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ABSTRACT 

Microbiomes can dramatically alter individual plant performance, yet how these effects influence 

higher order processes is not well resolved. In particular, little is known about how microbiome 

effects on individual plants alter plant population dynamics, a question critical to imperiled 

species conservation. Here, we integrate bioassays, multidecadal demographic data, and integral 

projection modeling to determine how the presence of the natural soil microbiome underlies 

plant population dynamics. Simulations indicated that the presence of soil microbiomes boosted 

population growth rates (λ) of the endangered Hypericum cumulicola by 13% on average, the 

difference between population growth versus decline in 76% of patches. The greatest benefit 

(47% increase in λ) occurred in low nutrient, high elevation habitats, suggesting that the soil 

microbiome may help expand H. cumulicola’s distribution to include these stressful habitats. Our 

results demonstrate that soil microbiomes can significantly affect plant population growth and 

persistence, and support the incorporation of soil microbiomes into conservation planning.  

 

Keywords: integral projection modeling, plant-microbe interactions, endangered species, Florida 

rosemary scrub, Hypericum cumulicola, demography 
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 Microbiomes are ubiquitous in nature and play an outsized role in the performance of 

their plant and animal hosts (Wardle et al. 2004; Harris 2009). However, ecologists are still in 

the early stages of scaling these microbiome effects to higher-order ecological processes (Bever 

et al. 1997; Kardol et al. 2006; Schnitzer et al. 2011). One substantial knowledge gap is how 

microbiomes affect their host’s population dynamics (Ehrlén et al. 2016). Filling this gap 

requires unification of host-microbiome interactions and demographic modeling, two broad and 

rapidly growing fields that have largely developed separately from one another (e.g., Ehrlén et al. 

2016; Fierer 2017). Better integration of these fields will connect individual-level fitness effects 

through population dynamics to community patterns and ecosystem processes. In the cases of 

imperiled species, such integration will additionally inform their management and conservation. 

       There are two major challenges to linking plant-microbiome interactions to plant 

population dynamics. First, the magnitude and direction of microbial effects on plant 

performance often vary across the plant’s life stages (Kardol et al. 2013). Second, these stage-

specific microbial effects on individuals must be appropriately integrated into the host plant’s 

demography in order to determine their effects at the population level (e.g., Chung et al. 2015). 

Therefore, scaling microbial effects to the population level requires both detailed knowledge of 

plant species’ demography and quantification of microbial effects on the critical vital rates (e.g., 

germination, growth, reproduction) underlying demography. To date, such work has been 

confined to a single genus of tightly coevolved, endophytic fungi (Yule et al. 2013; Chung et al. 

2015), or, in studies that do consider whole soil microbiomes (e.g., Bever et al. 1997), has 

largely ignored the importance of demography in population persistence. 

Here, we investigated the role of soil microbiomes in plant population growth. First, we 

conducted a bioassay to quantify microbial effects on two critical vital rates of the endangered 
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plant Hypericum cumulicola -- germination and early plant growth (Picó et al. 2003) -- in soils 

spanning several environmental gradients (e.g., fire history, elevation above the water table). 

Second, we scaled these individual-level performance effects to population-level consequences 

using an Integral Projection Model (IPM) constructed from our bioassay data and >20 yr of field 

observations from >10,000 individual plants. Our results provide the first evidence that plant 

population persistence can depend on the soil microbiome, especially in stressful habitats. 

  

METHODS 

Study System 

The Florida scrub ecosystem is highly imperiled, with <15% of its original extent 

remaining (Weekley et al. 2008). Within this ecosystem, the fire-dependent rosemary scrub 

habitat occurs at relatively high elevations above the water table (mean = 1.27 m ± 0.52 SD; 

Quintana-Ascencio et al. 2018). Hypericum cumulicola (Small) P. Adams, a federally and state-

listed endangered species, specializes on open sand gaps found between shrubs in rosemary 

scrub patches (Quintana-Ascencio et al. 2018). This perennial herb typically germinates in the 

winter, reproduces between June-September, and dies back in November-December. Individuals 

are killed by fire, but seeds can survive fire and persist in a long-lived seedbank (Quintana-

Ascencio et al. 2018). Previous work indicated that germination of H. cumulicola increased with 

the presence of microbially-active soil crusts (Hawkes 2004), suggesting this species was 

suitable for our study.  
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Bioassay 

Experimental design: We grew Hypericum cumulicola in a factorial experiment that manipulated 

the presence of microbes using a soil sterilization treatment (‘Live’ vs. ‘Sterilized’ conditions) in 

soils collected from 14 rosemary scrub patches at Archbold Biological Station, Venus, FL 

(27°11' N, 81°21' W). Patches were selected to represent a range of environmental conditions, 

and included six long-term H. cumulicola monitoring patches (Table A1). In total, the bioassay 

included 5880 seeds sown in 196 pots (14 soils × 2 soil sterilization treatments × 7 replicates, 30 

seeds per pot). 

Collection of soils and seeds: Soils were collected from the interior of open-sand gaps at least 1 

m from the nearest shrub to a depth of 15 cm. In the field, we sieved soils through a 0.64 cm 

mesh to remove large debris. Seeds were collected from mature fruits of hundreds of plants (~2-3 

fruits per plant) growing throughout the northern half of Archbold Biological Station in 

September 2016. We sorted and removed damaged seeds in the laboratory.  

Experimental setup: To manipulate the presence of soil microbes, we inoculated pots with Live 

(unmanipulated, microbially-active soil) or Sterilized soils. Pots were filled with a 50 mL base of 

sterilized soil, a 9 mL inoculation layer (15% soil volume) of Live or Sterilized soil, and a 2 mL 

cap of sterilized soil to prevent microbial desiccation. All pots (66 mL; Cone-tainers, Stuewe & 

Sons, Tangent, OR) and sterilized soils were autoclaved at 121°C twice prior to use, and each pot 

contained soil from a single rosemary scrub patch. We sowed 30 seeds per pot, which is 

consistent with previous estimates of seed density. 

Data Collection: Seeds were allowed to germinate in a grow room at the University of Miami at 

room temperature under ambient natural light conditions, adding supplementary fluorescent light 

at 20 weeks (16:8 light/dark conditions). We recorded germinants, and harvested plants after 8 
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months to record growth (aboveground height and dried biomass) when plants were comparable 

to ‘yearlings’ in the field (new, <15cm tall, single-stem plants). 

