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Supporting Material

Appendix 1: Overview, Design concepts, Details (ODD, Grimm et al. 2006, 2010) description for SpatialDemography 

1. Purpose

SpatialDemography is a spatially explicit, stage-structured, metacommunity model that can incorporate a heterogeneous, changing environment. In general, SpatialDemography is designed to examine metacommunity dynamics of species (e.g., plants) in the context of environmental layers (e.g., climate and land management), and changes within those layers. It is spatially explicit and incorporates stage-structured population models for each species for each cell in the landscape (cells can have more than one species and more than one individual per species). While the basic model structure is deterministic, stochasticity can be incorporated through environmental variability. The model is implemented as an R package to facilitate use (R Core Team 2013). Package spatialdemography requires the Matrix package (Bates & Maechler 2014) and may utilize functions from the following packages: multirich (Keyel & Wiegand 2016, FD (Laliberté & Shipley 2011), copula (Yan 2007; Hofert et al. 2014), lhs (Carnell 2012), and raster (Hijmans 2014). The package was built using the devtools package (Wickham & Chang 2014) and vignettes were built using package knitr (Xie 2013).
We examine a simplified hypothetical example with three grassland species with different life-history strategies (see browseVignettes(package = "spatialdemography") for the Vignette complete with R code, outputs, and annotation. The example was run with SpatialDemography version 1.0.1.
2. Entities, state variables, and scales


2.1 Entities

The model is based on a landscape; a square grid of cells and their associated environmental layer values (e.g., Fig. 3). An environmental layer is an abiotic or biotic factor that influences species' vital rates, and we refer to the collection of all environmental layers as the environment. Examples of potential environmental layers include the dominant vegetation of the cell (i.e., land cover) and the human-driven management of the cell (i.e., land management). Each combination of environmental layers comprises a habitat type, and each grid cell has a specific habitat. The environmental layers change (or not) according to a set of initial instructions. The landscape is populated by species, which may either be predefined by the model user, or may be generated according to user-set criteria. Individuals of each species are modeled in aggregate for each cell. Each cell may contain one or more species, and each species has four life stages (Fig. 1): stage 0, which is transient and contains mobile dispersers, stages 1 and 2 which are non-reproductive sub-adult stages, and stage 3, a reproductive adult stage (transitions between stages are described in Sections 6. Inputs, and 7. Submodels). Species disperse between cells based on a user-specified dispersal function (default of log-normal). While the model may be used for other organisms (e.g., marine species with a sessile adult stage, and a mobile dispersal stage), we will give an example in the context of plants, and consequently may for convenience refer to the four stages as mobile seeds, (dormant) seeds, juveniles, and adults, respectively. The spatial extent for the example is a 2 × 2 landscape. 
Each species has a set of base vital rates. For each cell of the landscape and each population, these rates are modified based on the species’ response traits and cell’s environmental conditions to yield the realized vital rates. Based on the realized vital rates, the species’ populations in each cell increase or decrease according to a spatially explicit matrix model that includes dispersal (described in Section 4).
2.2 State variables
State variables in the model include the values of each environmental layer in each cell, the number of individuals of each species in each cell, the total biomass of each species in each cell, and the overall gamma species richness, multiplicative beta diversity (e.g., Tuomisto 2010), and gamma functional richness and gamma response trait richness. Here, response trait richness is given by the dispersal traits and the traits describing responses to the environment. Base vital rates are not considered response traits, as they do not change in response to a change in the environment, nor do they mediate how an organism responds to a change in the environment (based on response trait definition in Lavorel & Garnier 2002).
2.3 Scales 

