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an ongoing process and periodically released into two large open-access on-
line repositories: the COMPADRE Plant Matrix Database and the COMADRE
Animal Matrix Database. During the last decade, data archiving and curation of
COMPADRE and COMADRE, and subsequent comparative research, have re-

vealed pronounced variation in how MPMs are parameterized and reported.

. Here, we summarise current issues related to the parameterisation and report-

ing of MPMs that arise most frequently and outline how they affect MPM con-
struction, analysis, and interpretation. To quantify variation in how MPMs are
reported, we present results from a survey identifying key aspects of MPMs
that are frequently unreported in manuscripts. We then screen COMPADRE and
COMADRE to quantify how often key pieces of information are omitted from

manuscripts using MPMs.

. Over 80% of surveyed researchers (n=60) state a clear benefit to adopting more

standardised methodologies for reporting MPMs. Furthermore, over 85% of the
300 MPMs assessed from COMPADRE and COMADRE omitted one or more ele-
ments that are key to their accurate interpretation. Based on these insights, we
identify fundamental issues that can arise from MPM construction and commu-
nication and provide suggestions to improve clarity, reproducibility and future
research utilising MPMs and their required metadata. To fortify reproducibility
and empower researchers to take full advantage of their demographic data, we
introduce a standardised protocol to present MPMs in publications. This stand-
ard is linked to www.compadre-db.org, so that authors wishing to archive their
MPMs can do so prior to submission of publications, following examples from

other open-access repositories such as DRYAD, Figshare and Zenodo.

. Combining and standardising MPMs parameterized from populations around the

globe and across the tree of life opens up powerful research opportunities in evo-
lutionary biology, ecology and conservation research. However, this potential can

only be fully realised by adopting standardised methods to ensure reproducibility.

KEYWORDS

1 | INTRODUCTION

Population ecology has come of age. The development of theories,
experimental approaches and statistical methodologies have resulted
in the publication of demographic information for an increasingly
representative sample of the world's biodiversity (De Magalhaes
& Costa, 2009; Levin et al., 2022; Salguero-Gémez et al., 2015,
2016). These data span the taxonomic tree from microbes (Jouvet
et al., 2018) to macro-vertebrates (Fujiwara & Caswell, 2001), and
cover virtually all continents and biomes—though with important
taxonomic biases (Conde et al., 2019; Romer et al., 2021). The poten-
tial of this impressive and rapidly increasing amount of information
is starting to be realised. Indeed, through combining these demo-
graphic models, researchers have identified functional traits that
explain variation in plant life history strategies (Adler et al., 2014;
also see Bernard et al., 2023), short-term (transient) characteristics

comparative demography, matrix population models, open access, reproducibility

that drive the demographic dynamics of plant populations in variable
environments (McDonald et al., 2016), and ways in which life his-
tory strategies allow species to persist alongside a changing climate
(Jelbert et al., 2019; Paniw et al., 2019).

One of the most widely used tools for describing and analysing
species' complex life histories is the matrix population model (MPM,
hereafter). Briefly, in an MPM, individuals of a population are clas-
sified by discrete stages and/or ages (st/age hereafter) according to
some biological (Caswell, 2001, p. 31) or statistical/sampling criteria
(Salguero-Gémez & Plotkin, 2010). These individuals are followed in
discrete time steps, typically adjusted by the generation time of the
species. Indeed, time steps can vary from 12 to 24 h as in nematode
worms Caenorhabditis elegans and aphids Myzus periscae (Bruijning
et al.,, 2019; Li et al., 2014), to monthly/annual periods in mammals
and plants (Coulson et al., 2001; Ferreira et al., 2016), all the way to
50years in slow-growing red woods (Namkoong & Roberds, 1974).
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From these data, researchers estimate losses through mortality, tran-
sition probabilities among st/ages and their per-capita a/sexual contri-
butions via reproduction (Nordstrom et al., 2021; Omeyer et al., 2021).

A single MPM can be used to calculate a vast repertoire of bio-
logically meaningful outputs. These outputs include proxies for the
performance and viability of populations, such as deterministic (1)
or stochastic population growth rates (4;) (Doak et al., 2005), quasi-
extinction risk (Davis, 2022), population response to perturbations of
underlying vital rates such as survival or reproduction (Caswell, 2001,
p. 206), transient dynamics (Capdevila et al., 2020; Ezard et al., 2010;
Stott et al.,, 2011) and life history traits, such as rates of senes-
cence (Baudisch et al., 2013), degree of iteroparity (Salguero-Gémez
et al.,, 2017) and age at maturity (Caswell, 2001, p. 124). This wealth
of demographic inference highlights why many advances in demogra-
phy and life history theory utilise MPMs (Franco & Silvertown, 1996;
Pfister, 1998; Seether et al., 2013; Tuljapurkar, 1989).

MPMs for plants and animals have been archived, error-checked,
complemented with additional information (e.g. GPS coordi-
nates, IUCN conservation status), and released open-access in the
COMPADRE Plant Matrix Database (Salguero-Gémez et al., 2015) and
the COMADRE Animal Matrix Database (Salguero-Gémez et al., 2016).
In the latest data release, COMPADRE v. 6.22.5 [COMADRE v. 4.21.8]
contains 8851 [3317] MPMs from 760 [415] unique species published
in 643 [395] studies. At the time of writing, a further 1307 species
are pending digitization in the COMPADRE network, at a rate of 4.5
new works containing MPMs being screened, digitised, and quality
checked every week (S. Gascoigne, pers. obs.). However, one of the
challenges of the digitization process is the tremendous variation in
how data are collected, presented and used to parameterize MPMs.

Data standardisation improves reproducibility and promotes
data sharing across research disciplines (Reichman et al., 2011). Data
standardisation, and the associated detailed metadata, is there-
fore key for research to be replicated, validated, openly discussed
and ultimately for science to advance (Powers & Hampton, 2019;
Reichman et al., 2011; Salguero-Gémez et al., 2021). Examples of
these standards include reporting sample size and variance of esti-
mates and detailing the full list of original sources of data (Gerstner
et al., 2017). In this context, standards can be used as checklist items
to improve publications quality and reproducibility and to aid the
peer-review process (Reichman et al., 2011). Furthermore, meta-
analyses (Gurevitch et al., 2018) and phylogenetic comparative anal-
yses (Healy et al., 2019; Salguero-Gémez et al., 2017), which offer
valuable opportunities to examine general patterns and identify
gaps in knowledge, rely on data conforming to certain standards.

