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Abstract

1.

Matrix population models (MPMs) are commonly used to address fundamental ecological
questions and guide real-world management decisions. Several open-source software
packages support the fundamental analysis of MPMs, but few options exist to simulate
from models that include realistic ecological complexity, such as density dependence,
covariate effects, and interspecific interactions.

The aae.pop R package is a plug-and-play tool to simulate from MPMs. Originally
developed for applications in aquatic ecology (‘““aae”), the package enables simulations of
population dynamics incorporating a range of processes, such as external environmental
forcing, density dependence, interspecific interactions, and harvest or release of
individuals.

aae.pop provides a general framework for simulating from MPMs. This framework is
described here, and illustrated with two case studies on freshwater fish populations in
south-eastern Australia.

Models developed in aae.pop are easily shared, fully reproducible, and updateable. These
features mean that aae.pop can support transparent and defensible applications of MPMs.
Given its explicit focus on applications, aae.pop complements existing R packages for

the analysis of MPMs.



Introduction

Matrix population models (MPMs) are commonly used in both theoretical and applied ecology
(Caswell 2001). Matrix population models represent an ecological population as a vector of
abundances in different classes (e.g., different life stages). A matrix of population vital rates
governs transitions among different classes, which allows for a discrete-time representation of
population dynamics as n,,; = A n;, where A is the matrix of vital rates and n, is the vector of
abundances at time t. This mathematical framework can accommodate complex ecological
models, especially when the matrix A is a function (A(x, n;)) of covariates x and the vector n;
(Caswell 2001).

Many studies of MPMs focus on fundamental aspects of ecology, such as life history
variation or the role of perturbations in determining population dynamics (e.g., Ezard et al. 2010,
Coste & Pavard 2020). These studies contrast with the highly applied models developed for
population viability analysis (PVA), which use simulations to compare population dynamics
under different scenarios (Boyce 1992). This distinction extends to software for MPMs, with
many existing software packages focusing on fundamental characteristics of MPMs (e.g., the R
packages popbio [Stubben & Milligan 2007], popdemo [Stott et al. 2012], and mpmsim [Jones
2025]), with less support for simulating population trajectories. Perhaps the most widely
recognised packages for applied models are RAMAS Metapop and RAMAS GIS (Akgakaya et
al. 1995), both of which have a license fee and are not open source. The R package steps
(Visintin ef al. 2020) provides an open-source simulation tool for spatially explicit MPMs.

Missing from existing software packages is a flexible approach to simulate from
realistically complex MPMs. The aae.pop R package aims to address this gap. Originally
developed for applications in the highly dynamic systems encountered in applied aquatic ecology
(“aae”), the methods in aae.pop extend beyond these systems to encompass a wide range of
aspatial and spatially implicit models, including metapopulations and interacting species.

aae.pop has a deliberate focus on applications, and a key feature of the package is the flexible



specification of ecological processes, such as environmental covariates, harvest or release of

individuals, and multiple sources of stochasticity.

General examples

The central functions in aae.pop are dynamics and simulate. The dynamics function wraps a
population matrix and associated processes into a single object. The simulate function takes
this object and generates population projections. aae.pop includes efficient methods and helper
functions for simulations, but users can specify their own functions for any part of the simulation
process.

At a minimum, a dynamics object needs to contain a matrix of vital rates. However,
aae.pop allows additional processes to be added to the dynamics object in a plug-and-play
fashion. aae.pop includes options for deterministic and stochastic environmental variation,
density dependence, demographic stochasticity, and additions or removals of individuals from a
population. aae.pop additionally supports metapopulations and multispecies population
dynamics.

The following sections provide a brief overview of aae.pop, with detailed examples
available in the package vignettes. The broad framework for an aae.pop simulation is illustrated

in Figure 1.
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Figure 1: The conceptual framework of aae.pop. A dynamics object contains the matrix of vital
rates and any other processes. This object is used to simulate population trajectories. Extended
dynamics objects can include dispersal (for metapopulations) and interspecific interactions (for

multispecies models).