Cells may be of any size, and the landscape may have an extent as large as computer memory and processing times permit (Table A1.1, Fig. A1.1, A1.2). Realistically, landscapes extents greater than 20 cells may be very slow without further model optimization. The model is run for a set number of time steps (default = 100, the example here used 12), with each time step assumed to be one year (although that assumption may be relaxed where biologically appropriate). The landscape edges can either be treated as a torus or as absorbing edges with no option for reflective edges. Torus edges minimize edge effects (e.g., Burton & Travis 2008), with dispersal wrapping around to the opposite side of the landscape. Absorbing edges remove individuals that cross the landscape edge from the simulation, and may be more appropriate in some contexts (e.g., islands). Our example used a torus edge.
Table A1.1. Model run times for three scenarios using one core, 2048 MB RAM, and a 2.60 GHz processor. Model scaling may be non-linear (e.g., an increase in landscape extent causes an exponential increase in model run time, Fig. A1.1). Other scaling is linear (i.e., with respect to an increase in the number of time steps or number of species, Fig. S1.2). 

	Scenario
	Run Time (s)
	Run Time (h)
	Species
	Extent
	Cells
	Change
	Time Steps
	Extra Outputs

	Short
	0.3
	0.0001
	1
	2
	4
	5
	6
	0

	Intermediate
	45.6
	0.01
	50
	4
	16
	5
	11
	1

	Long
	478858
	133
	100
	20
	400
	1
	21
	1


Notes. Scenario details are indicated by the columns following the Run Times. Species indicates species number, Extent is the length of one side of the landscape, Cells indicate the number of cells in the landscape, Change indicates the frequency of environmental change (in number of time steps between changes), Time Steps indicates the number of time steps in the model, Extra Outputs is binary and indicates whether or not visual debugger data and matrix diagnostic data were generated.
[image: image1.png]Ln(Time) Ln(s)

14

12

10

y=0.3656x+0.2848
R?=0.9782

15 20
Extent (cells)

25

30

35





Fig. A1.1. The natural log of run time scales linearly with the landscape extent. Consequently, landscape extents greater than 20 may run slowly. b) The relationship with number of cells in the landscape is weaker. 
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Fig. A1.2. The run time scales linearly with the number of a) model time steps (2 × 2 landscape, 4 species), b) species (2 × 2 landscape, 2 time steps).
3. Process overview and scheduling

The process overview and scheduling are described by Fig. 2, and each submodel is described in more details in Section 7. Species are generated during Species Generation and the environmental layer values are assigned during Landscape Generation. During the Setup Matrices step, a vec-permutation matrix (Hunter & Caswell 2005) is created for the landscape and initial demographic and dispersal matrices are then constructed for each species according to local environmental conditions. Species are assigned to landscape cells during Species Assignment. Next, the Simulation Loop begins, and repeats for the required number of time steps. Each time step uses the final conditions from the previous time step as a starting point, and allows populations to be projected into the future. During the 1st Demography Step, non-dispersive stages (stages 1 - 3) undergo demographic transitions (including production of dispersers, stage 0). In the Dispersal step, stage 0 individuals disperse according to a user-specified dispersal function. During the Invasion step, species may invade the landscape as stage 0 individuals. Microsite Competition provides an option to apply a carrying capacity to stage 0 individuals based on the total abundance of stage 0 and 1 individuals.  In the 2nd Demography Step, stage 0 individuals transition to stage 1 and 2 individuals. Finally, an Adult Carrying Capacity is applied to stage 3 individuals. Environmental Change allows the environmental layers to change, and species matrices are updated accordingly (Update Matrices). Once the simulation loop has completed, summary results are calculated and final model results are output (Model Output). See Section 7 for details on each submodel.

If desired, the model can output many of the intermediate states during the course of the model run (e.g., stage abundances at each time step, environmental conditions at each time step, or matrix diagnostics at each time step).
4. Design concepts

