.6 mm. While imposed climate variability did not influence survival, more 

precipitation following germination could have better sustained survival at Great Plains 

grassland. Additionally, some seedlings could have benefitted from low competition with 

blue grama in drought plots in Great Plains grassland. 

We found higher survival from creosote seedlings than from either blue or black 

grama. Creosote seeds are roughly 3x the size of Bouteloua seeds and large-seeded species 

typically experience higher seedling survival than small-seeded species (Moles & Westoby 

2004). Creosote seedlings are also able to quickly form a deep taproot (Spalding 1904), thus 

accessing deeper stores of water and alleviating sensitivity to fluctuations of water in shallow 

soil. Gibbens & Lenz (2001) excavated two creosote bushes in southern New Mexico and 

found their roots to reach at least 6 m below the soil surface, passing through hard calcic 

horizons (caliche). Blue and black grama have shallow fibrous roots that reach about 15 cm 

depth appear to be inhibited by caliche layers (Gibbens & Lenz 2001) and are especially 
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sensitive to evaporation and competition in early stages of development (Briske & Wilson 

1978). Studies investigating drought and rooting depth show that deep roots are associated 

with increased survival in drought conditions (Padilla & Pugnaire 2007). Additionally, 

Moreno de las Heras (2016) found that while creosote had higher rainfall requirements for 

seedling emergence compared to black grama, it had lower rainfall requirements for 

establishment (50-100 mm for 5-6 weeks) compared to black grama (50-160 mm within 1 

month of emergence). The Chihuahuan Desert grassland only received 38 mm of rainfall in 

the month following emergence but 70 mm in the two months following emergence. Even 

though this study found high survival among creosote seedlings in Chihuahuan Desert 

grassland, natural establishment beyond the ecotone has not been observed (Moreno de las 

Heras et al. 2015). One reason for this discrepancy could be that inter-annual climate 

variability ultimately determines establishment, as it has been shown to be more important 

than climate averages in determining species’ ranges (Woodward 1997). Creosote 

recruitment events are also rare, occurring only every 9-25 years, compared to 5-8 years for 

black grama (Moreno de las Heras et al. 2016). So, it is possible the experimental conditions 

in this study, in combination with the natural rainfall pattern, mimicked a rare year that 

facilitated creosote recruitment. 

At the Great Plains grassland, blue and black grama shared similar rates of 

germination, survival, and ultimate establishment. This is consistent with observations of 

increasing coexistence of these two species in Great Plains grasslands which has been 

attributed largely to climate and other abiotic drivers (Collins & Xia 2015, Collins et al. 

2020). Another potential driver of coexistence is the presence of negative plant-soil 

feedbacks, where plants promote microbial communities in their rooting zone and adjacent 
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soil that are more detrimental to themselves than to their competitors (Bever et al. 1997). 

Chung et al. (2019) found evidence of negative plant-soil feedbacks within the ecotone 

between Great Plains grassland and Chihuahuan Desert grassland. These feedbacks increase 

the strength of intraspecific competition, compared to interspecific, which theory predicts 

should promote stable species coexistence in the long term (Crawford et al. 2019). How 

microbes affect blue and black grama seedling establishment in these ecosystems deserves 

further attention. 

What does the future look like? 

There are many potential consequences of ecosystem shifts. One is a change in annual 

net primary productivity and carbon sequestration. Primary production was higher in 

Chihuahuan Desert grassland compared to Great Plains grassland at the Sevilleta (Muldavin 

et al. 2008), suggesting the increasing presence of black grama grass in Great Plains 

Grassland should increase carbon storage. However, less carbon is stored in Chihuahuan 

Desert grassland because ecosystem-level respiration was higher under increased aridity. 

Meanwhile, at the grassland-shrubland ecotone, Chihuahuan Desert shrubland consistently 

sequesters more carbon than Chihuahuan Desert grassland (Petrie et al. 2015). Carbon 

sequestration may increase with creosote encroachment, but plant diversity and grass cover 

declines with creosote establishment in grasslands (Báez & Collins 2008), and bare ground 

increases (Huenneke et al. 2002, Gillette & Pitchford 2004), which can have grave impacts 

on soil erosion and subsequent land degradation. Furthermore, efforts to reverse shrub 

encroachment are often ineffective in the long term (Whitford et al. 1995, Havstad et al. 