MPMs are being adapted, extended and applied beyond their
original, species-specific context in comparative demography.
However, not all MPMs are built and reported equally. The current
presentation of MPMs in COMPADRE and COMADRE may give
the false impression that all MPMs are published in a homogeneous
format, despite differences in how and why the MPMs are pro-
duced (Caswell, 2001). This impression may have emerged from the
amount of verification the COMADRE and COMPADRE digitisation
team does behind the scenes (e.g. validating model outputs, author

correspondence for additional information). While verification is an
inevitable aspect of database curation, most of our efforts are spent
communicating with authors rather than digitising data. Our goal
here is to (i) present the current standard of MPM communication
in the literature, (ii) identify common issues in MPM communication
and their impacts, (iii) suggest ways to support the clear communica-
tion of MPM data and metadata, (iv) highlight advantages for authors
and the scientific community at large and (v) introduce a standard
method for sharing MPM data and metadata.

2 | MPM COMMUNICATION: CURRENT
STATE OF AFFAIRS

To present the current practices in MPM data and metadata com-
munication, with the ultimate goal to evaluate the need for stand-
ardised data and metadata reporting, we performed a survey of
researchers and screened a subset of papers that have been used to
generate MPMs stored in COMPADRE and COMADRE.

2.1 | A survey on matrix communication

We surveyed expert population ecologists, who we identified as having
published peer-reviewed papers that include MPMs, regarding our cur-
rent ability to communicate MPM data and metadata for reproducibility
purposes. Specifically, we asked how well peer-reviewed publications
relay the attributes of MPMs necessary for reproducibility. Additionally,
we asked if researchers thought a standardised method of matrix com-
munication is ‘necessary for the coherent communication of MPMs in
the literature’ (the full list of 11 questions can be found in Supporting
Information). The survey was distributed using Google Forms. We
identified 1390 potential participants based on the criterion of being
the lead and/or corresponding author from a publication containing
at least one MPM. Over 50% of corresponding email addresses were
outdated and not contacted further. Of the remaining approximately
650 researchers, that were contacted, 60 participants completed the
survey. As expected, researchers report a great deal of heterogeneity
in components of MPM communication (Figure 1). The best communi-
cated attributes according to these survey participants are trait names
(i.e. the phenotype by which the MPM was structured—stage/age/size
classes), census duration and projection interval while the worst com-
municated attributes are life cycle graphs, formulae defining the vital
rates and population vectors (i.e. number/frequency of individuals in
each st/age). Importantly, 83% of survey participants agreed that the
discipline needs a standardised method for MPM communication.

2.2 | Ascreen of papersin COMPADRE
and COMADRE

To quantify how well MPM data and metadata are communi-
cated in peer-reviewed publications, we screened 300 randomly
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FIGURE 1 Survey results from experts in population ecology that participated (n=60). Participants ranked their confidence in the
appropriate communication of components of matrix population models (MPMs) in peer-reviewed papers. Each component of MPM
communication on the y-axis represents a statement shown in the survey (see SOM for the full survey). For all statements above the
dashed line, participants were asked if that attribute (e.g. projection interval) is sufficiently well-reported in peer-reviewed publications.
The statement ‘standardised method’ indicates participants' response to whether the field of population ecology would benefit from a
standardised method of MPM reporting. The size of the dots indicates the number of respondents with that response and are coloured (i.e.
orange =disagreement; grey =neutral; blue=agreement). For ease, percent agreement (i.e. the percentage of participants that either agreed
or strongly agreed with the statement) is shown on the right-hand side of the plot.

sampled papers containing MPMs already digitised in COMPADRE
and COMADRE (150 papers each). Across the different key attrib-
utes of MPMs that we examined, there was considerable variation in
how reliably authors provided the data and metadata necessary for
digitising, archiving, and performing comparative analysis (Figure 2).
For instance, the generic location of the examined population (i.e.
province/city/landmark; COMPADRE: 95.1%, COMADRE: 86.2% of
papers reported it), the fully parameterized MPM (93.3%, 88.9%),
and the census date (89.6%, 77.7%) were frequently explicitly stated
in the papers, while latitude-longitude of the examined population
(52.4%, 39.9%), its life-cycle diagram (44.5%, 40.1%), and population
vector (i.e. st/age distribution of individuals at time t) (33.2%, 32.6%)
were not. Interestingly, plant studies using MPMs (COMPADRE)
contain overall more explicit data and metadata than animal stud-
ies (COMADRE; Figure 2). Furthermore, we used this information to
categorise the quality of each of the examined 300 papers according
to their reproducibility—defined as their inclusion of components of
MPM communication (Figure 3). The distribution of component com-
munication across kingdoms is similar. Crucially, only 13.9% of papers
in COMADRE and 15.8% of papers in COMPADRE contain all the
information necessary for comparative analyses and accurate projec-
tions (Figure 3). Thus, approximately 85% of papers require emailing
authors to request undisclosed information.

3 | COMMON ISSUES IN MATRIX
CONSTRUCTION

Here, we identify key issues in the parameterization of MPMs to il-
lustrate the impact of methodology on demographic inference. To
do so, we draw from the findings from the previous section and
our experience curating COMPADRE and COMADRE. We outline
the following issues for two reasons: (i) to advise demographers in
how to identify them in the literature and (ii) to prevent these is-
sues persisting in future publications. We note that a comprehen-
sive list was recently made available by Kendall et al. (2019, see also
Che-Castaldo et al., 2020). Here, we add to these previous papers
by outlining steps for researchers to avoid/mitigate these issues in
their own research. A summary of these issues, from occurrence to

impact, is detailed in Figure S1.

3.1 | Census type, timing and frequency

MPMs are discrete-time demographic models parameterized by the
tracking of individuals across censuses. Thus, the type (e.g. longitu-
dinal, cross-sectional), timing and frequency of sampling needs to be
carefully planned. These criteria are particularly important as census
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FIGURE 2 Both plant and animal MPM papers show similar patterns as to which presented components of MPM are communicated.

The y-axis indicates the percentage of peer-reviewed publications in COMPADRE and COMADRE that contain a given attribute necessary
for the clear communication of MPM information and its reproducibility from a random subset of 150 papers of the 643 total papers from
COMPADRE and 150 out of the 395 total papers from COMADRE (300 papers total). The attributes are: Location: province/city/landmark;
MPM: was the MPM included in the manuscript; Census duration: start and end dates for data collection; Vital rate formulas: decomposition
of matrix elements into their underlying components (i.e. contributions from survival, growth, and reproduction); Projection interval: the
time period between observations; Latitude-longitude: spatial coordinates; Life cycle graph: the visual representation of demographic
transitions and a/sexual per-capita contributions; Population vector: st/age distribution of individuals at time t associated with reported

MPMs.

type directly affects matrix construction, and census timing and fre-
quency can inadvertently influence demographic outputs (Emery &
Gross, 2005).