4.1 Basic principles
Our model starts out as a basic deterministic stage-based matrix-based population model (Caswell 2001). It is made spatially explicit with dispersal between cells by following the vec-permutation approach of Hunter and Caswell (2005), see Section 7.3 for more details. Wilson (1992) highlighted the importance of species interactions in a metacommunity context and Davis et al. (1998) demonstrated the importance of both species interactions and environmental change, consequently the model was expanded to incorporate multiple, interacting species, and environmental change (deterministic and stochastic). 
4.2 Emergence
Some conclusions based on the model may be very straight-forward (e.g., in scenarios run with no heterogeneity, no environmental change, and simplified species). However, under more complicated inputs, the model may lead to emergent results based on the configuration of different environmental layers (e.g., degree of fragmentation/heterogeneity of the environmental layers, and number of cover types), species assignment to the landscape, and interactions between species. Under these more complicated conditions, transient dynamics and final model outcomes, such as the realized population growth rate, the spatial distribution of populations, the realized stage distribution of the populations, and patterns of alpha, beta, and gamma diversity may be difficult to predict purely based on the model principles.
4.3 Adaptation
Species cannot adapt in an evolutionarily sense to environmental changes in the model, but species can respond to environmental changes based on their response traits. Species can be unaffected by an environmental change, can increase due to an environmental change, or can decrease in abundance. The model can incorporate species interactions, so a species that would normally increase under environmental change may decrease if a competitor responds even more strongly to the environmental change.
4.4 Sensing
Individuals do not make decisions, although their reproduction is governed by their demographic rates, which in turn are governed by the environmental conditions experienced (e.g., suitability of habitat, availability of microsites). 
4.5 Interaction
Species may optionally compete at either the seed stage or adult stage (or both). This competition is based on an overall carrying capacity (number of microsites present for establishment for seeds or total biomass supported by the landscape for adults). More details are given in the submodel descriptions in Sections 7.5.4 and 7.5.6.
4.6 Stochasticity
Stochasticity in the model is optional. The core model is deterministic, but many aspects may be initialized to include stochasticity: (a) environmental layers may be initialized in a stochastic manner, (b) environmental layers may change stochastically, (c) simulated species may be stochastically generated, (d) vital rates may vary stochastically by responding to a stochastic environmental layer.
4.7 Collectives
Individuals are treated at the population level, with no individual behavior being modeled. Local (within-cell) populations of species can interact with one another, and populations throughout the landscape comprise metapopulations, which give rise to metacommunity dynamics when species interact.
4.8 Observation
The main results from the model are initial state, final state, and change in model state for gamma species richness, total biomass of all species in the landscape, (multiplicative) beta-diversity, gamma functional trait richness, and gamma response trait richness. In addition, the model produces summary information for cell occupancy and life stage abundances for each species at each time step. Additional information (e.g., exact abundances for each species, cell, and time step) can optionally be output. The model also provides diagnostic information regarding the overall long-term growth rate for each species, as well as summary information regarding local performance in the landscape. Optionally, local transition matrices can be output for every species, cell, and time step in a simulation. See Table S1.3 in Section 7.6 for a summary of model outputs. Note that the matrix algebra includes fractional individuals, and that this may lead to unexpected results in some landscape configurations. A quasiextinction threshold of one adult is used by the model for calculating cell occupancy and extinction risk (Ginzburg et al. 1982), but this is not mathematically implemented in the model by default.  Consequently, species that have undergone quasiextinction could come back if they reach a cell with suitable conditions, or if the conditions in the cell where they are present become suitable. Alternatively, the user can specify an extinction threshold, below which abundances will be rounded to zero.
5. Initialization

In this example, the landscape consists of four cells. The landcover environmental layer has two states, grassland (Cells 1 - 3) and forest (Cell 4; as in Fig.3, with grassland types pooled), and does not change during the simulation. The herbicide layer also has two states 0 (no herbicide applied) and 1 (herbicide applied). Initially, this layer is 0 in all cells, but changes to 1 in the grassland cells for time steps 7 and 8. The landscape is occupied by three species (Table 2, Table A1.2). Species 1 has high reproductive potential, low adult survival, is highly susceptible to the herbicide, and does not survive in forest habitat (r-selected species). Species 2 has low reproductive potential, high adult survival, low herbicide susceptibility and is also a grassland specialist (k-selected species). Species 3 has intermediate reproductive potential, intermediate survival, high herbicide susceptibility, but is able to persist in forest habitat (habitat generalist). Species 1 and 2 are initialized in all non-forest cells of the landscape at numbers slightly exceeding those supported by the seed microsite carrying capacity (hence the slight decline visible in the third time step of the model). Species 3 is initialized only in the forest habitat, at a reduced population size relative to Species 1 and 2. All species were initialized at an approximately stable stage distribution including seeds, juveniles and adults.
Table A1.2. Species properties for the example. Additional details are given in the input files used to run the model provided in the vignette.
	Example
	Extent
	NCells
	NSp
	K0
	K3
	Change
	Invasion