We analyzed soil properties associated with the 14 rosemary scrub soils used in the 

bioassay (assessed by the University of Florida Analytical Research Laboratory; Gainesville, 

FL). Total C and N were measured using a vario MAX Cube CNS Analyzer (Elementar 

America, Mt. Laurel, NJ), and total P and K were measured using a Spectro Arcos Inductively 

Coupled Plasma Spectrophotometer (Spectro Analytical Instruments, Mahwah, NJ). 

We obtained additional patch-specific environmental data for the 14 patches from which 

we collected soil (Table A1). Relative elevation, an approximation of the distance to the water 

table, was calculated as the difference in patch elevation and the elevation of the upper boundary 

of the nearest mapped wetland (Quintana-Ascencio et al. 2018). Time-since-fire, patch area, and 

patch aggregation were obtained from Archbold records and previous studies (see 

Supplementary Methods; Quintana-Ascencio and Menges 1996; Menges et al. 2017).  

Data analysis: All analyses were conducted using R version 3.3 (R Development Core Team 

2017). We analyzed germination and height data using generalized linear mixed-effects models 

(binomial error) and linear mixed effects models (natural-log transformation), respectively, using 

the lme4 package (Bates et al. 2015) after ensuring the data met the assumptions of the 

respective models. Both models included the microbe treatment, relative elevation, time-since-

fire, and two-way interactions between the microbe treatment and the covariates. The rosemary 

scrub patch from which soil was collected was included as a random effect. For the height 

analysis, we also included the number of surviving plants in each pot as a covariate. For both 

germination and height analyses, we evaluated all possible models and selected the most likely 

model based on AICc (Tables A2-A4). We used Principal Components Analysis of the 
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correlation matrix to reduce the dimensionality of the soil nutrient data, and overlaid vectors for 

relative elevation and time-since-fire using the envfit() function in the R vegan package 

(Oksanen et al. 2016). 

 

Integral Projection Model 

To model the effects of soil microbes on population growth rate, we incorporated the 

bioassay results into an integral projection model (IPM). The model was initially constructed by 

Quintana-Ascencio et al. (2018) to project population growth rates of H. cumulicola in rosemary 

scrub patches based on a patch’s unique set of environmental factors (see Supplementary 

Methods), but did not consider the role of soil microbes in population dynamics. The IPM was 

based on 22 years of annual census data from 15 populations that included 38,313 observations 

of 10,910 H. cumulicola individuals. The life cycle of the plant was divided into 3 stages - seed 

bank, yearling, and adult. Vital rate functions were constructed while accounting for four patch-

level environmental covariates that varied across the landscape: elevation relative to the water 

table, time-since-fire, patch aggregation, and patch area. These vital rate functions were 

combined into a kernel that estimated transition rates between both size (height) and life history 

stages. 

We incorporated our germination data into the fecundity subkernel described in 

Quintana-Ascencio et al. (2018) in two ways. First, the original IPM estimated that seeds enter 

the seedbank at a constant rate (1-germination rate). We replaced this constant germination rate 

with predictions from our most likely germination model (Table A2) evaluated for a given 

microbial treatment and set of environmental factors associated with a rosemary scrub patch. 

Second, we used the same method to better estimate germination rates between the seedbank and 
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yearling stages. We did not alter the distribution of yearling size in the original IPM, since we 

found no evidence of microbial effects on plant height in our bioassay (see Results). 

We used the IPM to simulate population growth rates for populations on both Live and 

Sterilized soils across the environmental conditions found in 92 rosemary scrub patches at 

Archbold Biological Station. Each simulation was run for the first 10 years post-fire, during 

which fires rarely occur (Menges et al. 2017) and H. cumulicola population growth rates 

typically exhibit a hump-shaped pattern, increasing rapidly and then slowly declining (Quintana-

Ascencio et al. 2003, 2018). For each post-fire year in each patch, we recalculated vital rates to 

construct the kernel, and calculated the population growth rate (λ) as the dominant eigenvalue 

(Ellner and Rees 2006). 

To evaluate contributions of microbes and environmental factors to the variation in λ 

across these 92 patches, we used analysis of variance to partition its components following Sheth 

and Angert (2018). This approach allowed us to investigate how the predictor variables (both 

binary and continuous) explained the variance in λ across a realistic range of environmental 

conditions. Because the hump-shaped relationship between λ and time-since-fire was consistent 

across patches and differed only in height (see Results), we used the maximum λ value for a 

patch as the response variable. For each population, we modeled the (log-transformed) maximum 

λ value predicted by the IPM as a function of microbe presence, elevation above the water table, 

patch area, patch aggregation, the two-way interactions between microbes and both relative 

elevation and aggregation, and all interactions between the 3 covariates. Through comparison of 

the sums of squares of predictor variables, we partitioned their effects on λ across the landscape. 

All data from the bioassay are deposited in the Dryad Digital Repository: 
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http://dx.doi.org10.5061/dryad.d7p497r (David et al. 2019), and scripts are included in the 

supplementary zip file. 

  

RESULTS 

Bioassay 

The bioassay revealed positive microbial effects on H. cumulicola germination, but no 

effects on plant growth. The most likely model for germination included relative elevation to the 

water table, the microbial treatment, and their interaction (Table A2). The presences of soil 

microbes nearly doubled H. cumulicola germination (31% ± 5% SE in Live vs. 16% ± 3% SE in 

Sterilized soils; P < 0.001; Fig. 1A; Table A3). Interestingly, while overall germination 

decreased with relative elevation to the water table (Elev: P = 0.019), the strength of the positive 

microbial effect on germination increased with relative elevation (Microbe × Elev: P < 0.001; 

Fig. 1B). Soil analyses showed that both relative elevation and time-since-fire were negatively 

associated with soil C and N (Fig. A1). Together, these findings suggest that the benefits of 

microbes to germination increase as the soil becomes more nutrient-poor. In contrast, we found 

that the most likely model for plant height included neither the microbial treatment nor any of the 

environmental covariates, but instead only plant density, which was negatively associated with 

height (Table A4, Fig. A2). 