Typically, an MPM comes in two forms regarding the spread
of reproduction between censuses: birth-flow or birth-pulse
(see Caswell, 2001, p. 22). The distinction is based on whether
reproduction occurs continuously (i.e. birth-flow) or in a narrow
temporal window (i.e. birth-pulse). Birth-pulse MPMs are further
categorised into pre- versus post-reproductive census. Although
both pre- and post-reproductive censuses often lead to similar
demographic inference (see Cooch et al., 2003), their difference
lies in when populations are censused relative to the position of
the narrow reproductive window. In the former, populations are
censused immediately before a reproductive window, while post-
reproductive censuses follow on from a reproductive window. A
pre-reproductive census requires the inclusion of offspring sur-
vival in reproductive matrix elements, while a post-reproductive
census requires the inclusion of parent survival in reproductive

matrix elements. We often encounter mistakes in the accommoda-
tion of offspring or parent survival in reproductive matrix elements
(see also Kendall et al., 2019). A key step in matrix construction
that can prevent the incorrect accommodation of survival is draw-
ing the life cycle graph (as per Ebert, 1999, p. 61) with respect
to census timing (demonstrated in Ellner et al., 2016, p. 13), as
well as explicitly detailing the census type used to parameterize
the MPM. However, sometimes drawing the life cycle graph may
be unfeasible or uninformative. For example, the graph for an age
classified model with 100 age classes is too large to draw and too
redundant to be useful; but, they can be simplified with a dashed
line if multiple adjacent classes have the same demographic rates
(e.g. Ebert, 1999, p. 2). Models with many stages and highly con-
nected transitions are not feasible to draw the life cycle graph (e.g.
the graph for Calathea ovandensis in Neubert and Caswell (2000)).
But even in complex situations (e.g. the series of seasonal graphs
for the emperor penguin in Jenouvrier et al. (2010)) the graph may
be helpful in organising the structure of the model.
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Information for reproducibility
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FIGURE 3 Across plant and animal MPM papers, most publications do not contain sufficient information for reproducibility. Proportion
of papers in COMPADRE and COMADRE grouped by their open-access information in peer-review publications regarding matrix population
model (MPM) data and metadata. Following the same scheme as in Figure 2, papers were ranked into six groups from ‘inadequate’ to

‘MPM +VR+POP+ECQ’ (i.e. fully reproducible). ‘Inadequate’ refers to papers missing the MPM and/or projection interval (i.e. an MPM
specific time interval necessary for projection), without which most demographic outputs cannot be calculated. ‘MPM’: paper contains the
MPM and projection interval but no vital rate formulas describing the matrix elements. ‘MPM +VR’: contains all of the information for ‘MPM’
along with vital rate formulas for the matrix elements. ‘MPM +VR+POP’: contains all of the information for MPM + VR’ along with the
population vector. MPM+VR +ECQO’: contains all of the information for ‘MPM + VR’ along with latitude-longitude coordinates and census
duration of the examined population. ‘MPM +VR+POP +ECQO’: contains all of the information for ‘MPM + VR’ along with population vector/

distribution, latitude-longitude coordinates and census duration.

Census timing and frequency affects model construction, mak-
ing a constructed MPM impractical for demographic inference if the
life history of the examined organism is not considered. Consider a
researcher comparing the demographic processes of fruit flies and
fruit trees. The researcher first notices that there are four discrete
stages to the fruit flies' life history: three juvenile stages encompass-
ing the development from egg to instar to pupae, and one adult stage
where individuals disperse and reproduce. Since development from
egg to adult takes ~10days in this species, the researcher decides to
perform the census every 10days for both the fruit fly and the fruit
trees over a 3-month period. However, because neither mortality
nor reproduction occur across such a short census in the fruit tree
population, the resulting fruit tree MPM, when projected forward,
will persist forever, neither increasing nor declining. This same issue
would occur the other way around. If 5-year intervals were deemed
sufficient for the fruit trees, then individually measured fruit flies
would never survive across time steps. A solution to this problem ex-
ists, using periodic matrix models to include periods much shorter or
longer than other periods. For example, Hunter and Caswell (2005)
analysed the Sooty Shearwater Puffinus griseus including two har-
vesting periods of several weeks in duration and then an annual in-
terval for the species, with a lifespan of decades. Smith et al. (2005)
and Shyu et al. (2013) used periodic seasonal models to accommo-
date life cycles in which some stages are only present for part of the
annual cycle. The approach (Caswell, 2001, section 13.1) is powerful
and general.

3.2 | Unrealistic stage-specific survival

Issues in parameterising stage-specific survival, whilst easy to diag-
nose, can result in an array of unnatural life histories. Transition and

survival probabilities are bounded between O (i.e. the event never
happens) and 1 (i.e. always occurs). As such, the stage-specific sur-
vival of an MPM, the summed nonreproductive elements in a given
column of the MPM A must not exceed 1. When it does, individu-
als in that stage have an unrealistic chance of surviving >100%, re-
sulting in an incorrect representation of the organism's life history.
Stage-specific survival values >1 typically arise due to rounding
errors, typos, inclusion of unstated a/sexual reproductive events.
As such, it is generally advised to omit these MPMs in comparative
analysis (Jones et al., 2014). Unstated a/sexual reproductive events
occur when a given element a;; in the MPM A contains both survival-
dependent processes, such as growth/shrinkage, but also fertility,
and these have not been reported separately. Ideally, authors would
carefully identify whether various vital rates are being confounded
with survival-dependent demographic processes in each MPM el-
ement. For the comparative demographer using COMPADRE and
COMADRE, we recommend either avoiding MPM models where
stage-specific survival >1 or altering the model so that the stage-
specific survival is fixed to a maximum of 1 (e.g. Buckley et al., 2010).