1999, Rango et al. 2005, Mata-Gonzalez et al. 2007, Bestelmeyer et al. 2009), suggesting that 

shrub encroachment is irreversible. Ecosystem transitions can also affect soil (D’Odorico et 
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al. 2010) and canopy microclimate (Guimarães-Steinicke et al. 2021) which can have 

cascading effects on microbial activity (Eisenhauer et al. 2010; Lange et al. 2014), leaf 

physiology, herbivory, and floral visitation (Herrera & Medrano 2017; Whitney et al. 2008). 

Finally, the transitions between these desert ecosystems can have significant effects on local 

fauna, including mammal activity (Fields et al. 1999, Bestelmeyer et al. 2007), arthropod 

abundance (Sanchez & Parmenter 2002), and lizard species richness (Menke 2003).  

  The results of this study also inform foundation species recruitment dynamics and 

range shifts under various climate change outcomes. For example, there has been a 

significant delay of the onset, peak, and closing of the North American Monsoon in recent 

decades (Grantz et al. 2007), with more precipitation falling in August and September than 

July. In 2019 at Mean-Variance Blue, seeds germinated in mid-September and all seedlings 

died by November 1. In 2020, at both sites, seeds germinated in July and several individuals 

survived through November, suggesting that delayed monsoons could prevent establishment 

of foundation species at the Sevilleta. Additionally, more frequent, but smaller, rainfall 

events (Petrie et al. 2014), could be insufficient to trigger seed germination of these 

foundation species. A 5-mm rain event corresponded to 10.6% VWC in control plots at both 

sites. Recall that 10% VWC was the critical threshold for germination for all three species. 

Fewer large, infrequent deluges could significantly hinder germination and thus 

establishment of foundation species in this system. Finally, given the creosote’s germination 

sensitivity to temperature, extreme high temperatures during the germination period could 

also decrease creosote establishment. 
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CONCLUSION 

Understanding recruitment dynamics of foundation species is imperative for 

ecological forecasting as the climate becomes more variable. Our results show that soil 

moisture increases germination, but the strength and shape of these effects depends on 

ecosystem type and species identity. Seedling survival, however, appears less sensitive to 

climate variability, which only amplifies the effects of climate and ecosystem on germination 

and, ultimately, establishment. Thus, we emphasize the critical importance of including the 

germination stage in ecotone and climate variation studies to accurately predict ecosystem 

range shifts. 
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Appendix A. Competition Model Selection 

Table 1. Model selection for logistic regression determining the effect of microsite on 

germination at Mean-Variance Blue in 2019. Best model is bolded. 

Predictor variable(s) Random Effects df AIC Assumptions Satisfied 

Corner 1|Plot 3 1054.672  

Corner + Species 1|Plot 4 1050.529 Yes 

Corner x Species 1|Plot 5 1049.705  

 

Table 2. Parameters for mixed effects logistic regression with Corner + Species as predictor 

variables. 

Predictor 𝜷 SE𝜷 Wald’s 

𝝌2 

df p 𝒆𝜷 

Constant -6.7249 0.4911 187.5412 1 < 0.0001 NA 

Corner (Bare 

Ground = 1, 

Competition = 

0) 

2.2447 0.2781 65.1293 1 <0.0001 9.4376774 

Species (Blue 

= 1, Black = 

0) 

0.4514 0.1839 6.0243 1 0.0141 1.5704784 
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Appendix B. Blue Grama Germination Model Selection 

Table 3. Model selection for mixed effects logistic regression predicting blue grama 

germination using soil sensor variable. Best model is bolded. 