Working with matrices in aae.pop
aae.pop is designed for generic MPMs and makes minimal assumptions about model structure or
purpose. However, the package includes helper functions for common model structures, built on
the following matrix components: reproduction (any transition to the first class); survival
(surviving one time step and remaining in the same class); and transition (surviving one time
step and moving to the next class).

aae.pop uses masks to select specific elements of the population matrix or the state
vector (the vector of abundances in each class). All processes included in a population model are
defined by a mask-function pair, with the mask specifying the cells to target and the function
specifying what to do to these cells. Helper functions are included to define and combine

common masks, including the reproduction, survival, and transition components



described above, and general masks to select an entire population matrix (all_cells) or state

vector (all_classes).

Building a population dynamics model
aae.pop is most easily illustrated with examples. A basic Leslie matrix with five age classes

might be:

popmat <- rbind(

c(o, 0, 2, 4, 7), # reproduction from 3-5 year olds
c(9.25, o, 0, 9, @), # survival from age 1 to 2
c(o, 0.45, 0, 9, 0), # survival from age 2 to 3
c(o, 9, 0.70, 0, 0), # survival from age 3 to 4
c(o, 9, 0, 0.85, 0) # survival from age 4 to 5

The dynamics function converts this matrix into a dynamics object, which can be plotted

(Figure 2) or passed to simulate:

# create a population dynamics object with a matrix and no other processes
popdyn <- dynamics(popmat)

# simulate 100 trajectories from this population dynamics object

# (default is 50 updates, so 51 time slices when including initial
conditions)

sims <- simulate(popdyn, nsim = 100)

. transition
transition

transition

Figure 2: The structure of the example matrix population model.



The output of simulate is an array with dimensions of [number of simulated
trajectories, number of population classes, number of time steps] (Figure 3).
Several helper functions are included in aae.pop to calculate common summaries, including
expected population statistics (emps for minimum values or exps for user-specified statistics),

risk curves (get_cdf), and quasi-extinction probabilities (pr_extinct).
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Figure 3: Example output from simulate. The solid line is the median population trajectory

(over the nsim = 100 simulated trajectories) and the shaded region bounds the 10th and 90th

percentiles

Flexible specification of ecological processes

aae.pop introduces several process classes, all of which can be added to a dynamics object to
modify simulated population dynamics. The key processes are shown in Figure 1. The following

code illustrates these processes, starting with density dependence:



# define a function for ceiling density dependence
#' @param x the vital rate being targeted

#' @param n the current population state vector

#' @param threshold the carrying capacity

dd_fn <- function(x, n, threshold) {

# calculate total population size
sum_n <- sum(n)

# reduce the vital rate if n exceeds carrying capacity
scaling factor <- pmin(1, threshold / sum_n)

# return rescaled vital rate
scaling_factor * x

}

# use a mask to restrict dd to non-zero reproduction elements of popmat
dd_mask <- reproduction(popmat, dims = which(popmat[1l, ] > 0))

# combine mask-function pair into a density_dependence object
dd <- density_dependence(

masks = dd_masRk,

funs = dd_fn
)

# add this to the “dynamics™ object

popdyn <- update(popdyn, dd)

The population dynamics object now includes density dependence, which requires a parameter
threshold passed to simulate. The density dependence process can be updated by adjusting
the threshold parameter (without altering popdyn) or by including an entirely different

density_dependence term and updating the model (Figure 4)



# simulate from the population dynamics object, specifying a
#  threshold of 50 individuals
sims <- simulate(

popdyn,

nsim = 100,

args = list(density_dependence = list(threshold = 50))
)
# simulate with a threshold of 20 individuals
sims_Lower threshold <- simulate(

popdyn,

nsim = 100,

args = list(density_dependence = list(threshold = 20))

)

# specify a new dd model that sets reproduction to © when
#  threshold is exceeded
dd_fn2 <- function(x, n, threshold) {

# calculate total population size
sum_n <- sum(n)

# set vital rate to zero if n exceeds carrying capacity
scaling factor <- ifelse(threshold / sum n < 1, @0, 1)

# return the rescaled vital rate
scaling factor * x

}
dd2 <- density dependence(

masks = dd_mask,
funs = dd_fn2

)

# update the population dynamics model
popdyn <- update(popdyn, dd2)

# and simulate from this model
sims_new _dd <- simulate(

popdyn,

nsim = 100,

args = list(density_dependence = Llist(threshold = 50))
)
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Figure 4: Example output from simulate with two values of the density dependence threshold or
an entirely different function. Solid lines are the median population trajectories and shaded

regions bound the 10th and 90th percentiles.