In many published MPMs, some life stages have an estimated
survival probability of 1 or an incomplete life cycle, likely the re-
sult of small sample size or rare event along the life history of the
species. Perfect survival (i.e. mortality =0) is unlikely to be accurate,
and may need to be estimated or imputed (Johnson et al., 2018). A
reproducible approach to infer realistic survival and transition values
was recently proposed by Tremblay et al. (2021), using a Bayesian
approach to estimate parameter values using priors in addition to
the observed data to obtain posterior MPMs. An advantage of this
approach is that the confidence intervals of the parameters that
represent probabilities (i.e. stasis, transition, survival) are obtained
from a beta distribution. This advantage of using a Bayesian inferred
multinomial Dirichlet distribution for estimating the mean values is
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that the researchers can infer variance and skew of the posterior
distributions to further inform MPM construction and demographic
inference (e.g. Tremblay et al., 2009a, 2009b). And finally, since sam-
ple size can be a key driver of unrealistic stage-specific survival, sam-
ple size and uncertainty (e.g. confidence interval, standard deviation)
must be reported to (1) relay the precision of the estimated survival
value to your audience and (2) for accurate inclusion of survival val-

ues in meta-analyses and comparative methods.

3.3 | Incorrectly parameterizing fertility

Fertility often presents a challenge to constructing accurate MPMs,
This challenge is partly due to the ambiguity of the term ‘fertility’. The
issue arises when the per-capita contributions of reproductive adults
to new recruits (e.g. eggs, neonates, seeds, etc.) do not represent the
links over the full projection interval of the study. Remember that
the entry a;;in an MPM is the (expected) number of stage i individu-
als att + 1 per stage j individual at time t. If stage i is some kind of
‘newborn’ individual, then a;;must include all the processes between
time t and time t + 1 (Caswell, 2001, p. 61). Reproductive output, in
turn, is a composite demographic process of the number of offspring
produced in a reproductive event and the relevant survival that will
penalise how many new offspring will actually make it to the next ob-
servation. Failure to accommodate this vital rate decomposition can
result in the introduction of a one-timestep lag into the organism's
life cycle, as newly created offspring spend a projection interval ‘in
limbo’ before their onward transitions. The best-known example
is in the classic model of teasel Dipsacus sylvestris by Werner and
Caswell (1977), in which flowering plants at time t were described as
producing seeds at time t + 1, which only germinated to seedlings at
time t + 2. The issue was discussed and corrected in Caswell (2001).
Furthermore, this issue has been reported, for instance, in reproduc-
tive structures such as seeds that do not actually undergo a per-
manent seed bank. An MPM with this issue will typically (Kendall
et al., 2019), but not always (Nguyen et al., 2019), underestimate the
asymptotic population growth rate, A. Naturally the challenge will
then be in estimating the relative importance of the seed bank and
the lifespan on nongerminated seeds. The effect of incorrectly pa-
rameterizing fertility on A is greatest in cases of extreme growth,
such as invasive species, or extreme decline, such as critically en-
dangered species (Rueda-Cediel et al., 2018). Furthermore, this issue
can also cause overestimation of the transient envelope (see Ezard
et al., 2010). Thus, we recommend reporting the fertility vital rate
formulas with the associated MPMs and clearly identifying the val-

ues of these underlying vital rates (as in Box 1).
3.4 | Indirectly calculating vital rates
Estimating vital rates often involves combinations of direct and indi-

rect measurements. Direct measurement empirically derives vital rates

from individual-based data where identified individuals are censused

multiple times, as in cohort life table studies, mark-recapture methods
and many quadrat studies of marked plants. However, vital rates can
be hard to observe in species with high offspring production, complex
phenology and/or small population sizes (Beissinger & Westphal, 1998).
Consequently, recruitment estimates are often supplemented into
MPMs from controlled conditions; examples include the laboratory
(Jouvet et al., 2018), greenhouse (Gontijo & Carvalho, 2020), zoo
(Clubb et al., 2009) and botanic garden (Jiménez-Valdés et al., 2010).
Since some MPM methods require a full life cycle to obtain key met-
rics (e.g. transient metrics: Stott et al., 2011), external study sites or
literature sources are often used to parameterize components of the
MPM to ‘close the loop’ in incomplete life cycles (Omeyer et al., 2021).
However, captive populations may not represent wild population dy-
namics (Clubb & Mason, 2003), particularly in regards to survival (Che-
Castaldo et al., 2021) or reproduction (Clubb et al., 2009).

Another method to indirectly estimate vital rates involves using
ex-situ methods to obtain upper and lower bounds on recruitment
(or other vital rates) and explore the parameter space within those
bounds. The approach was introduced by Caswell et al. (1998) in a
study of the effects of bycatch mortality on the harbour porpoise.
Age-specific survival and fertility schedules were selected from
other species with similar life cycles, re-scaled to match the longev-
ity of the harbour porpoise, and used to produce uncertainty dis-
tributions for population growth and the effects of the measured
bycatch. Reporting the distribution and associated parameters pro-
vide a measure of uncertainty from which to inform the construction
of an MPM (Tenhumberg et al., 2008). Furthermore, the use of hier-
archical models to estimate missing values and borrowing strength
from other populations or species may improve parameter estima-
tion (James et al., 2021; Tremblay & McCarthy, 2014).

And lastly, integrated population models represent a valuable
framework for indirectly estimating the demographic rates and pop-
ulation dynamics (size and structure) by combining data sources, par-
ticularly combining longitudinal individual data with population census
data (Plard et al., 2019; Schaub & Kéry, 2021). Integrated population
models allow for the construction of population models (including
MPMs) by (1) combining data sources, (2) defining a life history a priori
(this is often some form of stage-structured population model) and
(3) quantifying the maximum likelihood of demographic rates encoded
in the life history given the data sources. Integrated population mod-
els are particularly useful when uncertainty around data acquisition
is known (e.g. in capture-mark-recapture studies) (Riecke et al., 2019).

3.5 | Population vector

An estimate of the structure of the population, classified by age or
stage, is a useful piece of information when available, but it will only
sometimes be available. Current population structure provides a logical
starting point for projections of short-term and long-term population
viability (Werner & Peacock, 2019). Furthermore, using the popula-
tion vector (i.e. abundance and stage distribution) for projections helps
to account for the effects of transient dynamics, which measure the
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BOX 1 Example presentation of a hypothetical three-stage plant matrix population model (MPM) using a clear and
explicit presentation of data applicable to most MPM construction techniques.

(A) Matrix type

A simple deterministic density-independent matrix.*

*This free text field allows for the brief description of matrix type. If the matrix is structured by one variable the matrix is simple. If

not, the matrix is considered general (e.g. age x stage). Deterministic refers to if the demographic rates that build the MPM are held

constant (deterministic) or drawn from a distribution (stochastic). Density-independent versus density-dependent indicates if the

demographic rates are or are not influenced by population density.