Predictor variables Random 

Effects 

df AIC Assumptions 

Satisfied 

Soil moisture (7 d, 12 cm) x Site 1|Plot/Quad 6 3392 NA 

Soil moisture (14 d, 12 cm) x Site 1|Plot/Quad 6 3827 NA 

Soil moisture (28 d, 12 cm) x Site 1|Plot/Quad 6 4212 NA 

Soil moisture (7 d, 22 cm) x Site 1|Plot/Quad 6 3733 NA 

Soil moisture (14 d, 22 cm) x Site 1|Plot/Quad 6 4091 NA 

Soil moisture (28 d, 22 cm) x Site 1|Plot/Quad 6 3944 NA 

Soil temperature (7 d, 12 cm) x Site 1|Plot/Quad 6 3627 NA 

Soil temperature (14 d, 12 cm) x Site 1|Plot/Quad 6 4087 NA 

Soil temperature (28 d, 12 cm) x Site 1|Plot/Quad 6 3706 NA 

Soil temperature (7 d, 22 cm) x Site 1|Plot/Quad 6 3694 NA 

Soil temperature (14 d, 22 cm) x Site 1|Plot/Quad 6 3872 NA 

Soil temperature (28 d, 22 cm) x Site 1|Plot/Quad 6 4029 NA 

Soil moisture (7 d, 12 cm) x Site + (Soil 

moisture (7 d, 12 cm) x Site)2 

1|Plot/Quad 8 3348 No 

Soil moisture (7 d, 12 cm) x SiteYear 1|Plot/Quad 8 3258 No 

Log(Soil moisture (7 d, 12 cm)) x SiteYear 1|Plot/Quad 8 3236 No 

Log(Soil moisture (7 d, 12 cm)) x Site 1|Plot/Quad 6 3359 Yes 

Log(Soil moisture (7 d, 12 cm)) 1|Plot/Quad 4 3362 No 

Soil moisture (7 d, 12 cm) x Soil temperature 

(7 d, 12 cm) x Site 

1|Plot/Quad 10 3222 No 

Log(Soil moisture (7 d, 12 cm)) x Soil 

temperature (7 d, 12 cm) x Site 

1|Plot/Quad 10 3182 No 
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Table 4. Parameters of mixed effects logistic regression model predicting blue grama 

germination. 

Predictor 𝜷 SE𝜷 Wald’s 

𝝌2 

df p 𝒆𝜷 

Constant 4.4788 1.5304 8.5648 1 0.003427 NA 

Log(Soil Moisture (7 days, 12 

cm)) 

3.6660 0.7911 21.4768 1 <0.0001 39.09495 

Site (Mean-Variance Blue = 

1, Mean-Variance Black = 0) 

4.2765 1.6833 6.4541 1 0.011070 71.98794 

Log(Soil Moisture) x Site 2.4459 0.8573 8.1389 1 0.004333 11.54078 

 

Table 5. Model selection for mixed effects logistic regression predicting blue grama 

germination using precipitation treatments. Best model is bolded. 

Predictor variables Random 

Effects 

df AIC Assumptions 

Satisfied 

Precipitation treatment + SiteYear 1|Plot/Quad 6 4944.921 NA 

Precipitation treatment + Site 1|Plot/Quad 5 4943.206 NA 

Precipitation treatment x Site 1|Plot/Quad 6 4925.588 Yes 
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Table 6. Parameters of mixed effects logistic regression model predicting blue grama 

germination. 

Predictor 𝜷 SE𝜷 Wald’s 

𝝌2 

df p 𝒆𝜷 

Constant -2.332341 0.146017 255.138 1 <0.0001 NA 

Precipitation Treatment 0.028017 0.003763 55.431 1 <0.0001 1.02841283 

Site (Mean-Variance 

Blue = 1, Mean-

Variance Black = 0) 

-0.263371 0.185723 2.011 1 0.1562 0.76845710 

Precipitation Treatment 

x Site 

-0.020721 0.004599 20.300 1 <0.0001 0.97949184 
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Appendix C. Black Grama Germination Model Selection 

Table 7. Model selection for mixed effects logistic regression predicting black grama 

germination using soil sensor variables. Best models are bolded. 

Predictor Variables Random 

Effects 

df AIC Kolmogorov

-Smirnov 

Test 

Dispersio

n Test 

Outlier 

Test 

Soil moisture (7 d, 12 

cm) x Site 

1|Plot/Quad 6 3101 NA NA NA 

Soil moisture (14 d, 12 

cm) x Site 

1|Plot/Quad 6 3101 NA NA NA 

Soil moisture (28 d, 12 

cm) x Site 

1|Plot/Quad 6 3439 NA NA NA 

Soil moisture (7 d, 22 

cm) x Site 

1|Plot/Quad 6 2972 0.025549 0.16 0.06347 

Soil moisture (14 d, 22 

cm) x Site 

1|Plot/Quad 6 3326 NA NA NA 

Soil moisture (28 d, 22 

cm) x Site 

1|Plot/Quad 6 3210 NA NA NA 

Soil temperature (7 d, 

12 cm) x Site 

1|Plot/Quad 6 2946 0.00051 0.424 0.21 

Soil temperature (14 d, 

12 cm) x Site 

1|Plot/Quad 6 3366 NA NA NA 

Soil temperature (28 d, 

12 cm) x Site 

1|Plot/Quad 6 2951 0 0.072 0.00226 

Soil temperature (7 d, 

22 cm) x Site 

1|Plot/Quad 6 2973 0.20765 0.352 0.41668 

Soil temperature (14 d, 

22 cm) x Site 

1|Plot/Quad 6 3097 NA NA NA 

Soil temperature (28 d, 

22 cm) x Site 

1|Plot/Quad 6 3241 NA NA NA 
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Table 7 (cont’d) 

