
Perennial grasses with different life histories maintain population stability under fire in North and Central American pine savannas

Appendix S1: Integral projection model development and output for grass populations 


Model summary
We developed integral projection models (IPMs) for each species and transition. The IPM incorporates plants that vary continuously in size (n)—including seedlings, nonreproductive plants, and reproductive plants—to represent all possible transitions from size in one year (x) to size in the next year (y) (e.g., 2020-2021). We determined that the basal area, calculated as an ellipse, serves as an accurate measure of size (Fill & Crandall 2024; Fig. S1).  Thus, our models utilized relationships between size and vital rates to estimate population growth (Table S1). We assume that none of the grass species has a seedbank since there is only limited, mostly anecdotal, evidence (e.g., Mulligan & Kirkman 2002; Tevlin 2023). Although some evidence suggests that Aristida displays density dependence in spatial patterning (Hovanes et al. 2018; Laucevicius et al. 2021), survival is likely independent of density (Laucevicius et al. 2021), and the effects on growth and recruitment remain unknown. Currently, there are no data on the population dynamics of the grasses in Belize.

Our IPM describes the distribution of aboveground plants of size x at time t, (n(x,t)), and predicts the proportion of individuals at size y at time t + 1 by:



In the equation, we account for the movement of individuals from size x to size y from time t to time t+1 by integrating over vital rates that depend on size (Ω): growth and survival (p(y,x)), and fecundity (f(y,x)).

Growth and survival are represented by:


where s(x) is the probability of a plant of size x surviving from time t to time t+1, and g(y,x) is the probability of a surviving individual of size x growing to size y. 

Fecundity, (f(y,x)), depends on size:



where fr(x) is the probability that an individual of size x will produce seeds, fn(x) is the number of seeds produced by reproductive individuals of size x, and fd(y) is the size distribution of seedlings in year t+1. These seedlings enter the population with a probability of establishment, fest, equal to the product of germination and recruitment. 
	For all populations except for Mesosetum filifolium and Paspalum pectinatum in Unit 1 (Belize), which were burned in October and for which reproduction was assessed three months after the fire, we associated fecundity data with individuals of size x in the transition following the burn. For instance, if a population burned during transition 2, fecundity was linked to size x at time t in transition 3. For the excluded populations, fecundity was tied to size x at time t during the transition in which the plants were burned. Similar to other studies, we also assume there is no relationship between maternal plant size and seedling size (e.g., Childs et al. 2003; Rose et al. 2005). 

Summary of model parameters and models fit to each vital rate for each unit are listed in Tables S2-S9 and Appendix S2: Figures S1-S31.


Model parameterization
We made several adjustments and estimations while parameterizing our initial models. This study's data were analyzed using RStudio 4.2.2 (R Core Team, 2022).
1) For growth, size was square-root transformed for USA grass populations and log-transformed for Belize grass populations to meet normality assumptions.
2) We removed three outliers from Sporobolus C10A, two from Sporobolus C10B, one from Aristida C10A, one from Aristida C10B, one from Mesosetum Unit 14, and one from Paspalum Unit 14.
3) For Sporobolus, since the first transition in C10A was preceded by a year without fire, we used the reproduction data collected in Fall 2021 (following a no-fire year) for the first transition. We also applied it for the third transition because the reproduction data gathered in 2020 was disrupted by the COVID pandemic. For Sporobolus in C10B, likewise, due to the pandemic disrupting reproduction data collection in the second transition, we utilized the reproduction equation from the C10A no-fire transition for the first and third transitions.
4) For Aristida in transitions other than post-fire and for the other grass species in transitions where flowering was not observed, we multiplied only the growth and survival kernels to estimate the population growth rate and did not include the fecundity kernel, given that plants did not flower. Thus, the fecundity kernel was omitted from Mesosetum in Unit 1, second transition; Mesosetum in Unit 14; Aristida in C10A & B, first and third transitions; Paspalum in Unit 1, second transition; and Paspalum in Unit 14.
5) For survival, we used a matrix of 1s to estimate regression parameters when survival was 100% or when mortality was too low (e.g., two plants). Mortality occurred both in fire and non-fire transitions.
6) We estimated recruitment to be 0.001 for all transitions with the reproduction kernel, as we did not observe seedlings in the field. However, it is possible that there was at least some recruitment (e.g., Burns et al. 2013). We calculated the mean and standard deviation of the Aristida recruit size distribution using size measurements of one-year-old Aristida seedlings from a nearby restoration site. We also calculated the mean and standard deviation of the Sporobolus recruit size distribution using size measurements of 6–8-month-old seedlings grown in pots. Because we did not have seedling size distributions from the field for the Belize grass species, we used the Aristida distribution for Mesosetum and the Sporobolus distribution for Paspalum, given the similar morphologies of these respective species.
7) For Sporobolus, we used germination from seeds collected in 2019 for all models. Since almost all germination trials for Belize seeds were disrupted in 2020, we only had a germination percentage for Paspalum. We estimated Mesosetum germination at 0.0005; preliminary examination of seeds revealed mostly empty seeds.