(B) Life cycle diagram

(C) Census description

Census attribute

Census duration

Location (latitude-longitude)

Projection interval
Mode of reproduction

Census type

(D) Stage names and classification

Stage number

1

(E) Vital rate definitions

Vital rate
S

ij

N
N

«

Example

May 2021 to May 2022

Sheffield, UK (53°24'41.5"N 1°30'02.3"W)
lyear

Birth-pulse (taking place in June and July)

Pre-reproductive census

A recently germinated individual that has fewer than four leaves
and has not developed the radial rosette structure. The
leaves are less than three centimetres in length

An individual with a pronounced radial morphology in leaf
structure. The leaves are between three and six centimetres

An individual with a pronounced radial morphology and has the
ability to produce flowers. The leaves are greater than six

Stage name Classifying criteria
Seedling
Rosette
in length
Adult plant
centimetres in length
Definition

Probability of survival from class j to class i

Number of seeds per fruit

Number of fruits produced by an individual in size category x
Probability of reproduction of an adult in category x

Probability of seed germination and seedling survival across the
projection interval

Data source
Field site
Field site
Field site
Field site

Greenhouse
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BOX 1 (Continues)

(F) Vital rate values

Vital rate Estimate*
Sy, 0.400

S 0.850

Sas 0.900

N, 1000

N 2.000

B 0.300

P 0.005

Standard error** Sample size (individuals)***

0.100 80
0.050 160
0.020 160
150 80
300 80
0.040 200
0.001 500

*If these estimates are dependent on population size (i.e. density-dependence) or in response to an environment variable (i.e. environ-

mental stochasticity), the estimate should be communicated as a function (e.g. Sa3 ~ 0.9 + Bprecipitation X 001 where Bprecipitation ~ N(5, 1)).

Furthermore, if this is a point estimate, researchers should indicate if the values represent mean or median values.

**This measure of uncertainty may also be the estimate's standard deviation, variance or a confidence/credible interval at the discre-

tion of the researcher.

***Indicate if the unit of measurement/replication is at the level of individual organisms or at the level of groups (e.g. cohorts, colo-

nies, families).

(G) MPM formula (May 2021 to May 2022)

0
Sy 0
0 532

(H) Population vector (May 2021)

Stage Number
1 1350

2 550

3 300

N5><Nf3 X Py xP,
0

533

95% Confidence
interval*

1150-1550
530-570
290-310

*This measure of uncertainty may also be the estimate's standard deviation, variance or a confidence/credible interval at the discre-

tion of the researcher.

effect of nonstationary population structure on near-term population
growth rates (Capdevila et al., 2020). Reported population stage or age
vectors reflect two key components: the actual population structure
at the census in time t and the methodological choices. This second
component is critical to accurately represent the studied population.
Across the development and curation of COMPADRE and
COMADRE, we have noticed two sources of error that affect popu-
lation vector estimation. The first error is a detection bias, where re-
searchers identify certain st/ages with a higher rate of detection over
more cryptic stages (e.g. adult plants versus seed banks). The second
error is the misappropriation of methods used to quantify demographic
rates as a basis for estimating stage abundance. This second error
stems from a misunderstanding of the difference between estimating
rates and the estimation of numbers. To measure demographic rates,
researchers sometimes increase the sampling effort of certain st/age
classes over other st/age classes during a census. This differential sam-
pling effort across st/ages is particularly common when st/age classes

have survival probabilities close to its limits (i.e. 0 and 1). For instance,
in tree demography, there are typically only a few very large individ-
uals per area examined. Thus, oftentimes researchers supplement the
sample size of this category by sampling outside of the predefined area
(Jones & Hubbell, 2006). However, many types of demographic rate
estimation do not provide any information on numbers and structure.
Cohort life tables, that follow a cohort of individuals as they age, are
blind to the structure of the population in which the cohort develops.
Indeed, there may be no such population (e.g. the entire history of lab-
oratory cohort-based demography going back to Pearl in the 1920s
(Pearl et al., 1927)). Mark-recapture estimation of rates from longitudi-
nal data draws all its inference from the marked individuals and makes
no inferences about the number and structure of the unmarked. The
literature on mark-recapture methods for estimating rates recognises
that estimating population numbers is thus much more difficult than
estimating rates (Lebreton et al., 1992) and requires different mark-
recapture models (e.g. the inclusion of trap happiness/shyness in vital
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rate estimation). Therefore, if projection from an actual structure is
desired, that initial condition may be more appropriately measured in
a separate census, rather than extracted from the measurements of
rates that inform the MPM.

3.6 | Omitting cryptic life stages

The identification and estimation of vital rates in cryptic stages poses
a challenge in population ecology. Cryptic stages represent points
along an organism's life cycle that are somewhat hidden from or over-
looked by population ecologists when building population models
(Doak et al., 2002). A life stage could be cryptic because it is logisti-
cally challenging to observe or observable but indistinguishable from
a similar seeming class (Nguyen et al., 2019). In plants, cryptic stages
can emerge from seed banks for plants, such as orchids, where the
seeds are too small to be identified in the field (Paniw et al., 2017)
or some herbaceous perennials (e.g. Astragulus scaphoides) where pro-
longed periods of vegetative dormancy can allow individuals to stay
underground for one or more growing seasons (Gremer & Sala, 2013).
Additionally, animals can exhibit cryptic stages by undergoing dia-
pause or delays in development due to adverse environment condi-
tions (Aedes albopictus: Jia et al., 2016). Pelagic seabirds (albatrosses,
petrels, penguins) often spend pre-reproductive stages, sometimes of
many years durations, at sea, completely cryptic until returning to the
breeding colony as adults. Sophisticated multistate mark-recapture
methods can provide estimates of parameters for these parts of the
life cycle (e.g. Jenouvrier et al. (2018), using the multievent algorithm
of Choquet et al. (2009)). Omitting a cryptic life stage can reduce the
biological realism of an MPM and alter the number of stages in the
MPM, which can further impact demographic outputs (Salguero-
Goémez & Plotkin, 2010; Tenhumberg et al., 2009). In some cases, cryp-
tic life stages will only be identified via a multidisciplinary approach
including field and laboratory methods, coupled with Bayesian frame-
works to integrate data and prior knowledge (e.g. Paniw et al., 2017).