Predictor Variables Random 

Effects 

df AIC Kolmogorov

-Smirnov 

Test 

Dispersio

n Test 

Outlier 

Test 

Soil moisture (7 d, 12 

cm) x Site + (Soil 

moisture (7 d, 12 cm) x 

Site)2 

1|Plot/Quad 8 2658 0 0.024 1 

Log(Soil moisture (7 d, 

12 cm)) x SiteYear 

1|Plot/Quad 8 2583 0 0.48 0.81641 

Log(Soil moisture (7 d, 

12 cm)) x Site 

1|Plot/Quad 6 2634 0 0.152 0.32414 

Log(Soil moisture (7 d, 

22 cm)) x Site 

1|Plot/Quad 10 2975 0.02354 0.16 0.09217 

sqrt(Soil moisture (7 d, 

22 cm)) x Site 

1|Plot/Quad 10 2974 0.02651 0.16 0.11696 

Soil moisture (7 d, 22 

cm) x Site + (Soil 

moisture (7 d, 22 cm) 

x Site)2 

1|Plot/Quad  2972 0.02952 0.144 0.09217 

 

Table 8. Parameters of quadratic mixed effects logistic regression model predicting black 

grama germination. 

Predictor 𝜷 SE𝜷 Wald’s 

𝝌2 

df p 𝒆𝜷 

Constant -3.8330 2.1339 3.2265 1 0.07246 NA 

Soil moisture (7 d, 22 cm) 30.4262 34.7234 0.7678 1 0.38090 1.636542 

x 1013 

Site (Mean-Variance Blue 

= 1, Mean-Variance Black 

= 0) 

0.3464 2.8372 0.0149 1 0.90282 1.414012 
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Soil moisture (7 d, 22 cm)2 -79.3094 119.2992 0.4420 1 0.50618 3.600587 

x 10-35 

Soil moisture (7 d, 22 cm) 

x Site 

-66.2869 50.7474 1.7062 1 0.19148 1.629126 

x 10-29 

Soil moisture (7 d, 22 cm)2 

x Site 

425.6379 213.5956 3.9710 1 0.04629 7.115550 

x 10184 

  

Table 9. Parameters of quadratic mixed effects logistic regression model predicting black 

grama germination. 

Predictor 𝜷 SE𝜷 Wald’s 

𝝌2 

df p 𝒆𝜷 

Constant 36.7177 4.4520 68.020 1 < 0.001 NA 

Soil temperature (7 d, 22 cm) -1.4123 0.1641 74.098 1 < 0.001 0.243577

8 

Site (Mean-Variance Blue = 1, 

Mean-Variance Black = 0) 

-29.8495 4.6477 41.247 1 < 0.001 1.087742 

x 10-13 

Soil temperature (7 d, 22 cm) x 

Site 

1.0375 0.1709 36.849 1 < 0.001 2.822152 

 

Table 10. Model selection for mixed effects logistic regression predicting black grama 

germination using precipitation treatments. Best Model is bolded. 

Predictor Variables Random 

Effects 

df AIC Assumptions 

Satisfied 

Precipitation Treatment + SiteYear 1|Plot/Quad 6 3932.625 NA 

Precipitation Treatment x SiteYear 1|Plot/Quad 8 3857.688 Yes 

Precipitation Treatment + Site 1|Plot/Quad 5 3955.253 NA 
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Precipitation Treatment x Site 1|Plot/Quad 6 3950.334 NA 

 

 

 

Table 11. Parameters of mixed effects logistic regression model predicting black grama 

germination. 

Predictor 𝜷 SE𝜷 Wald’s 

𝝌2 

df p 𝒆𝜷 

Constant -1.199269 0.167852 51.048 1 < 0.001 NA 

Precipitation Treatment 0.021777 0.004136 27.727 1 < 0.001 1.02201548 

SiteYear (Mean-Variance 

Blue 2019 = 1) 

-2.332455 0.347190 45.503 1 < 0.001 0.09705716 

SiteYear (Mean-Variance 

Blue 2020 = 1) 

-1.021123 0.226150 45.503 1 < 0.001 0.36019037 

Precipitation Treatment x 

SiteYear (Mean-Variance 

Blue 2019) 

0.030589 0.009204 46.646 2 < 0.001 1.03106162 

Precipitation Treatment x 

SiteYear (Mean-Variance 

Blue 2020) 

-0.018394 0.005404 46.646 2 < 0.001 0.98177373 
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Appendix D. Creosote Germination Model Selection 

Table 12. Model selection for mixed effects logistic regression predicting creosote 

germination using soil sensor variables. Best model is bolded. 