The mask-function pairing approach is used for all other processes, which allows many processes

to be combined in a single model (Figure 5):

# define demographic stochasticity as Poisson variation on counts
demostoch <- demographic_stochasticity(

masks = all_classes(popmat),

funs = \(x) rpois(length(x), lambda = x)
)

# define environmental stochasticity as random 10% increases or
# decreases in vital rates
envstoch <- environmental stochasticity(
masks = combine(
reproduction(popmat, dims = 3:5), # dims restricts effects to classes 3-5
transition(popmat)
)s
funs = \(x) runif(length(x), 0.9, 1.1) * x
)



# add a covariate to modify reproduction based on the proportion
# of available nesting habitat
covs <- covariates(

masks = reproduction(popmat, dims = 3:5),

funs = \(x, nests, ...) x * nests

)

# define the nesting covariate as a random value between 0.5 and 1

# Note: covariates define the number of time steps in the simulation
nyear <- 30

nesting <- runif(nyear, min = 0.5, max = 1.0)

# remove individuals each year due to predation, and add individuals
# each year due to captive-bred releases
# Note: this illustrates stacking of mask-function pairs, which can be
# used for any processes in aae.pop
add_remove <- add_remove_post/(
masks = List(
all _classes(popmat, dims

1:3), # predation affects young classes

all classes(popmat, dims = 1) # captive releases are in class 1

)

funs = List(
\(x, ...) pmax(@, x - 1), # one individual eaten per year in each class
\(x, ...) x + 15 # 15 captive-bred releases each year

)

)

# combine this into a dynamics object
popdyn <- update(popdyn, demostoch, envstoch, covs, add _remove)

# and simulate
# Note: args are used to pass the dd threshold and nesting covariate
sims <- simulate(

popdyn,
nsim = 100,
args = Llist(

density dependence = List(threshold = 100),
covariates = format_covariates(nesting)

)
)
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Figure 5: Example output from simulate with multiple processes included in the dynamics
object. The solid line is the median population trajectory and the shaded region bounds the 10th

and 90th percentiles.

Case studies

Case study 1: Modelling a highly dynamic fishery

Murray cod (Maccullochella peelii) are an endangered, long-lived freshwater fish species that
occurs across the Murray-Darling Basin in south-eastern Australia. The species underwent
declines in abundance throughout the 20th century, attributed to many factors, including a
commercial fishery (now closed), changes in habitat availability, and widespread river regulation
(Lintermans 2023).

This case study illustrates how aae.pop can combine relatively complex processes into a
single MPM, and addresses the question of whether lingering effects of historical fishing might
be responsible for low contemporary Murray cod population sizes. Specifically, aae.pop is used
to model the impacts of the commercial fishery and the subsequent closure of this fishery on a

generic Murray cod population.



The Murray cod population model is adapted from Todd ef al. (2005) and includes 50 age
classes, density dependence using a Beverton-Holt function, and size-dependent fishing
selectivity. The model was used to simulate 100 replicate population trajectories (all code is

included in the Supporting Information). Average vital rates are shown in Figure 6.
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Figure 6. Average vital rates included in the Murray cod matrix population model. Reproductive
output is defined for a pre-breeding census and includes survival of eggs, larvae, and

fingerlings. Model parameters were derived from Todd et al. (2005).

# define the population matrix
mat <- fetch_matrix(Linf = 1300, k = 0.0674, t0 = 1.535)

# define a density dependence process that reduces reproduction
# using the “bh™ function
dd <- density_dependence(
masks = reproduction(mat, dims = 5:50),
funs = bh
)

# set the population carrying capacity (in kg)
carrying capacity <- 20000



Stochastic environmental variation was included to capture variation in recruitment due to shifts
between dry conditions and average or wetter conditions, and short periods of high mortality due

to hypoxia caused by low flows and high temperatures or blackwater under extreme high flows:

# define environmental stochasticity in reproduction
covs <- covariates(
masks = List(reproduction(mat, dims = 5:50), transition(mat)),
funs = Llist(
\(x, climate, hypoxia) x * climate,
\(x, climate, hypoxia) x * hypoxia
)
)