3.7 | One-sex versus two-sex models

Much of demography focuses on females, under the assumptions
that fertility is determined by females without limitation by males (see
Caswell, 2001, p. 568). Such models may include males (e.g. Hunter
et al., 2010), but if reproduction is determined by female rates (i.e. are
female-dominant), males represent a set of stages that do not con-
tribute to population growth. Most existing animal MPMs are female-
based and female-dominant (Salguero-Gémez et al., 2016) because,
given sampling biases towards mammals and birds (Conde et al., 2019),
it is oftentimes not feasible, or necessary for the research question, to
track male reproductive interactions (Archer et al., 2022). These stud-
ies typically assume a 1:1 sex ratio, sex-congruent vital rates and that
reproduction is not male-limited (Compagnoni et al., 2017; Miller &
Compagnoni, 2022). While one-sex models are common in animal
MPMs (currently 77% in COMADRE v. 4.21.8), care must be taken

to not make assumptions about sex-ratio dependent dynamics within
these systems (Archer et al., 2022) Indeed, these assumptions may not
be met when any of the following are true: there is a bias in sex ratio
(Archer et al., 2022), there is reproductive skew (Sky et al., 2022), or a
high sensitivity of population dynamics in response to mating choice
(Veran & Beissinger, 2009). Furthermore, sex-dependent detectability
can further confound estimates of sex-ratio and their associated im-
pacts on vital rates if not taken into account. Two-sex models that do
not assume dominance by one sex are nonlinear and require specifica-
tion of a mating function that describes fertility as a function of male
and female abundance (Caswell, 2001). Defining such mating func-
tions is generally difficult or impossible, except in the particularly easy
case of strict monogamy (Jenouvrier et al., 2010).

Reporting sex ratios can greatly expand the scope of a study (Shyu
& Caswell, 2016a, 2016b); for example evaluating the impact of sex
ratio and the Allee effect (Boukal & Berec, 2002). Unfortunately,
this reporting is rarely done in work archived in COMPADRE and
COMADRE. Moreover, if there are differences in vital rate values be-
tween sexes, such as survival, growth, and/or reproductive output, a
one-sex MPM may neglect important processes (Archer et al., 2022;
Caswell, 2001, p. 568). In plants, reporting two-sex dynamics is even
more rare (0.2% in COMPADRE v. 6.22.5). However, this low percent-
age likely reflects the rarity of dioecy or other mating systems with
two or more sexes in plants (Kafer et al., 2017) and the commonness
of polygamous mating systems which makes male-limited reproduc-

tion rare (see Compagnoni et al., 2017; Miller & Compagnoni, 2022).

3.8 | Irreducibility and ergodicity

The property of irreducibility has implications for the eigenvalue
spectrum of a matrix, and hence biologically relevant outputs (e.g.
population growth rates, stable stage structures). These implications
are well known in the literature on MPMs (Caswell, 2001). An irre-
ducible matrix is one in which the life cycle graph is completely con-
nected; that is, there exists a direct or indirect path from any stage
to any other stage. It is sometimes asserted that reducible MPMs are
somehow invalid; they are not. There are (at least) four situations in

which reducible matrices naturally occur.

1. Life cycles with post-reproductive stages. The post-reproductive
stages can make no contribution to the potentially reproductive
stages (e.g. MPMs for humans, orcas).

2. Two-sex models with dominance by one sex (usually females, but
could be male). In a female-dominant model, all reproduction is
credited to females. Males are produced by females, but make
no contribution to the female part of the life cycle (e.g. Hunter
et al. (2010) for polar bears).

3. Spatial models in which dispersal is one-directional, as in river sys-
tems or oceanic currents.

4. Agexstage-classified models (Caswell, 2009; Caswell & Salguero-
Gomez, 2013). In these models, reproduction produces (by
definition) individuals in age class 1, but the model includes all
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combinations of age and stage, including impossible combinations

of age class 1 and stages that do not exist at age 1.

Reducibility may or may not be easy to spot from the life cycle
graph, but it can be tested numerically. The matrix A is irreduc-
ible if and only if the matrix (I+A)*~
Irreducibility, together with primitivity, is a sufficient condition for

s positive (Caswell, 2001).

ergodicity, guaranteeing that the population will converge to the
same stable structure regardless of the initial condition. A reducible
matrix may not have this property; clearly, for example, a population
started with only post-reproductive individuals will not converge to
the same structure as one started with some pre-reproductive indi-
viduals. With regard to ergodicity, it is also known that an MPM is
ergodic if and only if all entries of its dominant left eigenvector (v)
are positive (Stott et al., 2010). In short, despite appropriate model
structure and correct parameterisation, demographic data may lead
to reducible and/or nonergodic matrices.

4 | FULL REPRESENTATION OF AN MPM
IN PUBLICATIONS

In this section, we justify the need for clear presentation of MPMs
in the scientific literature, suggest where to archive MPMs open-
access, and discuss how these two actions benefit the original
authors, publishing journal, readers, comparative demographers,
meta-analysts and the discipline at large. A table containing corre-
sponding data to include when publishing MPMs along with a ra-
tionale for inclusion and examples of good practice can be found in
Table S1.

4.1 | Partitioning demographic processes
It is important to define what each matrix element in an MPM

represents. Various demographic processes can overlap into the

same matrix element in an MPM, particularly in species with a fast

A

and/or plastic lifecycle relative to the MPM projection interval. For
example, the value in an MPM that represents the link between
large individuals at time t and smaller individuals at time t+1
might correspond to sexual reproduction, clonal reproduction,
fission, retrogression, or a composite of multiple processes. The
mathematical derivations of key life history traits (e.g. generation
time, life expectancy, rate of senescence, degree of iteroparity) re-
quire that these processes be clearly separated (Jones et al., 2022).
This is critical for the family of analyses based on Markov chains;
the matrix U defines the transient state transitions in an absorbing
Markov chain (Caswell, 2011, 2013). By reporting the underlying
demographic rate structure in a life cycle diagram and its conse-
quent full matrix population model A, one can separate matrices
into survival-dependent processes (e.g. progression/growth, ret-
rogression/shrinkage, fission, fusion, stasis) in the submatrix U,
sexual reproduction in the submatrix F and clonal reproduction in
the submatrix C (Figure 4). Importantly, both F and C submatrix
elements must incorporate survival according to census type (i.e.
pre-/post-reproductive census).

Reporting the matrix A as well as the submatrices U, F and C lends
two key benefits: (1) explicitly indicates how the values in A are gen-
erated from underlying vital rates; and (2) the submatrices can be
used to calculate a vast plethora of demographic measures that can-
not be calculated from A alone, such as longevity (mean and vari-
ance), occupancy times (means and variances), lifetime reproductive
output (means and variances), net reproductive rate, generation time
and entropy (Keyfitz entropy (Keyfitz, 1968) and Demetrius' entropy
(Demetrius, 1992)) just to name a few.