  

Population modeling 

Simulations indicated that the presence of soil microbes increased population growth rate 

(λ) by 13%, a benefit that for most habitat patches (76%) was the difference between a 

decreasing population in Sterilized soil (mean maximum λ = 0.95 ± 0.07 S.D.) and an increasing 
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population in Live soil (mean maximum λ = 1.07 ± 0.03 S.D.) (Fig. 2A). Populations grown in 

the presence of soil microbes exhibited boom-bust dynamics following fire (Fig. 2A) similar to 

those described by Quintana-Ascencio et al. (2018), but those populations without soil microbes 

rarely experienced any population growth. Soil microbes increased the number of post-fire years 

with positive population growth, with 96% of populations in Live soil experiencing ≥1 yr of 

growth compared to 20% in Sterilized soil (Fig. 2B). This contrast was even more pronounced 

when considering the percentages of populations with ≥4 yr of growth (84% for Live vs. 1% for 

Sterilized), indicating that, without soil microbes, most populations of this endangered species 

would decline. Furthermore, the presence of soil microbes explained 47% of the variation in 

patches’ maximum λ values, substantially more than relative elevation (31%), aggregation (7%), 

or patch area (0.1%) (Fig. A3), suggesting that the presence of a soil microbiomes is more 

important than these other environmental variables for population persistence in this system. 

       Microbial effects were particularly influential in high relative elevation, low nutrient 

patches where λ values were generally low (Fig 2C). At low relative elevation, populations in 

Live soil had 4% higher λ than in Sterilized soil, while at high relative elevation this benefit 

increased to 47% (Fig 2D). This finding suggests that H. cumulicola is able to occupy stressful, 

high elevation patches in large part because of the beneficial effects of microbes found in these 

habitats. 

  

DISCUSSION 

By scaling plant-microbe effects from individuals to populations, we have demonstrated 

that the presence of soil microbes can underlie plant population growth and persistence. 

Moreover, our results show that microbial mitigation of harsh environmental conditions for 
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imperiled plants can be critical for allowing persistence in stressful habitats. Below, we discuss 

how the soil microbiome shapes plant species’ demography and distributions, and how our 

findings support the integration of soil microbiomes into conservation.  

       Recent advances in host-microbiome research overwhelmingly show that microbes can 

benefit their hosts, and our study demonstrates that such individual-level effects can scale up to 

exert strong population-level effects. Similar work examining the consequences of microbes on 

plant demography is quite limited (e.g., Yule et al. 2013; Chung et al. 2015), and for 

belowground microbes is completely unknown (Ehrlén et al. 2016). Our findings on the benefits 

of the microbiome for host plant persistence agree with previous work showing that an 

aboveground, tightly coevolved endosymbiotic fungus is required for persistence of the rare 

grass Poa alsodes (Chung et al. 2015). Evolutionary theory predicts stronger selection for 

microbially-conferred benefits in the fungal endosymbiont system, where the systemic symbiont 

is vertically-transmitted and host and microbe fitness are thus tightly linked, than in our system 

where the soil microbiome is horizontally-transmitted (Ewald 1987). Indeed, our mean estimate 

of the soil microbial effect on λ (13%) is lower than analogous estimates of the effect of 

systemic, aboveground endophytes on λ of their host grasses (18-32%; Yule et al. 2013, Chung 

et al. 2015). However in high relative elevation patches, microbial effects on λ (47%) exceed 

these previously published estimates, emphasizing the critical role played by soil microbiomes in 

certain habitats despite their transmission mode. Furthermore, the strength of microbial effects 

on λ can exceed those of more traditionally-recognized environmental gradients (e.g., patch 

relative elevation, area, and aggregation; Ehrlén et al. 2016; Gurevitch et al. 2016; Quintana-

Ascencio et al. 2018). While we caution that our findings are based on comparisons with 

sterilized soils that would not be found in a natural environment and therefore could overestimate 
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these effects, our study nevertheless quantifies the crucial, overlooked role soil microbes play in 

plant population dynamics. 

Microbes exerted strong effects on population dynamics by influencing one of the host’s 

critical vital rates, germination. We speculate that microbes can mitigate stressful soil conditions 

by increasing soil moisture, thereby stimulating seed germination (e.g., Baskin and Baskin 

1998). Such effects may be particularly important for germination in high elevation patches, 

where soils are especially xeric (Weekley et al. 2007). While one limitation is that we could not 

evaluate microbial effects on later life stages of the plant, previous work (Picó et al. 2003) 

demonstrated that these other vital rates are less critical to population growth of H. cumulicola 

(as shown through elasticity analyses). Therefore, microbial effects on these less important vital 

rates would have to be quite strong to similarly affect population dynamics. Importantly, many 

studies of soil microbiome effects on plant fitness focus on adult biomass (e.g., Kardol et al. 

2006; Schnitzer et al. 2011); however, for species where adult size is not actually associated with 

a critical vital rate (e.g., adult survival or seed production), conclusions drawn about population-

level effects could be misleading. 

Species distributions can be shaped by biotic interactions that expand or contract species’ 

ecological niches (Bruno et al. 2003). Microbes can facilitate or exacerbate stressors found in 

particular habitats, thereby expanding or reducing the habitat utilized by a given plant species 

and, ultimately, the species’ distribution (Peay 2016; David et al. 2018). Our model projected 

population growth in stressful, higher relative elevation habitats only when populations were 

grown with microbes, suggesting that microbes expand the distribution of H. cumulicola into this 

habitat. Afkhami et al. (2014) similarly showed that by ameliorating drought stress a vertically-

transmitted fungus can dramatically expand a host plant range into drier regions of California; 
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however our present study generalizes these effects on distributions to the more common 

interaction between plants and soil microbiomes. Our work furthers the idea that the 

physiological traits that allow species to persist in a given environment (e.g., germination under 

stressful conditions) could in fact be microbe-derived (Rodriguez et al. 2008; Peay 2016).   