# climate and hypoxia are defined here as 100-year, stochastic sequences
# Climate was modelled as an autoregressive (AR(1)) model with rho = 0.85,
# rescaled to give values between +/- 10%
ntime <- 100
climate <- arima.sim(
model = list(ar = 0.85), n = ntime, rand.gen = runif
)
climate <- as.numeric(climate)
climate <- climate - min(climate)
climate <- 0.9 + 0.2 * (climate) / max(climate)

# hypoxia was modelled as a random spike event, with an average of one

# event every 20 years and magnitude of mortality between 40 % and 80 %
nspike <- rpois(1, lambda = ntime / 20)

idx <- sample(seq_Llen(ntime), size = nspike, replace = FALSE)

hypoxia <- rep(1, ntime)

hypoxia[idx] <- 1 - runif(nspike, min = 0.4, max = 0.8)

Fishing pressure was modelled as a total biomass take, assumed to be high for 50 years and then
reduced for 50 years to represent low levels of recreational fishing following the cessation of
commercial fishing. Fishing selectivity followed a logistic curve, with larger fish more likely to
be removed than smaller fish:

# define removals due to fishing, with selectivity governed within the

#  fishing removals function

removals <- add_remove_post(

masks = all_classes(mat, dims = 1:50),
funs = fishing removals

)



# specify the rate of removals (in kg)
rate <- c(rep(2500, floor(ntime / 2)), rep(500, ntime - floor(ntime / 2)))

Initial conditions are required to simulate from an MPM. Here, initial conditions were based on
the stable age distribution, with an additional burn-in period to remove transient effects.
Demographic stochasticity was implemented directly via the matrix update step (when
the state vector is updated from one time step to the next) using the update_binomial_ leslie
updater in aae.pop. This updater uses a binomial distribution to apply demographic stochasticity

to survival outcomes and a Poisson distribution for reproduction:

# create and return the population dynamics object
dyn <- dynamics(mat, dd, covs, removals)

# set up initial conditions using the stable age distribution,
# and simulating “nburnin® times to remove transient effects
init <- initialise_model (dyn, b@ = carrying capacity, nburnin = 200)

# simulate from the model
# Note: “c() is used to combine multiple arguments, which are then
# passed to the relevant processes in this same order
sims <- simulate(
dyn,
nsim = 100,
init = floor(init$init),
args = Llist(
density dependence = Llist(carrying_capacity),
add_remove post = format covariates(rate),
environmental stochasticity = c¢(
format_covariates(climate),
format_covariates (hypoxia)

)
),
options = Llist(update = update binomial_Lleslie)

)



Simulated population trajectories suggest that Murray cod populations would be expected to
have recovered in both abundance and biomass following the cessation of commercial fishing
(Figure 7). The decline and subsequent recovery is much clearer in biomass trajectories than
abundance trajectories, which stems from shifts in size structure as larger individuals are fished
out of the population and replaced by smaller individuals. No decline is apparent in young-of-
year recruits, which were not subjected to fishing pressure.

Although relatively simple model outputs are presented here, aae.pop returns full
abundance trajectories in all population classes, which can be interrogated in many ways. One
extension of this model might be to develop scenarios of the climate and hypoxia covariates,
which could be used to compare population outcomes under different environmental futures

(e.g., Hunter ef al. 2010).
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Figure 7: Simulated trajectories of Murray cod under a scenario of historical commercial
fishing ceasing at year 50 (dashed line). Abundance and biomass trajectories are shown for the
entire population, adults (5 years and older), and young-of-year recruits. Solid lines are median

trajectories and shaded regions bound the 10th and 90th percentiles.



Case study 2: Modelling multiple, interacting species

This case study illustrates how aae.pop can be used to model multispecies dynamics, and
includes environmental covariates, density dependence, environmental and demographic
stochasticity, and pairwise interspecific interactions among three species. The case study uses the
Murray cod population model developed above and adds models for the small-bodied Murray-
Darling rainbowfish (Melanotaenia fluviatilis) and the invasive common carp (Cyprinus carpio).
Natural environmental variability was assumed to affect recruitment and survival of all three
species.

Pairwise species interactions modify vital rates for each population, similar to how
intraspecific density dependence affects vital rates. In this case study, pairwise interactions were
included to capture negative effects of common carp on both native species, particularly on
smaller life stages, and predation by large Murray cod on smaller individuals of the other two
species. Interactions for Murray cod and common carp were defined separately for young-of-
year recruits, juveniles (1-4 years old), and adults (5 years and older). All classes of Murray-
Darling rainbowfish were assumed to be small.