4.2 | Attribution of secondary data sources

Secondary data sources are critical for reproducibility. These data
sources provide information and support for methodologies used in
MPM construction. In some cases, MPMs simply use secondary data
to complete the life cycle, whereas others are constructed purely

from secondary sources (see Table S1). Secondary sources include

F C

02 05 22 0.2 0.1 04 1. 8 0.4
02 03 02|=1(02 03 0.1}+ 0.1
04 0.6 04 0.6
MPM Submatrices
I:l 1 Demographic rate l:l Growth rsee;rgzluction ?elgroaclluction

El >1 Demographic rate E] Stasis

I:] Retrogression / shrinkage

FIGURE 4 Decomposing an MPM into its submatrices allows for the isolation for otherwise masked vital rates. Matrix A represents the
MPM. Since individual transitions can be represented by multiple demographic rates (e.g. retrogression, sexual reproduction and clonal
reproduction), decomposing A into its U, F and C submatrices allows for targeted demographic inference about what demographic transitions

are driving the dynamics of the population.
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previous studies, data from databases, simulations, indirect observa-
tions and theoretical estimates. The use of secondary data sources
may mean that the final MPM does not accurately represent vital
rate trade-offs, and so should be recognised in the methods sec-
tion of the publication or its Supporting Information. Sufficient com-
munication of secondary sources includes the source of the data,
whether a point estimate, confidence interval, or distribution was
integrated with the primary data source as well as the rationale for
their inclusion. For example, Omeyer et al. (2021) presents a table of
data sources used in construction of the MPM. If these secondary
sources are not recognised in tandem with the MPM, the inferred
demographic processes, however realistic they may be, may not pass
peer review nor uptake by the scientific community. In turn, clear

communication of these secondary sources is highly recommended.

4.3 | Archival of information in COMPADRE
and COMADRE

We propose that the COMPADRE and COMADRE matrix databases
provide the most appropriate way of archiving and accessing MPMs.
While we recognise that there are other ecological database reposi-
tories (e.g. dryad: https://datadryad.org/; figshare: https://figshare.
com; zenodo: https://zenodo.org), the open access COMPADRE and
COMADRE databases (https://compadre-db.org/Contribute) pro-
vide a dedicated data archival platform, specifically for MPMs, al-
lowing direct contributions from researchers as well as digitization
of published MPMs by our data validation teams. The web-based
data entry portal provides a structured data curation process (i.e.
from screening, to standardisation, to validation) that can accom-
modate MPMs of different dimensions and for diverse life histories.
On entry, MPMs are complemented with relevant biogeographic
variables and details on census methodology in COMPADRE and
COMADRE. Details of the original publication, including DOI and
citation functionality (see https://compadre-db.org/Education/artic
le/obtaining-references), are stored alongside each MPM to ensure
that their contribution towards any future publication is recognised.
All data are archived long-term through Oxford Open Access and
Bodleian Library support.

Other recent enhancements to COMPADRE and COMADRE
will further aid the research community. Previously, the databases
were only accessible via download of an R-object file which con-
tained all matrices in that version of the database. The database is
now accessible via a queryable website (https://compadre-db.org/
QueryDatabase) that allows users to find and download individual
matrices. We also strive to empower researchers and educators
with teaching materials (https://compadre-db.org/Education) and
the production of new r-packages (Jones et al., 2022) for ease and
scalability of MPM-related research. Along with these materials,
all details of the database structure and workflow are open-access
(https://jonesor.github.io/CompadreGuides/user-guide.html). These
improvements to the databases and their interface structure have
been directly targeted to equip demographers with more tools to

conduct research with and train students on MPMs along with in-

creasing database transparency to ensure best research practices.

5 | ASTANDARD PROTOCOL FOR
REPORTING MPMS

Here, we introduce a proposed checklist for how to report an MPM
in publications (Box 1). We recommend using the checklist when
designing data collection as well as when writing up the MPM for
publication. We recommend using this template as Supporting
Information for published MPMs as it allows for the clear communi-
cation of model construction in addition to ease in integrating pub-
lished MPMs into the COMPADRE and COMADRE databases.

6 | THE THEORY DOES NOT STAND
STILL: NONLINEARITY, ENVIRONMENT-
DEPENDENCE AND MULTISTATE MODELS

MPMs have become a predominant approach in the toolbox of popu-
lation ecologists partly due to their simplicity of construction and
analysis. But the theory underlying matrix-based demography does
not stand still, and in the last 20years it has enlarged dramatically.
These new methods produce models whose structure does not fit
into the frameworks for reporting that seemed so comprehensive in
the past. These recent advances in MPM theory and methods, enable
researchers to link population dynamics and demography to envi-
ronmental conditions and multiple individual traits (e.g. sex and age
(Childs et al., 2016); age and kinship (Caswell, 2019b, 2020)) rather
than a single trait. These advances also offer benefits for the study of
population responses to extreme climate (Jenouvrier et al., 2022), as
well as more nuanced investigations of comparative and evolutionary
demography (Childs et al., 2016). In turn, in this section, we overview
some exciting areas of structured demography that can open novel
research questions for the modern demographer and list some of the

challenges they pose for communication and reporting.

6.1 | Nonlinear dynamics

Nonlinear MPMs are those in which entries of the projection matrix
depend on the population state (numbers and structure) and may
be frequency- or density-dependent. Frequency-dependent non-
linearities depend only on the relative abundance of stages; they
occur in two-sex models in which mating depends on the relative
abundance of males and females, and in population genetic models
where dynamics depend on the relative abundance of genotypes
(de Vries & Caswell, 2019). Density-dependent models depend on
the abundance and structure of the population; recent examples
include Pardini et al. (2009) and Shyu et al. (2013) for analyses of
control strategies for garlic mustard Alliaria petiolata and de Vries
etal.(2020) for laboratory studies of pesticide resistance in Tribolium.
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The analysis of nonlinear MPMs focuses on demographic out-
comes different from those of linear models; equilibria, attractors,
bifurcations, oscillations and stability (see Caswell, 2001, Chapters
16 and 17, and Cushing et al., 2003 for the most detailed analysis
yet). However, what makes these models problematic for the current
status of COMPADRE and COMADRE is that the unit of the model
is not a matrix, but rather a matrix function, in which the entries of
the projection matrix are functions of the state of the population.
Sensitivity analyses are available to study pretty much any demo-
graphic outcome in response to any parameter (Caswell, 2019a),
but reporting the functions that define the MPM is not at all
standardised.