Finally, our finding that soil microbiomes underlie population persistence carries 

important implications for conservation and management. First, it suggests that a plant species 

cannot be conserved without also conserving its accompanying, natural soil microbiome. Second, 

such conservation of the soil microbiome is especially important in stressful habitat and for the 

species endemic to that habitat. Soil amendments have long been used to re-introduce native 

microbes to degraded habitat (Harris 2009). Our findings suggest that such amendments could 

help boost plant population growth rates, particularly for species whose germination both 

responds positively to soil microbes and is critical to its demography. Management that relies on 

transplanting individuals germinated in the laboratory or greenhouse into the field could 

similarly benefit from germinating seeds in the presence of microbes. The soil microbiome is 

clearly essential for the preservation of biodiversity.  
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Appendix 

SUPPLEMENTARY METHODS 

 

 We briefly discuss the underlying data collection and model construction of the integral 

projection model published by Quintana-Ascencio et al. (2018) that we have built on to 

determine the impact of soil microbiomes on plant population dynamics. 

 

Demographic data: Plants from 15 Florida rosemary scrub patches were censused annually 

during their peak reproductive period in July-August between 1994-2015. Censusing resulted in 

38,313 unique observations from a total of 10,910 individuals of H. cumulicola. Plants were 

classified by stage (yearling vs. adult), with yearlings defined as new, untagged plants found at 

census time within permanent plots or plants in that patch found outside permanent plots that had 

a single stem that was less than 15 cm (threshold defined using an optimization algorithm that 

maximized correct identification and minimized mistakenly including older plant in this stage). 

For a subset of years, we recorded total number of reproductive structures (flowers and fruits). 

We used bioassays to estimate several plant reproductive metrics (fruiting, seed production, seed 

germination, survival to yearling stage, and seed dormancy) separately from the annual census. 

 

Rosemary scrub patch data: We calculated four environmental covariates for each rosemary 

scrub patch: elevation relative to the water table, time-since-fire, patch aggregation, and patch 

area. We used zonal statistics and an existing lidar dataset to calculate relative elevation as the 

difference between the average elevation of a rosemary scrub patch and the average elevation of 

the wetland edges within a selected buffer surrounding that rosemary patch. Time-since-fire was 
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determined using historical records of Archbold Biological Station (Menges et al. 2017). Patch 

area was calculated using GIS mapping. We calculated patch aggregation using the index 

provided by Hanski and Thomas (1994) 

𝑆𝑖  =  −(∑ exp 𝑛
𝑗 (−𝑎𝑑𝑖𝑗)  × 𝐴𝑗) Eq. 1 

where dij is the distance in kilometers from focal patch i to patches j to n, Aj is patch area in 

hectares and a = 1.  

 

Integral projection model: The basic form of the IPM consisted of a kernel (Kj,i) comprised of a 

survival and growth subkernel (Pj,i) and a recruitment subkernel (Fj,i) (Ellner and Rees 2006): 

𝐾𝑗,𝑖 = 𝑃𝑗,𝑖 + 𝐹𝑗,𝑖  Eq. 2 

𝑃𝑗,𝑖 = 𝜎𝑖 × 𝛾𝑗,𝑖  Eq. 3 

𝐹𝑗,𝑖 = 𝑆𝑒𝑒𝑑𝑗,𝑖 + 𝑌𝑒𝑎𝑟𝑙𝑖𝑛𝑔𝑗,𝑖 Eq. 4, 

where j is the index for the vector of size classes n at t+1, and i the one at time t. The Pj,i 

subkernel consisted of the survival probability (σi) at size i and the probability of growth (γj,i) 

from size i to size j. The Fj,i subkernel predicted the number of seeds and the number of yearlings 

of size j produced by an individual of size i based on a composite of sequential events including 

seed production, dormancy, germination, and survival until reaching the yearling stage. The 

transition matrix consisted of a Goodman matrix (Goodman 1969) model (with 301 x 301 cells, 

Fig. 2B in Quintana-Ascencio et al. 2018) that describes the population dynamics of three stages, 

one discrete (dormant seeds) and two continuous (yearlings and adults). Every transition matrix 

consisted of two merged rectangular matrices (of 300 x 150 cells each for yearlings and adults, 

respectively), one column vector for germination of dormant seeds and their survival to census as 

yearlings, one row vector for contributions to the seed bank, and one scalar describing long term 
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seed dormancy. Yearlings, by definition, were first-year plants. However, their vital rates varied 

based on their size, just as with adult plants, and therefore they occupy an equal percentage of 

the transition matrix. The IPM was integrated over L = -2.3 to U = 4.5 (logarithm values of 0.1-

90 cm in height, respectively). 

 Recruitment of new seeds into the seed bank was modeled using estimates of seed 

survival in the seed bank at time t (s(t)), probability of reproduction (φ0), number of reproductive 

structures (φ1), fruit set (φ2), seeds per fruit (φ3), and the proportion of seeds going dormant (δE). 

Seeds that germinated immediately were not considered part of the seedbank. 

𝑆𝑒𝑒𝑑 (𝑦, 𝑡 + 1)  = 𝑠(𝑡) + ∫ [𝜑0(𝑥)𝜑1(𝑥)𝜑2𝜑3𝑠(𝑡)δ𝐸]
𝑈

𝐿
𝑑𝑥 Eq. 5 

Yearling recruitment occurred either via newly produced seeds or from the seed bank. 

Recruitment from the seed bank was modeled using the fraction of germinating seeds (1-δE) that 

survived until monitoring based on the same factors as above and survival of germinants to the 

yearling stage (φ4). 

𝑌𝑒𝑎𝑟𝑙𝑖𝑛𝑔(𝑦, 𝑡 + 1) = 𝑆𝑒𝑒𝑑(𝑥, 𝑡)(1 − δ𝐸)𝜑4 + ∫ [𝜑0(𝑥)𝜑1(𝑥)𝜑2𝜑3(1 − δ𝐸)𝜑4]
𝑈

𝐿
𝑑𝑥 Eq. 6 

Values of all variables were calculated for each patch using fitted mixed-effects regression 

models based on the four covariates, with the exceptions of scalar values for fruit set (φ2=0.55) 

and seeds per fruit (φ3=12.9) (see the supplementary zip file; Quintana-Ascencio et al. 2018). 

Prior to conducting these analysis, we checked that none of the four covariates were significantly 

correlated with one another (all correlations ≤ 0.40). We note that φ4 was the output of a 

nonlinear regression function, and this function accounts for the humped shape of the curve in 

Figure 2A and explains much of the temporal variation in population growth rates. Many of the 

vital rates are functions of time-since-fire, and thus the kernel has a different value for each year 

post-fire. 
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 For the present study, we altered the δE term from the constant term used in Quintana-

Ascencio et al. (2018). The probability of a seed going dormant in patch E was modeled using 

the coefficients (β) from the most likely model from the germination bioassay data (Table A2) 

and was evaluated for a given patch using the patch’s relative elevation (Elev) and a given 

microbial treatment (Microbe: 0 or 1). 