	1
	2
	4
	3
	M
	M
	Y
	N


Notes: Example indicates the Example number, Extent indicates the number of cells on one landscape edge, NCells indicates the total number of cells in the landscape (equal to the extent squared), NSp indicates the number of species, K0 and K3 indicate whether a seedling carrying capacity or adult carrying capacity was used (respectively, 0 indicates no carrying capacity, S indicates carrying capacities were assigned separately for each species, and M indicates that species shared a carrying capacity). Change and Invasion indicate whether environmental change or invasion (respectively) will occur (Y = occurs, N = does not occur). 
6. Input data
SpatialDemography can take input data with specific values for species’ traits, initial locations, and environmental layers, or can construct species and landscapes based on user specified instructions. Raster datasets lend themselves naturally to the cell based landscape used in SpatialDemography. The model example here is purely hypothetical, and data were generated specifically for the purpose of illustrating the utility of the model.
7. Submodels

7.1 Species Generation

Species may either be created from file, with the required species attributes filled in for each species (base vital rates, response traits, biomass, and dispersal), or species may be generated by SpatialDemography based on instructions regarding the desired distributions of species’ vital rates, response traits, biomass, and dispersal abilities.
7.2 Landscape Generation

Landscape layers can be generated by SpatialDemography, or pre-existing layers can be read in from file. Landscape generation can create landscapes with specified percent cover values, but specified levels of aggregation and autocorrelation are currently beyond SpatialDemography’s capabilities. Environmental layers may be created contingent on other environmental layers (e.g., such that mowed habitat would only occur in grasslands). Any size cells may be used in the model, but the Microsite Competition and Adult Carrying Capacity should be scaled according to the cell size. 
7.3 Setup Matrices

7.3.1 Create vec-permutation matrix

During this step, a single vec-permutation matrix (P) is created (e.g., see Fig S1.3 for Example 1). This matrix is based only on the landscape extent, and is not specific to any other model settings (e.g., vital rates of species). This matrix is used to change the orientation of another matrix from stage-structured to cell structured. The transpose of P, PT, is used to convert back to a stage-structured matrix (cf. eqn. 1). The benefit of using a vec-permutation matrix is that a stage-orientation is more intuitive and mathematically tractable for computing demography, while a cell orientation is more intuitive and mathematically tractable when computing dispersal. Consequently, use of a vec-permutation matrix simplifies the computation of a spatially explicit stage-structured population model.
7.3.2 Demography matrices

Two demography matrices, B1 and B2, are created for each species in the landscape based on the species’ base vital rates and their responses to the specific environmental conditions in each cell (e.g., Fig. A1.4 shows B1 and B2 of Species 1 from Example 1). The first demography matrix controls the demographic transitions of stages 1 - 3, while the second demography matrix controls the demographic transitions of stage 0 (mobile seeds) following dispersal. These matrices are discussed further in the steps where they are used in the model (7.5.1 and 7.5.5 respectively, see also eqn. 1).
7.3.3 Dispersal matrices

A dispersal matrix M is generated for each species in the matrix, based on its dispersal function (described in the dispersal model step, Section 7.5.2). This matrix is oriented by cell, rather than by stage. For an example, the dispersal matrix for the two species in Example 1 is given (Fig. A1.5, same for each species, as in these examples they all have the same dispersal function, see also eqn. 1).
7.3.4 Matrix diagnostics

During the matrix diagnostics step, an overall transition matrix, A (A = B2 × PT × M × P × B1, eqn 1, e.g., Fig A1.6), is computed for each species and it is assessed for irreducibility and ergodicity, and the landscape-wide population growth rate for each species (λA) is calculated from the dominant eigenvalue of A. The local population growth rates (λi) for each cell (i) in the landscape are also calculated. For computational simplicity, the local population growth rates do not include contributions from immigrating seeds.