Predictor variable Random 

Effects 

df AIC Assumptions 

Satisfied 

Soil moisture (7 d, 12 cm) 1|Plot/Quad 4 101.89814 NA 

Soil moisture (14 d, 12 cm) 1|Plot/Quad 4 128.42304 NA 

Soil moisture (28 d, 12 cm) 1|Plot/Quad 4 145.38674 NA 

Soil moisture (7 d, 22 cm) 1|Plot/Quad 4 102.51175 NA 

Soil moisture (14 d, 22 cm) 1|Plot/Quad 4 130.42173 NA 

Soil moisture (28 d, 22 cm) 1|Plot/Quad 4 146.41463 NA 

Soil temperature (7 d, 12 cm) 1|Plot/Quad 4 78.60430 Yes 

Soil temperature (14 d, 12 cm) 1|Plot/Quad 4 84.12037 NA 

Soil temperature (28 d, 12 cm) 1|Plot/Quad 4 80.49181 NA 

Soil temperature (7 d, 22 cm) 1|Plot/Quad 4 129.91413 NA 

Soil temperature (14 d, 22 cm) 1|Plot/Quad 4 130.35541 NA 

Soil temperature (28 d, 22 cm) 1|Plot/Quad 4 136.86749 NA 

 

Table 13. Parameters of mixed effects logistic regression model predicting creosote 

germination. 
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Predictor 𝜷 SE𝜷 Wald’s 

𝝌2 

df p 𝒆𝜷 

Constant 13.445037 0.003505 14712881 1 < 0.001 NA 

Soil Temperature (7 d, 12 

cm) 

-0.709115 0.003452 42208 1 < 0.001 0.4920796 

 

Table 14. Model selection for mixed effects logistic regression predicting creosote 

germination using precipitation treatment. 

Predictor Variable Random Effects df AIC Assumptions 

Satisfied 

Precipitation Treatment 1|Plot/Quad 4 NA No 
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Appendix E. Survivorship Model 

Table 15. Model selection for mixed effects cox regression predicting survivorship. 

Predictor Variables Random 

Effects 

df AIC Assumptions 

Satisfied 

Precipitation Treatment + Species + 

Site 

1|Plot/Quad 6 NA Yes 

 

Table 16. Parameters of mixed effects cox regression model predicting survivorship. 

Predictor 𝜷 SE𝜷 Wald’s 

𝝌2 

df p 𝒆𝜷 

Precipitation 

Treatment 

-0.0009887726 0.001663871 0.3531 1 0.5523 0.9990117 

Species (Blue 

grama = 1) 

0.0143506909 0.056574442 46.2806 2 0.8 1.0144542 

Species 

(Creosote = 1) 

-1.8003147201 0.268341429 46.2806 2 < 0.001 0.1652469 

Site (Mean-

Variance Blue = 

1, Mean-

Variance Black 

= 0) 

-0.5894810758 0.132000080 19.9430 1 < 0.001 0.5546150 
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FIGURES 

 

 

 

 

 

 

 

Figure 1. First cohort of seeds added to Mean-Variance Blue in 2019. 

 

 

Figure 2. Example plot design of seed additions to Mean-Variance Black (2020) and Mean-

Variance Blue (2019-2020). Blue grama, black grama, and creosote seeds were added to 

Mean-Variance Black, and blue grama and black grama seeds were added to Mean-Variance 

Blue. 
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Figure 3. Mean daily soil moisture values between July and September at 12 cm depth. Each 

point represents an average daily soil moisture value per plot. Lines represent mean soil 

moisture values for each site and year across precipitation variation treatments. 
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Figure 4. Observed probability of germination between microsite types at Mean-Variance 

Blue in 2019. Seeds planted among blue grama competition had a significantly lower 

probability of germinating than seeds planted in bare ground. Dots represent average 

germination per species per corner and red diamonds are the overall means for each microsite 

type across the whole site. 
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Figure 5. Logistic mixed effects model for blue grama germination at Mean-Variance Blue 

and Mean-Variance Black. Log(Soil Moisture) of -2.3 corresponds to 10% VWC.  
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Figure 6. Quadratic logistic mixed effects model for black grama germination at Mean-

Variance Blue and Mean-Variance Black.  
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Figure 9. Median survival time for seedlings in flipped and un-flipped precipitation variation 

treatments at Mean-Variance Blue in 2020. Red diamonds represent median survival time in 

days. 
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Figure 10. Ultimate probability of establishment for each species at Mean-Variance Blue.  
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Figure 11. Ultimate probability of establishment for each species at Mean-Variance Black. 

 