	We used parameterized IPMs to project the population growth rate for each transition. The numerical solution to the IPM was estimated using the midpoint rule with 100 mesh points (Easterling et al. 2000, Ellner & Rees 2006, 2007). Additionally, we corrected for the eviction of individuals outside the integration limits by returning evicted individuals to the cell at the boundaries from which they were ejected (see Williams et al. 2012). 
We calculated 95% confidence intervals for the population growth rate by bootstrapping the data 1,000 times for each population and transition. We randomly sampled individual plants with replacement from each population and fire transition, maintaining the total number of observations for each treatment as in the original dataset. We made several additional estimates during bootstrapping:
1) In all transitions where the number of deaths was insufficient to support parameter estimation when subsampling, we estimated survival was 100% during the bootstrapping procedure. 
2) We did not bootstrap the seed germination data. Because germination probabilities were low across all populations, we included germination as a constant in the respective models.
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Figure S1. (A) Relationship (R2=0.86) between basal area (cm2) and number of tillers for an annually burned population (ASB) and triennially burned population (TYB) of Aristida beyrichiana (wiregrass). (B) Relationship (R2=0.96) grass basal area (cm2) and number of tillers for a frequently-burned population of Mesosetum filifolium.


Table S1. Demographic vital rates and definitions used in developing integral projection matrix models for Aristida beyrichiana, Sporobolus junceus, Mesosetum filifolium, and Paspalum pectinatum.
	Model components
	Vital rate
	Description

	Survival and
Growth p(y,x)
	s(x)
	Probability of individuals of size x surviving to size y

	
	g(y,x)
	Probability of surviving individuals growing from size x to size y

	Fecundity f(y,x)
	fr(x)
	Probability of individuals of size x producing seeds

	
	fn(x)
	Number of seeds produced by individuals of size x

	
	fd(y)
	Size distribution of seedlings

	
	fest
	Probability of seedling establishment


 Table S2: Model components used in the integral projection model for Aristida beyrichiana in Unit C10A, where x is the size of an individual at time t, and y is the size at time t+1.
	Unit
	Vital rate
	Function/value

	C10A
	
	Fire transition
	Post-fire transition
	No fire transition

	
	s(x)
	logit(s(x)) = 0.83+0.22x
	1
	1

	
	g(y,x)
	Mean=0.92x+2.94, sd=3.23
	Mean=0.92x+0.61, sd=3.73
	Mean=0.87x+1.55, sd=4.45

	
	fr(x)
	NA
	logit(r(x)) = 0.38 + 0.16x
	NA

	
	fn(x)
	NA
	log(fn) = 6.22 + 0.08x
	NA

	
	fd(y)
	NA
	mean=0.30, sd=0.30
	NA

	
	fest
	NA
	0.0002
	NA




Table S3: Model components used in the integral projection model for Aristida beyrichiana in Unit C10B, where x is the size of an individual at time t, and y is the size at time t+1.

	Unit
	Vital rate
	Function/value

	C10B
	
	Fire transition
	Post-fire transition
	Fire 2 transition

	
	s(x)
	1
	1
	1

	
	g(y,x)
	Mean=0.96x+1.28, sd=2.91
	Mean=0.89x+0.61, sd=4.04
	Mean=0.91x+2.20, sd=4.68

	
	fr(x)
	NA
	logit(r(x)) = -1.95 + 0.35x
	NA

	
	fn(x)
	NA
	log(fn) = 5.63 + 0.08x
	NA

	
	fd(y)
	NA
	mean=0.30, sd=0.30
	NA

	
	fest
	NA
	0.000005
	NA











Table S4: Model components used in the integral projection model for Sporobolus junceus in Unit C10A, where x is the size of an individual at time t, and y is the size at time t+1.