The population growth rates (λA and each λi) may be informative diagnostics when the matrices are irreducible and ergodic (see Appendix 2 for definitions and a discussion of irreducibility and ergodicity). In this case, λA gives the growth rate as time approaches infinity. A species with λA less than 1 individuals × year-1 × individual-1 will not persist in the landscape, while a species with a λA of 1 individuals × year-1 × individual-1 will maintain a constant population. A λA greater than 1 individuals × year-1 × individual-1 will indicate an increasing population, although the realized increase may be different due to model-imposed carrying capacities and competition. This also assumes a static environment, and may not be as predictive in a changing environment where different time steps may have different λA’s. Each local λi may also be informative about local cell conditions for a species, showing which cells are likely to be self-sustaining (i.e. λi ≥ 1 individuals × year-1 × individual-1) or dependent on immigration (λi ≤ 1 individuals × year-1 × individual-1). Note that because immigration and emigration are not considered here, the entire landscape could have λi ≤ 1 individuals × year-1 × individual-1and still have a λA ≥ 1 individuals × year-1 × individual-1. For example, if every cell only produced emigrants, the calculated local growth rate would be 0, but it would receive immigrants from other cells. In addition to growth rates, the per capita import and export of seeds for each cell are calculated for each species (see Fig A1.7).
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Fig. A1.3 The vec-permutation matrix for a hypothetical plant species in a 2 × 2 landscape is used to change the dimensions of the B1 matrix (Fig. A1.4a), such that the resulting matrix is arranged by location instead of by stage. This allows multiplication by the dispersal matrix M (Fig. A1.5) to carry out dispersal. The transpose of the vec-permutation matrix PT (not shown), is used to convert back to a stage-based arrangement for further demography steps. Dark squares indicate values of 1, the remaining matrix entries are 0.
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Fig. A1.4. Demographic transition matrices B1 (a) and B2 (b) for a hypothetical plant species in a 2 × 2 landscape.  The shades of gray correspond to values for transition matrix coefficients (which are based on the species vital rates). Each block of 4 × 4 entries along the main diagonal corresponds to a different cell in the landscape (e.g., rows 5 - 8 and columns 5 - 8 refer to Cell 2). Transition matrix coefficients outside of these cells would correspond to transitions between cells and are always zero in the demographic transition matrices. In (a), the main diagonal indicates within-stage stasis, entries below the main diagonal give transitions to the next stage, and entries above the main diagonal give contributions to prior stages (i.e., seed and clone production by adults). In (b), the filled entries along the main diagonal indicate the three non-mobile stages remaining as they are, and the non-diagonal entries indicate transitions from mobile seeds to dormant seeds and to juveniles, respectively. 
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Fig. A1.5 Dispersal matrix M, for a hypothetical plant species in a 2 × 2 landscape. Shading indicates the magnitude of the values, with black indicating values at or near one, and white indicating zero. In the first 4 x 4 cells of the matrix, the main diagonal entries give the proportion of seeds which remain within their cell of origin, while off-diagonal entries indicate seed dispersal between cells (note the change from the patch organization shown in Fig. A1.4 to a stage organization). The entries on the remainder of the main diagonal indicate non-mobile life stages that remain unchanged and undispersed. All other entries are 0 as no dispersal occurs outside of the mobile seed stage.
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Fig. A1.6. Landscape-wide transition matrix (A, with mobile seeds omitted) for a hypothetical plant species in the 2 × 2 landscape corresponding to Fig. 3. Each square denotes the portion of the matrix that corresponds to the local transition matrices for each cell (solid = Cell 1 = unmanaged grassland, long dashes = Cell 2 = mowed grassland, short dashes = Cell 3 = grazed grassland, mixed dashes = Cell 4 = forest). In this example (not  corresponding to Example 1), the species does best in unmanaged grasslands (λA = 1.15 individuals × year-1 × individual-1). It shows a steep reduction in reproduction (45.92 instead of 114.8 seeds × individual-1) in mowed grasslands resulting in a non-self-sustaining local growth rate (λA = 0.88 individuals × year-1 × individual-1). Grazed habitat contains a reduction in juvenile to adult transition rates in grazed grasslands, (0.08 instead of 0.10 individuals × individual-1) leading to a λA = 1.08 individuals × year-1 × individual-1. This reduction is much greater in forest habitats (0.04 instead of 0.10 individuals × individual-1, λA = 0.88 individuals × year-1 × individual-1). Entries outside of the local transition matrices correspond to dispersal between cells and are explained in greater detail in Fig A1.7. 