δ𝐸 = 1 − 𝑖𝑛𝑣𝑒𝑟𝑠𝑒 𝑙𝑜𝑔𝑖𝑡 [𝛽0 + 𝛽1 × 𝐸𝑙𝑒𝑣𝐸 + 𝛽2 × 𝑀𝑖𝑐𝑟𝑜𝑏𝑒 + 𝛽3 × 𝑀𝑖𝑐𝑟𝑜𝑏𝑒 × 𝐸𝑙𝑒𝑣𝐸] Eq. 7 

 Although H. cumulicola populations immediately following fire are not in their stable 

size distribution, λ is still the best metric of overall population growth. To illustrate this point, we 

simulated a population post-fire that began with 100 seeds, 0 yearlings, and 0 adults. For each of 

these 3 stages, we calculated the ratio of increase as Nt+1/Nt. As Figure A4 shows, the dynamics 

of any individual stage are fairly complex, but λ represents an average of the three stages. In 

particular, the dynamics of the adult stage converge with λ fairly quickly, such that they are 

almost perfectly matched by the fourth year. 
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SUPPLEMENTARY TABLES 

 

Table A1. Description of patches from which soils were collected for the bioassay.  

 

Patch 

ID 

Relative 

Elevation 

(m) 

Time-

since-fire 

(yr) 

Area 

(h) 
Aggregation 

Total 

C (%) 

Total 

N (%) 

Total P 

(mg/kg) 

Total K 

(mg/kg) 

Long Term 

Monitoring 

1 1.98 17 0.56 2.85 0.41 0.01 2.1 7.67 Yes 

4 0.93 0 0.17 2.59 0.55 0.02 1.36 11.86 No 

13 1.52 15 0.08 3.28 0.43 0.01 1.66 5.74 No 

29 0.6 1 1.40 3.68 0.34 0.01 1.68 6.1 Yes 

32 0.68 19 0.22 4.83 0.22 0.01 1.79 5.08 Yes 

37 2.56 19 0.13 5.56 0.29 0.02 1.73 4.53 No 

39 2.42 19 0.14 5.9 0.18 0.00 1.98 4.51 No 

42 1.19 6 1.70 7.66 0.52 0.01 1.54 3.8 Yes 

45 0.35 15 0.23 5.37 1.09 0.04 1.78 5.73 Yes 

88 1.11 8 0.27 10.3 0.37 0.02 1.76 5.33 Yes 

92 1.39 30 0.35 7.23 0.46 0.00 2.28 10.44 No 

94 0.94 6 0.06 10.1 0.77 0.02 1.4 7.19 No 

6054 1.52 6 3.59 8.87 0.87 0.03 1.79 6.39 No 

9591 1.53 30 0.35 9.55 0.22 0.00 1.48 4.59 No 

Patch ID refers to the official Archbold Biological Station identification. Relative elevation and 

time-since-fire data were accessed using Archbold’s grid database (Menges et al. 2017). Patch 

aggregation, a function of distance to other patches and their area, was previously calculated by 

Quintana-Ascencio and Menges (1996). Total C, N, P, and K of soils were analyzed in the 

present study (Fig. A1). Patches were chosen to represent a range of relative elevation (across 92 

patches: mean = 1.26 m ± 0.51 s.d., min = 0.35 m, max = 3.25 m), patch area (mean = 0.436 ha ± 

0.550 s.d., min = 0.003 ha, max = 3.594 ha), and patch aggregation (mean = 7.45 ± 3.48 s.d., min 

= 2.16, max = 11.8; Quintana-Ascencio et al. 2018). For time-since-fire, we selected patches that 

provided a range of fire return intervals relevant to Hypericum cumulicola, which tends to boom 

and bust during the first 10 years following fire. Menges et al. (2017) calculated the percentages 

of all patches at Archbold Biological Station in a given fire return interval: 2-10 yr (15%), 10-19 

yr (35%), 20-59 yr (45%), and 60-100 yr (5%). Several of the patches selected contained long-

term monitoring populations of H. cumulicola (Quintana-Ascencio et al. 2018). 
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Table A2. Model selection for Hypericum cumulicola germination.  

 

Term df AICc ∆ 

Elev + Microbe + Microbe*Elev 4 2158.59 0.00 

Elev + Microbe + TSF + Microbe*Elev 5 2159.82 1.24 

Elev + Microbe + TSF + Microbe*Elev + Microbe*TSF 6 2160.54 1.95 

Elev + Microbe + TSF + Microbe*TSF 5 2168.75 10.17 

Elev + Microbe 3 2172.03 13.45 

Elev + Microbe + TSF 4 2173.21 14.63 

Microbe + TSF + Microbe*TSF 4 2308.98 150.39 

Microbe + TSF 3 2313.27 154.68 

Microbe 2 2328.48 169.90 

Elev 2 2368.74 210.16 

Elev + TSF 3 2369.94 211.35 

TSF 2 2505.41 346.82 

Null 1 2520.08 361.50 

Global model was fit using a generalized linear mixed-effects model with binomial error. The 

rosemary scrub patch from which soil was collected (soils from 14 patches were used in the 

bioassay) was used as a random effect. We included the microbe treatment (Microbe; Sterilized 

vs. Live), relative elevation above the nearest wetland (Elev), time-since-fire (TSF), and the two-

way interactions between Microbe and the covariates. All covariates were standardized (mean = 

0, standard deviation = 1) prior to analysis. Bolded row depicts the most likely model using 

AICc. ∆ is the difference in AICc between each model and the model with the lowest AICc. 
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Table A3. Model coefficients for analysis of Hypericum cumulicola germination. See Table A2 

for description of model terms. P-values were obtained using Analysis of Deviance. 

Term 
Estimat

e  

Std. 

Error 
P 

Intercept (β0) -0.76 0.19 --- 

Elev (β1) -0.29 0.16 0.019 

Microbe (β2) -0.96 0.07 <0.001 

Microbe*Elev (β3) -0.22 0.06 <0.001 
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Table A4. Model selection for analysis of Hypericum cumulicola height.  