	Unit
	Vital rate
	Function/value

	C10A
	
	Fire transition
	Post-fire transition
	No fire transition

	
	s(x)
	logit(s(x))= -1.17+0.58x
	1
	logit(s(x))= -1.36+0.14x

	
	g(y,x)
	Mean=0.57x+2.36, sd=4.82
	Mean=0.91x+1.23, sd=3.55
	Mean=0.86x+2.48, sd=3.49

	
	fr(x)
	logit(r(x)) = -2.10 + 0.03x
	logit(r(x)) = -0.63 + 0.11x
	logit(r(x)) = -2.10 + 0.03x

	
	fn(x)
	log(fn) = 5.87 + 0.14x
	log(fn) = 5.97 + 0.07x
	log(fn) = 5.87 + 0.14x

	
	fd(y)
	mean=1.38, sd=0.32
	mean=1.38, sd=0.32
	mean=1.38, sd=0.32

	
	fest
	0.0008
	0.0008
	0.0008




Table S5: Model components used in the integral projection model for Sporobolus junceus in Unit C10B, where x is the size of an individual at time t, and y is the size at time t+1.

	Unit
	Vital rate
	Function/value

	C10B
	
	Fire transition
	Post-fire transition
	Fire 2 transition

	
	s(x)
	1
	1
	1

	
	g(y,x)
	Mean=0.91x+1.80, sd=1.54
	Mean=0.86x+1.57, sd=2.66
	Mean=0.72x+4.08, sd=3.61

	
	fr(x)
	logit(r(x)) = -2.10 + 0.03x
	logit(r(x)) = 0.58 + 0.08x
	logit(r(x)) = -2.10 + 0.03x

	
	fn(x)
	log(fn) = 5.87 + 0.14x
	log(fn) = 6.61 + 0.04x
	log(fn) = 5.87 + 0.14x

	
	fd(y)
	mean=1.38, sd=0.32
	mean=1.38, sd=0.32
	mean=1.38, sd=0.32

	
	fest
	0.0008
	0.0008
	0.0008








Table S6: Model components used in the integral projection model for Mesosetum filifolium in Unit 1, where x is the size of an individual at time t, and y is the size at time t+1.

	Unit
	Vital rate
	Function/value

	Unit 1
	
	Fire transition
	Post-fire transition

	
	s(x)
	1
	1

	
	g(y,x)
	Mean=0.87x+0.81, sd=0.38
	Mean=0.94x+0.53, sd=0.40

	
	fr(x)
	logit(r(x)) = -2.94 + 0.82x
	NA

	
	fn(x)
	log(fn) = 4.63 + 0.03x
	NA

	
	fd(y)
	mean=0.14, sd=0.20
	NA

	
	fest
	0.0000005
	NA




Table S7: Model components used in the integral projection model for Mesosetum filifolium in Unit 14, where x is the size of an individual at time t, and y is the size at time t+1.

	Unit
	Vital rate
	Function/value

	Unit 14
	
	No fire transition

	
	s(x)
	1

	
	g(y,x)
	Mean=0.62x+2.15, sd=0.67

	
	fr(x)
	NA

	
	fn(x)
	NA

	
	fd(y)
	NA

	
	fest
	NA










Table S8: Model components used in the integral projection model for Paspalum pectinatum in Unit 1, where x is the size of an individual at time t, and y is the size at time t+1.

	Unit
	Vital rate
	Function/value

	Unit 1
	
	Fire transition
	Post-fire transition

	
	s(x)
	1
	1

	
	g(y,x)
	Mean=0.89x+0.34, sd=0.45
	Mean=0.86x+0.78, sd=0.42

	
	fr(x)
	logit(r(x)) = -2.13 + 0.69x
	NA

	
	fn(x)
	log(fn) = 5.13 + 0.07x
	NA

	
	fd(y)
	mean=1.06, sd=0.30
	NA

	
	fest
	0.0002
	NA





Table S9: Model components used in the integral projection model for Paspalum pectinatum in Unit 14, where x is the size of an individual at time t, and y is the size at time t+1.

	Unit
	Vital rate
	Function/value

	Unit 14
	
	No fire transition

	
	s(x)
	1

	
	g(y,x)
	Mean=0.72x+1.22, sd=0.52

	
	fr(x)
	NA

	
	fn(x)
	NA

	
	fd(y)
	NA

	
	fest
	NA
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