[image: image9.png]Row

12

Column

. 7\ yanN N\,
' N
) (\4) Q\’) Q\’) Q\/
‘N.
./' ’—5\ ,—\\ ,—\\ ,’\\
! IR
‘~ \\,, \~—/ \~—/ \~—/
P S IR LALLY Rl .
I H H B %
\ ."¢ ."¢ .: *,
‘N. Treeneert e * h
P R TN PN
] 1 1 1 1 1
\ \ Con SO 5
‘~. <.’ ~- C—
1 i T T T

Column




Fig. A1.7. Per capita seed export (a) and seed import (b) rates are indicated by circles for the same matrix as in Fig. A1.6. Each line type corresponds to a focal cell, with Cell 1 indicated by a solid line, Cell 2 by long dashes, Cell 3 by short dashes and Cell 4 by mixed dashes. In (a), the focal cell's contribution to each other cell is given from top to bottom (i.e., the contribution from Cell 1 to Cell 1 is the top left circle, from Cell 1 to Cell 2 is the next circle down, etc.) and represent the seeds exported by a cell. In (b), the seeds received from other cells by the focal cell are given from left to right (i.e. the contribution from Cell 1 to Cell 1 is the top left circle, the contribution from Cell 2 to Cell 1 is the next circle to the right, etc.) and represent imported seeds. Note that per capita import rates may be misleading, as the abundances in the exporting cells may be very different.
7.4 Species Assignment to the landscape

Species assignments can be read in from a file, or species can be assigned to the landscape randomly with respect to the response traits they possess, or to achieve specified levels of local and landscape response trait diversity.
7.5 Simulation Loop

The simulation loop consists of 8 steps: 1st Demography Step, Dispersal, Invasion, Seed Competition, 2nd Demography Step, Adult Carrying Capacity, Environmental Change, and Update Matrices (Fig. 2). In the model, the 1st Demography Step and Dispersal are evaluated in the same equation, however they are broken into two steps here because they are conceptually different.
7.5.1 1st Demography Step

For each species the following equation is applied:
n1a = PT × M × P × B1 × n0
where n0 is the initial population vector, nd1 is the population vector at the end of the first demography step, B1 is the first demography matrix (e.g., Fig. A1.4a), M is the dispersal matrix (e.g., Fig. A1.5), P is the vec-permutation matrix (e.g., Fig A1.3), and PT indicates its transpose.

The 1st Demography Step pertains to B1 × n0 from this equation. In this step, the three non-mobile stages undergo their demographic transitions. Individuals in stage 1 (dormant seeds) transition to stage 2 (juveniles), or remain as stage 1 (e.g., dormant seeds), or die. Individuals in stage 2 transition to stage 3 (adults), or remain as stage 2, or die. Individuals in stage 3 first reproduce and add individuals to stage 0 (mobile seeds) and/or to stage 2 (clonal reproduction), then either survive or die. These transitions are accomplished by multiplying the initial population vector by the first demography matrix B1.
7.5.2 Dispersal

Dispersal is carried out by the PT × M × P portion of the equation given in 7.5.1. Here, P and PT serve to re-orient the matrix, while multiplication by M implements dispersal of mobile seeds (stage 0) between cells (e.g., Fig 4). Dispersal in the model is implemented as centroid to area dispersal (sensu Chipperfield et al. 2011), and is calculated by simulation using pseudo-random numbers to give angle and distance of dispersal. The number of dispersers arriving in each cell are then tabulated, and the table is used to calculate M, accounting for torus or absorbing edges as specified by the model user.