Term df AICc ∆ 

Plants 4 91.90 0.00 

Plants + TSF 5 92.00 0.10 

Plants + Soil 5 93.95 2.05 

Plants + Soil + TSF 6 94.11 2.21 

Plants + Elev 5 94.11 2.21 

Plants + Elev + TSF 6 94.26 2.36 

Plants + Elev + Soil + Soil*Elev 7 95.15 3.25 

Plants + Elev + Soil + TSF + Soil*Elev 8 95.42 3.52 

Plants + Elev + Soil 6 96.26 4.36 

Plants + Elev + Soil + TSF 7 96.39 4.49 

Plants + Soil + TSF + Soil*TSF 7 96.52 4.62 

Plants + Elev + Soil + TSF + Soil*Elev + Soil*TSF 9 97.04 5.14 

Plants + Elev + Soil + TSF + Soil*TSF 8 98.87 6.97 

Null 3 139.56 47.66 

Elev + Soil + Soil*Elev 6 141.17 49.27 

TSF 4 141.30 49.40 

Elev 4 141.40 49.50 

Soil 4 141.42 49.52 

Elev + TSF 5 142.55 50.65 

Elev + Soil + TSF + Soil*Elev 7 142.55 50.65 

Soil + TSF 5 143.21 51.31 

Elev + Soil 5 143.40 51.50 

Elev + Soil + TSF 6 144.66 52.76 

Elev + Soil + TSF + Soil*Elev + Soil*TSF 8 144.86 52.96 

Soil + TSF + Soil*TSF 6 145.31 53.41 
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Elev + Soil + TSF + Soil*TSF 7 146.83 54.93 

Global model was fit using a linear mixed-effects model. Mean stem height of surviving plants in 

each pot was natural-log transformed prior to analysis. The Rosemary scrub patch from which 

soil was collected (soils from 14 patches were used in the experiment) was used as a random 

effect. We included the microbe treatment (Microbe; Sterilized vs. Live), relative elevation above 

the nearest wetland (Elev), time-since-fire (TSF), the two-way interactions between Microbe and 

the covariates, and the number of plants surviving in the pot (Plants). All covariates were 

standardized (mean = 0, standard deviation = 1) prior to analysis. Bolded row depicts the most 

likely model using AICc. ∆ is the difference in AICc between each model and the model with the 

lowest AICc. 

 

 

SUPPLEMENTARY FIGURES 

[Figures A1-A4 go here] 

  

Copyright The University of Chicago 2019. Preprint (not copyedited or formatted). 
Please use DOI when citing or quoting. DOI: 10.1086/704684

This content downloaded from 205.208.007.018 on May 31, 2019 13:31:56 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).



23 
 

Literature Cited 

Abrahamson, W. G., A. F. Johnson, J. N. Layne, and P. A. Peroni. 1984. Vegetation of the 

Archbold Biological Station, Florida: An example of the southern Lake Wales ridge. Florida 

Scientist 47:209–250. 

Afkhami, M. E., P. J. McIntyre, and S. Y. Strauss. 2014. Mutualist-mediated effects on species’ 

range limits across large geographic scales. Ecology letters 17:1265–73. 

Bates, D., M. Mächler, B. Bolker, and S. Walker. 2015. Fitting Linear Mixed-Effects Models 

using lme4. Journal Of Statistical Software 67:1–51. 

Bever, J. D., K. M. Westover, and J. Antonovics. 1997. Incorporating the Soil Community into 

Plant Population Dynamics: The Utility of the Feedback Approach. The Journal of Ecology 

85:561. 

Bruno, J. F., J. J. Stachowicz, and M. D. Bertness. 2003. Incorporating facilitation into 

ecological theory. Trends in Ecology and Evolution 18:119–125. 

Cardinale, B. J., J. E. Duffy, A. Gonzalez, D. U. Hooper, C. Perrings, P. Venail, A. Narwani, G. 

M. Mace, D. Tilman, D. A. Wardle, A. P. Kinzig, G. C. Daily, M. Loreau, J. B. Grace, A. 

Larigauderie, D. S. Srivastava, and S. Naeem. 2012. Biodiversity loss and its impact on 

humanity. Nature 486:59–67. 

Chung, Y. A., T. E. X. Miller, and J. A. Rudgers. 2015. Fungal symbionts maintain a rare plant 

population but demographic advantage drives the dominance of a common host: Journal of 

Ecology 967–977. 

David, A. S., K. B. Thapa-Magar, and M. E. Afkhami. 2018. Microbial mitigation-exacerbation 

continuum: a novel framework for microbiome effects on hosts in the face of stress. 

Ecology 99:517–523. 

David, A.S., P. F. Quintana-Ascencio, E. S. Menges, K. B. Thapa-Magar, M. E. Afkhami, and 

C. A. Searcy. 2019. Data from: Soil microbiomes underlie population persistence of an 

endangered plant species. American Naturalist, Dryad Digital Repository, 

http://dx.doi.org10.5061/dryad.d7p497r. 

Ehrlén, J., W. F. Morris, T. von Euler, and J. P. Dahlgren. 2016. Advancing environmentally 

explicit structured population models of plants. Journal of Ecology 104:292–305. 

Copyright The University of Chicago 2019. Preprint (not copyedited or formatted). 
Please use DOI when citing or quoting. DOI: 10.1086/704684

This content downloaded from 205.208.007.018 on May 31, 2019 13:31:56 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&crossref=10.1016%2FS0169-5347%2802%2900045-9&citationId=p_7
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&crossref=10.1111%2F1365-2745.12406&citationId=p_9
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&crossref=10.1111%2F1365-2745.12406&citationId=p_9
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&crossref=10.2307%2F2960528&citationId=p_6
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&pmid=29345309&crossref=10.1002%2Fecy.2153&citationId=p_10
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&pmid=22678280&crossref=10.1038%2Fnature11148&citationId=p_8
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&crossref=10.1111%2F1365-2745.12523&citationId=p_12
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&crossref=10.18637%2Fjss.v067.i01&citationId=p_5


24 
 

Ellner, S. P., and M. Rees. 2006. Integral Projection Models for Species with Complex 

Demography. American Naturalist 167:410–428. 

Ewald, P. W. 1987. Transmission Modes and Evolution of the Parasitism-Mutualism Continuum. 