6.2 | Environment-dependence

A similar problem arises in environment-dependent MPMs. In such
models, some or all of the demographic rates are functions of some
aspects of the environment; for example, polar bears as functions of
statistics of Arctic sea ice (Regehr et al., 2010), sifaka as functions
of rainfall (Lawler et al., 2009), the emperor penguin as a function
of seasonal sea ice patterns in the Antarctic (Jenouvrier et al., 2012)
and the North Atlantic right whale as functions of time and of trends
in time (Fujiwara & Caswell, 2001). As with nonlinear MPMs, the
model is not a matrix, but a function that maps from the environ-
mental variable(s) to the entries in the matrix. Protocols for reporting

such functions are not yet available but are important to develop.

6.3 | Multistate models

An exciting emerging area of demographic research is the construc-
tion and analysis of multistate MPMs, in which individuals are clas-
sified by more than one state variable. This includes age and stage
(Caswell & Salguero-Gomez, 2013), stage and spatial location (Hunter
& Caswell, 2005), stage and genotype (de Vries & Caswell, 2019),
stage and infection status (Klepac & Caswell, 2011), age and un-
measured heterogeneity (Hartemink et al., 2017), and stage-specific
incidence of disease (Caswell & Van Daalen, 2021). A detailed pres-
entation of the methods is given in (Caswell et al., 2018) and the ex-
tension to more than two state axes (so-called hyperstate matrices)
is given in (Roth & Caswell, 2016). The incorporation of additional
states enables researchers to tease apart various sources of individ-
ual heterogeneity, the variance of life history outcomes for individu-
als from the same population model, and to ask deeper comparative
and evolutionary questions. For example, maternal age has a strong
impact on vital rates in monogonont rotifers (Bock et al., 2019).
Applying vec-permutation methods (Caswell, 2012) to build multi-
state MPMs has allowed researchers to quantify the population-
level impacts of the observed maternal age effect and to investigate
the evolutionary processes that can lead to this type of senescence
in rotifers (Herndndez et al., 2020). Multidimensional MPMs and
Markov chain approaches have been particularly important in the

study of ‘luck’ in life histories, which explores why some individuals
live long and prosper, while others do not (Snyder & Ellner, 2018).
In studies of ‘luck’, variance among individuals for a life history out-
come is partitioned into contributions from between-group and
within-group variation (e.g. Snyder & Ellner, 2018; van Daalen &
Caswell, 2017). Examples of sources of individual heterogeneity in-
clude maternal age (van Daalen et al., 2022), birth-year environment
(Snyder & Ellner, 2022), and genetic variation (Steiner et al., 2021).
The within-group variation is called individual stochasticity or ‘luck’
and arises from the fact that vital rates are probabilistic processes.
These models pose a challenge for reporting because the MPM
consists not of a single matrix, but of four sets of matrices. Consider
an age x stage-classified model. It is composed of a set of matrices
giving transitions among stages for each age class, a set of matrices D
giving age transitions for each stage, a set of matrices F giving stage-
specific fertility for each age, and a set of matrices H that allocate
newborn offspring to the appropriate ages. These are assembled
into block structured transition and fertility matrices from which all
the usual demographic outcomes can be calculated and related to
both age and stage (e.g. see Caswell and Salguero-Gémez (2013) for

an analysis of selection gradients for both age and size).

7 | DISCUSSION

Demographic research has come a long way since the introduc-
tion of age-based (Leslie, 1945) and stage-based matrix models
(Lefkovitch, 1965). Advances in this field have been fuelled partly
by clear communication of methods and associated code. We aim to
continue this expansion with MPM communication.

As the depth and breadth of the literature continues to expand,
we are starting to build a comprehensive picture of demography
across the spectrum of life (Adler et al., 2014; Healy et al., 2019;
Salguero-Gémez et al., 2017). Through the work of the COMPADRE
and COMADRE databases, we have come to appreciate the util-
ity and opportunities of a standardised way of compiling MPMs.
Indeed, a significant portion of the time (>50%) we spend curating
these databases is actually not on digitising, error-checking, and
complementing data, but on contacting authors for clarification and
request of missing data and metadata. Through this arduous pro-
cess, we have identified valuable—yet typically missing—information
in MPMs. Whilst the missing data highlighted here as being partic-
ularly important primarily reflects the interests and perspectives of
comparative demographers, including the data outlined in the stan-
dardised method would benefit demography as a whole.

This paper intends to act as a useful reference for authors, ed-
itors, reviewers, managers/conservationists and comparative de-
mographers. Furthermore, we hope this manuscript will promote a
constructive discussion on the purpose, construction and presen-
tation of stage-based demographic information. Box 1 contains a
comprehensive example of the key information we believe should
be incorporated into the publication of any MPM. Should the meth-
ods suggested here be adopted, there will be clear benefits for the
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growth of the COMPADRE and COMADRE demographic databases;
however, we believe these benefits extend beyond COMPADRE and
COMADRE users towards the whole field of population ecology
and fields that use MPMs for their own inference (e.g. conservation
biology and biodiversity monitoring). A greater level of detail and
transparency when describing how and why an MPM is produced
will result in greater accuracy, accessibility, reproducibility and
citability—this has clear benefits to the field as a whole and to in-
dividual researchers. In addition, greater consistency and transpar-
ency facilitates peer review, and indeed, these guidelines may offer
a tool that can be cited by associate editors and peer-reviewers who
may frequently advocate some (or all) of the steps suggested herein.
Furthermore, adoption of the steps suggested here may increase
confidence in the results presented and facilitate learning/uptake of
MPMs by early career researchers.

Finally, we close with a caution. We have used the term ‘accu-
rate’ at points throughout this paper, applied to MPMs, but we must
acknowledge that there is no such thing as an accurate model, be it
an MPM or any other type. A model is a series of choices, choices
of aspects that are included and aspects that are neglected. Model
selection techniques such as AIC (Anderson & Burnham, 2002) make
these choices explicit and measure their support in terms of like-
lihood. But even without using the explicit statistical method, the
message is clear. Choices of i-state variables, of projection intervals,
of types of time variation, of functional dependence on a chosen set
of environmental factors and so forth, all of these are inaccurate.
The point is not to seek for accuracy: it is to be clear about communi-
cating the choices you made in constructing the model, the analyses
you chose to apply and the interpretation of the results. An ‘accu-
rate’ model of an ecological system, experimental or observational,
would be as complicated as the real system. That does not end well
(Borges, 1999).
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