Dispersal in the example considered here used a torus landscape with a log-normal dispersal function (mean: 0.14 cells, standard deviation: 1.0 log(cells), parameters chosen to balance the number of seeds remaining in the cell with the number of seeds dispersing) on the basis that log-normal distributions are common in biology (Limpert et al. 2001), can approximate normal distributions, and can represent a variety of dispersal behaviors including the possibility for rare, long-distance dispersal events by varying the mean and SD. A torus was chosen to simulate a landscape embedded in region of similar landscapes enabling seeds dispersing out of the landscape to be balanced by seeds dispersing into the landscape.
7.5.3 Invasion (optional)

n1b = f(n1a)
If invasion is incorporated in the model, a user-specified number of species from the regional species pool will be selected to invade a user-specified number of cells in the landscape. The number of propagules arriving in the landscape is proportional to the species' seed reproductive output, with the overall factor being specified by the model user (e.g., if an invading species produces 1000 seeds per reproductive adult, and a factor of 2.0 is selected, 2000 seeds will be added to each of the cells invaded by the species). Invasion is based on this scale factor in order to standardize invasion between species with different life histories. Specifically, if a fixed number of invaders was specified, this would create an imbalance between species with high reproduction and low survival (r-selected) versus species with low reproduction and high survival (k-selected). The invaders are added as mobile seeds prior to any competition for microsites. Consequently, the invaders can be competitively excluded from the landscape. Alternatively, a large number of invaders could competitively exclude resident seeds from establishing.

7.5.4 Microsite Competition (optional)

n1c = g(n1b)
Competition at stage 0 (e.g., mobile seeds) can be turned off in the model, can be within species, or can be among species via a lottery model (Chesson and Warner 1981). Seed competition occurs based on competition for microsites (the number of microsites is set by the model user). Seeds within the seed bank occupy microsites, and remaining microsites can be occupied by mobile seeds; seeds unable to occupy a microsite die. When competition is between species, the lottery model can be implemented in a deterministic manner (corresponding to average outcomes of the lottery model, more suitable when working with large numbers of seeds) or stochastically (more appropriate when working with small numbers of seeds). In deterministic competition, seeds are assigned to available microsites relative to the proportion of total seeds produced (e.g., if 10 microsites are available, and Species 1 produced 90 seeds and Species 2 produced 10 seeds, Species 1 would occupy 9 microsites and Species 2 would occupy 1 microsite, and the remaining seeds would be removed from the model). In the lottery model, the microsites are filled by sampling (without replacement) from the pool of seeds produced by all species. Note that competition occurs prior to mobile seed demography, so some mobile seeds that obtain microsites may still fail to enter the seed bank or germinate. 
Lottery models have been applied to plants (e.g., Mouquet and Loreau 2002, May et al. 2009), and this approach is simple and straightforward to implement. The deterministic version is more computationally efficient, and consequently can model average outcomes when working with large numbers of seeds. Note that even though we are using a lottery model, not all species are necessarily equal, as different species may produce different numbers of seeds. SpatialDemography has a modular structure, so more sophisticated forms of competition could be added in the future (e.g., allowing species-specific competitive advantages, e.g., through a competitive advantage for heavier seeds, for plants reaching a higher height, or plants with a larger adult biomass). The example uses deterministic competition between species with 2,000,000 microsites (arbitrarily chosen).
7.5.5 2nd Demography Step

n1d = B2 × n1c
Where n1d is the population vector after the 2nd demography step, B2 is the demography matrix for the 2nd demography step (e.g., Fig. A1.4b), and n1c is the population vector following the first demography step, invasion and microsite competition.