The three-species model was used to simulate 100 replicate population trajectories with
and without species interactions for each species. This section presents results of the full
simulation (code included in Supporting Information) but, for brevity, pseudo-code is used to

illustrate how interspecific interactions can be included in aae.pop:



# example function to specify a negative interaction between two species
#' @param x vital rates affected by species interaction
#' @param n population vector of the source species (i.e., the species
! that affects the other)
#' @param theta strength of interaction (larger = stronger interaction)
interaction_effect <- function(x, n, theta) {

x * exp(-theta * sum(n))
}

# specify an interaction term for an aae.pop model, assuming
#  speciesl and species2 are “dynamics  objects and that species2
# affects speciesl (but not vice versa)
interaction <- pairwise_interaction(
target = speciesl,
source = speciesZ2,
masks = transition(speciesi$matrix, dim = affected_classes),
funs = interaction_effect

)

# define the multispecies model, which contains “dynamics ™ objects
#  for all included species and their pairwise_interaction processes
msdyn <- multispecies(interaction)

# simulate with this model, passing "theta™ as an argument to
# the “interaction” process
sims <- simulate(

msdyn,
nsim = nsim,
args = Llist(
list(interaction = Llist(theta = theta)),
list(interaction = Llist(theta = theta))
)

)

Simulations of multispecies dynamics indicate that interspecific interactions have large effects
on population trajectories (Figure 8). Older age classes of Murray cod and common carp benefit
from pairwise interactions, whereas younger classes of both species and all classes of Murray-
Darling rainbowfish are negatively affected by interactions. The effects of interspecific
interactions are greater than the effects of environmental variation and, in most cases,

considerably increase the variability in simulated population trajectories.



Recruit Adult All

1,250,000
1,000,000

750,000 =

c

o

<

500,000 8

Q
250,000
0
1,250,000
1,000,000

8 g

€ 750,000 3

g 3

c S

3 500,000 8

< o
250,000
0
100,000

=

c

75,000 3

T

(@)

]

50,000 3

o

2

8

25,000 s

e

=
0

4 8 12 16 4 8 12 16 4 8 12 16

Year
Interactions No interactions

Figure 8: Simulated trajectories of Murray cod, common carp, and Murray-Darling rainbowfish
under scenarios with and without interspecific interactions over a representative 16-year
sequence of environmental variability. Solid lines are median trajectories and shaded regions
bound the 10th and 90th percentiles. Trajectories are shown for young-of-year recruits, adults,

and the entire population.



Discussion

The aae.pop package provides a flexible tool to build and simulate from MPMs for realistically
complex ecological populations. Although equivalent simulations could be scripted directly or
implemented in software such as RAMAS Metapop, aae.pop is open-source, freely available,
and provides a standard framework and terminology for MPMs. The benefits of aae.pop will be
most apparent when simulating repeatedly from an MPM with different inputs or ecological
assumptions in each simulation. This situation occurs regularly in population viability analysis,
and can be implemented in aae.pop with a single dynamics object and simulation-specific
arguments or processes.

The use of dynamics objects and process classes (e.g., density_dependence) means
that aae.pop models are highly portable, which supports model sharing and reproducibility.
Existing databases of MPMs (e.g., COMPADRE, Salguero-Gomez et al. 2015) capture
population vital rates but are less able to record details of model implementations, such as
density dependence or covariate effects, especially when these processes are implemented
algorithmically. An aae.pop dynamics object contains all the information needed to specify an
MPM, and a full simulation can be reproduced from this object and a script containing the call to
simulate. Importantly, the flexibility of aae.pop allows a user to update an existing model
without having to code a model from scratch.

aae.pop is explicitly focused on applications of aspatial and spatially implicit MPMs, and
complements existing packages for the analysis of matrix models (e.g., popdemo, mpmsim) and
spatially explicit simulations (e.g., steps). Together, this suite of R packages provides a strong
foundation for reproducible models of population dynamics and their applications to real-world
ecological challenges. What remains is to ensure that these MPMs are reliable and free from
errors (Kendall ef al. 2019), a task well supported by the portability of MPMs developed in

aae.pop.
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