Annals of the New York Academy of Sciences 503:295–306. 

Fierer, N. 2017. Embracing the unknown: disentangling the complexities of the soil microbiome. 

Nature Reviews Microbiology 15:579–590. 

Gurevitch, J., G. A. Fox, N. L. Fowler, and C. H. Graham. 2016. Landscape Demography: 

Population Change and its Drivers Across Spatial Scales. Quarterly Review of Biology 

91:459–485. 

Harris, J. 2009. Soil microbial communities and restoration ecology: facilitators or followers? 

Science 325:573–574. 

Hawkes, C. V. 2004. Effects of biological soil crusts on seed germination of four endangered 

herbs in a xeric Florida shrubland during drought. Plant Ecology 170:121–134. 

Hooper, D. U., E. C. Adair, B. J. Cardinale, J. E. K. Byrnes, B. a Hungate, K. L. Matulich, A. 

Gonzalez, J. E. Duffy, L. Gamfeldt, and M. I. O’Connor. 2012. A global synthesis reveals 

biodiversity loss as a major driver of ecosystem change. Nature 486:105–8. 

Kardol, P., T. Martijn Bezemer, and W. H. Van Der Putten. 2006. Temporal variation in plant-

soil feedback controls succession. Ecology Letters 9:1080–1088. 

Menges, E. S., K. N. Main, R. L. Pickert, and K. Ewing. 2017. Evaluating a Fire Management 

Plan for Fire Regime Goals in a Florida Landscape. Natural Areas Journal 37:212–227. 

Oksanen, J., F. G. Blanchet, M. Friendly, R. Kindt, P. Legendre, D. McGlinn, P. R. Minchin, R. 

B. O. Hara, G. L. Simpson, P. Solymos, M. H. H. Stevens, E. Szoecs, H. Wagner, J. 

Oksanen, F. G. Blanchet, M. Friendly, R. Kindt, P. Legendre, D. McGlinn, P. R. Minnchin, 

R. B. O’Hara, G. L. Simpson, P. Solymos, M. H. H. Stevens, E. Szoecs, and H. Wagner. 

2016. vegan: Community Ecology Package. R package version 2.4-0. 

Peay, K. G. 2016. The Mutualistic Niche: Mycorrhizal Symbiosis and Community Dynamics. 

Annual Review of Ecology, Evolution, and Systematics 47:143–164. 

Copyright The University of Chicago 2019. Preprint (not copyedited or formatted). 
Please use DOI when citing or quoting. DOI: 10.1086/704684

This content downloaded from 205.208.007.018 on May 31, 2019 13:31:56 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&crossref=10.3375%2F043.037.0210&citationId=p_21
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&crossref=10.1023%2FB%3AVEGE.0000019035.56245.91&citationId=p_18
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&crossref=10.1146%2Fannurev-ecolsys-121415-032100&citationId=p_23
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&system=10.1086%2F499438&citationId=p_13
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&pmid=28824177&crossref=10.1038%2Fnrmicro.2017.87&citationId=p_15
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&pmid=16925657&crossref=10.1111%2Fj.1461-0248.2006.00953.x&citationId=p_20
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&pmid=19644111&crossref=10.1126%2Fscience.1172975&citationId=p_17
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&pmid=22678289&crossref=10.1038%2Fnature11118&citationId=p_19
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&pmid=3304078&crossref=10.1111%2Fj.1749-6632.1987.tb40616.x&citationId=p_14
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&system=10.1086%2F689560&citationId=p_16


25 
 

Picó, F. X., P. F. Quintana-Ascencio, E. S. Menges, and F. López-Barrera. 2003. Recruitment 

rates exhibit high elasticity and high temporal variation in populations of a short-lived 

perennial herb. Oikos 103:69–74. 

Quintana-Ascencio, P. F., R. W. Dolan, and E. S. Menges. 1998. Hypericum cumulicola 

demography in unoccupied and occupied Florida scrub patches with different time-since-

fire. Journal of Ecology 86:640–651. 

Quintana-Ascencio, P. F., S. M. Koontz, S. A. Smith, V. L. Sclater, A. S. David, and E. S. 

Menges. 2018. Predicting landscape-level distribution and abundance: Integrating 

demography, fire, elevation and landscape habitat configuration. Journal of Ecology 

106:2395–2408. 

Quintana-Ascencio, P. F., and E. S. Menges. 1996. Inferring Metapopulation Dynamics from 

Patch-Level Incidence of Florida of Scrub Plants. Conservation Biology 10:1210–1219. 

Quintana-Ascencio, P. F., E. S. Menges, and C. W. Weekley. 2003. A Fire-Explicit Population 

Viability Analysis of Hypericum cumulicola in Florida Rosemary Scrub. Conservation 

Biology 17:433–449. 

R Development Core Team. 2017. R: A language and environment for statistical computing. R 

Foundation for Statistical Computing. 

Rodriguez, R. J., J. Henson, E. Van Volkenburgh, M. Hoy, L. Wright, F. Beckwith, Y.-O. Kim, 

and R. S. Redman. 2008. Stress tolerance in plants via habitat-adapted symbiosis. The 

ISME journal 2:404–16. 

Schnitzer, S. A., J. N. Klironomos, J. Hille Ris Lambers, L. L. Kinkel, P. B. Reich, K. Xiao, M. 

C. Rillig, B. A. Sikes, R. M. Callaway, S. A. Mangan, E. H. van Nes, and M. Scheffer. 

2011. Soil microbes drive the classic plant diversity-productivity pattern. Ecology 92:1385–

1392. 

Sheth, S. N., and A. L. Angert. 2018. Demographic compensation does not rescue populations at 

a trailing range edge. Proceedings of the National Academy of Sciences of the USA 

115:2413–2418. 

Wardle, D. A. 2004. Ecological Linkages Between Aboveground and Belowground Biota. 

Science 304:1629–1633. 