In this step, stages 1, 2, and 3 remain constant, while stage 0 individuals transition either to stage 1 or to stage 2, or die.
7.5.6 Adult Carrying Capacity

n1 = h(n1d)
Finally, a carrying capacity is applied to each cell based on biomass, where the cell's biomass is capped at the carrying capacity. The carrying capacity may be applied to each species separately, or a multi-species carrying capacity may be applied. In the multi-species case, each species is kept proportional to its biomass (e.g., if the carrying capacity was 1000 g, and Species 1 had a biomass of 200 g and Species 2 had a biomass of 1800 g following the 2nd demography step, Species 1 would be reduced to 100 g and Species 2 would be reduced to 900 g proportional to their relative abundances). This example uses a shared carrying capacity of 100,000 (arbitrarily chosen). At the same time as the carrying capacity, an optional extinction threshold can be applied. If so, for each species, any life stage with abundances below the specified extinction threshold will be rounded to zero. This allows truncation of fractional individuals, for example, if abundance of a life stage drops below one.

7.5.7 Environmental change

At model initialization, each environmental layer can be set to change at a regular interval according to a specified change type. Important options are a) swap, where values in the landscape remain constant, but their cell assignments are changed randomly, b) Markov, where values change according to a Markov process (the transition rates of the Markov process itself may also change with time if desired), c) randomly, where values are drawn from a specified distribution, or d) randomly, but in such a way that the relative differences between cells remain constant (e.g., in the case of temperature, cells that are cool will always remain cooler than cells that are hot, while the actual cell temperature may vary). Additional details and additional options can be found in the SpatialDemography R help documentation under ‘env.change.type’. Note that layers that depend on other layers should change at the same time or more frequently than the layer on which they depend; otherwise inappropriate values may result. In the example, landcover does not change, while the herbicide layer is set to change at every time step (but the only actual changes occur for time steps 7 and 8).
7.5.8 Update Matrices

In this step, the Setup Matrices steps 7.3.2 and 7.3.4 are repeated to update species matrices to reflect current cell environmental conditions (the vec-permutation matrix, 7.3.1 does not change). This step only takes place if environmental layers have been changed.
7.6 Model outputs
Model outputs are summarized in Table A1.3, and described in greater detail under Section 4.8 Observation.
Table A1.3. Details for file outputs for Example 1. All outputs are in the Example1 folder unless otherwise noted. For this example (one model run with only one scenario, note that model runs may contain more than one scenario), 12 files were generated in total (4 in a subfolder Diagnostics). Each time step corresponds to one time through the simulation loop, while each change step refers to one change of environmental conditions. Change steps may not occur at every time step.
	File Category1
	Purpose

	Results2
	A file reporting an overview of the model results (e.g., initial, final, and change in species richness, biomass, and functional diversity)

	Timing2
	A file reporting on the timing for each step of the model.  Primarily for diagnosing sections of code to optimize for improved model speed.

	Change lookup
	An index of which change steps correspond to which time steps.

	Cell occupancy
	Provides cell occupancy for each species at each time step. A cell must have ≥ 1 adult to be counted as occupied.

	Species stats seeds
	Provides total number of seeds in the landscape for each species at each time step.

	Species stats juveniles
	Provides total number of juveniles in the landscape for each species at each time step.

	Species stats adults
	Provides total number of adults in the landscape for each species at each time step.

	Species data
	Provides abundance for each life stage for each species, cell, and time step in the model.

	Overall matrix diagnostics3
	Gives an overview of properties of the overall transition matrix A.

	Overall Transition matrix3
	Gives the overall transition matrix A (excluding mobile seeds) for each species and change step.

	Local transition matrices3
	Gives the local transition matrix (excluding mobile seeds) for each cell, species, and change step.

	Local matrix summary info3
	Summarizes matrix information for each cell


1 These describe the files, but do not match the file names exactly. All files are in .csv format.  2 In outputs folder, 3 In Example1/Diagnostics folder
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