Copyright The University of Chicago 2019. Preprint (not copyedited or formatted). 
Please use DOI when citing or quoting. DOI: 10.1086/704684

This content downloaded from 205.208.007.018 on May 31, 2019 13:31:56 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&crossref=10.1111%2F1365-2745.12985&citationId=p_28
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&pmid=29463711&crossref=10.1073%2Fpnas.1715899115&citationId=p_35
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&crossref=10.1046%2Fj.1523-1739.2003.01431.x&citationId=p_30
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&crossref=10.1046%2Fj.1523-1739.2003.01431.x&citationId=p_30
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&pmid=18256707&crossref=10.1038%2Fismej.2007.106&citationId=p_32
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&pmid=18256707&crossref=10.1038%2Fismej.2007.106&citationId=p_32
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&crossref=10.1046%2Fj.1523-1739.1996.10041210.x&citationId=p_29
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&pmid=21870611&crossref=10.1890%2F10-0773.1&citationId=p_34
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&crossref=10.1034%2Fj.1600-0706.2003.12553.x&citationId=p_24
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&pmid=15192218&crossref=10.1126%2Fscience.1094875&citationId=p_36


26 
 

Weekley, C. W., D. Gagnon, E. S. Menges, P. F. Quintana-Ascencio, and S. Saha. 2007. 

Variation in soil moisture in relation to rainfall, vegetation, gaps, and time-since-fire in 

Florida scrub. Ecoscience 14:377. 

Weekley, C. W., E. S. Menges, and R. L. Pickert. 2008. An ecological map of Florida’s Lake 

Wales Ridge : a new boundary delineation and an assessment of post-columbian habitat 

loss. Biological Sciences 71:45–65. 

Yule, K. M., T. E. X. Miller, and J. A. Rudgers. 2013. Costs, benefits, and loss of vertically 

transmitted symbionts affect host population dynamics. Oikos 122:1512–1520. 

 

References Cited Only in the Online Enhancements 

Ellner, S. P., and M. Rees. 2006. Integral Projection Models for Species with Complex 

Demography. American Naturalist 167:410–428. 

Goodman, L. A. 1969. The analysis of population growth when the birth and death rates depend 

upon several factors. Biometrics 25:659–681. 

Hanski, I., and C. D. Thomas. 1994. Metapopulation dynamics and conservation: A spatially 

explicit model applied to butterflies. Biological Conservation 68:167–180. 

Menges, E. S., K. N. Main, R. L. Pickert, and K. Ewing. 2017. Evaluating a Fire Management 

Plan for Fire Regime Goals in a Florida Landscape. Natural Areas Journal 37:212–227. 

Quintana-Ascencio, P. F., S. M. Koontz, S. A. Smith, V. L. Sclater, A. S. David, and E. S. 

Menges. 2018. Predicting landscape-level distribution and abundance: Integrating 

demography, fire, elevation and landscape habitat configuration. Journal of Ecology 

106:2395–2408. 

Quintana-Ascencio, P. F., and E. S. Menges. 1996. Inferring Metapopulation Dynamics from 

Patch-Level Incidence of Florida of Scrub Plants. Conservation Biology 10:1210–1219. 

 

  

Copyright The University of Chicago 2019. Preprint (not copyedited or formatted). 
Please use DOI when citing or quoting. DOI: 10.1086/704684

This content downloaded from 205.208.007.018 on May 31, 2019 13:31:56 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&crossref=10.3375%2F043.037.0210&citationId=p_43
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&system=10.1086%2F499438&citationId=p_40
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&crossref=10.2980%2F1195-6860%282007%2914%5B377%3AVISMIR%5D2.0.CO%3B2&citationId=p_37
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&crossref=10.1016%2F0006-3207%2894%2990348-4&citationId=p_42
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&crossref=10.1111%2F1365-2745.12985&citationId=p_44
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F704684&pmid=5362283&crossref=10.2307%2F2528566&citationId=p_41


27 
 

Figure Legends 

Fig. 1. Bioassay results for proportion of germinating seeds. (A) Live soil (red) increases 

germination compared to Sterilized soil (blue) (backtransformed means ± SE). (B) Benefit of 

Live soil to germination increases with relative elevation above the water table. Mean responses 

(proportion germinated) for each patch’s soil ± 1 binomial SE as a function of patch elevation 

(above the nearest wetland) plotted on a logit-scale. Regression lines show microbe treatment 

responses across patches with standard error (shading). 

 

Fig. 2. Population growth rates (λ) for Live (red) and Sterilized (blue) populations simulated 

using integral projection modeling. (A) λ values for H. cumulicola populations at 92 rosemary 

scrub patches projected 1-10 yr post-fire. Solid lines show mean λ for populations grown in Live 

or Sterilized conditions, and shading shows the 25-75% quantile range. Dotted line shows λ=1 

(stable population growth). (B) Histogram showing the frequency of patches predicted to attain 

positive population growth (λ>1) for a given number of post-fire years. (C) Maximum λ for each 

patch in Live or Sterilized soils differs with relative elevation (above the nearest wetland). Dotted 

line shows λ=1. (D) Microbial effect on λ [(λLive-λSterilized)/λSterilized] for each patch in (C) increases 

with relative elevation. Dotted line shows 0% change. 

 

Figure A1. Principal Components Analysis for soil properties (Total C, N, P, K) of soils 

collected from 14 Rosemary scrub patches at Archbold Biological Station. All metrics were 

mean centered around 0 with a standard deviation of 1 to account for different units. Numbers 

represent patch IDs and red vectors depict each element. Vectors for elevation relative to the 
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water table (Elev) and time-since-fire (TSF) were overlaid. C and N concentrations were 

negatively associated with TSF and Elev. 

 

Figure A2. Bioassay result for plant height (backtransformed means +/- SE) of Hypericum 

cumulicola in the Live and Sterilized microbe treatments. The microbe treatment was not 

included in the most likely model (Table A3). 

 

Figure A3. Variance components analysis of environmental factors that predict variation in 

maximum Hypericum cumulicola λ values across 92 Rosemary scrub patches at Archbold 

Biological Station. The maximum λ value of each patch typically occurred in years 5 or 6 post-

fire. 

 

Figure A4. Comparison between asymptotic population growth rate (λ) and the ratio of increase 

for each of the three life stages (seedbank, yearling, adult). The simulation was parameterized by 

setting elevation, area, and aggregation to 0 (mean of each mean-centered covariate), and used 

initial starting values of 100 seeds, 0 yearlings, and 0 adults. The plot shows that λ acts as an 

average of the dynamics experienced by the different life stages. In particular, there is a boom of 

adults immediately post-fire, but this is at the expense of depleting the seedbank until adults have 

grown large enough to replenish it. 
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