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Abstract
Species’ abundances and distributions are studied using population models. Models are
simplifications and rely on assumptions and justifications of the model structure, i.e., which
ecological processes and interactions are important to include, and which are excluded. It is
important to evaluate how these assumptions and justifications are translated to model outcomes,
such as population growth rate, which are then used both in conservation biology and evolutionary
ecology.
I studied how incomplete demographic information affects the ecological modelling of plants
with hidden stages (dormancy). Using long-term demographic data of four species I investigated
how model assumptions, model structure or limitations of data sets affects the estimates of vital
rates (e.g., survival, reproduction). Furthermore, I constructed population models based on
incomplete information and assessed how the model outcomes, such as population growth rate,
were affected. Finally, I discussed how the results affect the ecological and evolutionary
interpretations of the models in plants.
My results showed that many ecological parameters are robust to incomplete demographic
information. Population growth rate, generation time and net reproductive rate were only
moderately or not at all affected by assumptions about plant dormancy or whether we use data of
known age, stage or both. However, other model outcomes (reproductive values, sensitivity of
population growth rate to vital rates) were affected. On the other hand, if the main interest is to
study vital rates, missing demographic information can affect the results. For example, estimates
of survival depend on the assumptions we make about the fate of dormant plants (dead or alive).
Also, studying senescence (decrease in vital rates with age) without knowing the age of plants
(age-from-stage method) does not always reveal a true pattern of age-dependence. Furthermore, it
is not always possible to replace a long-term data set with a shorter time series from several sites
when investigating relationship between environmental drivers and vital rates.
Altogether, additional demographic information could produce more reliable estimates for
demographic parameters, but even simplified population models can be sufficient to study ecology
of plants when resources are limited or when information is out of reach.

Keywords: age-from-stage, ecological modelling, environment, matrix population
model, prolonged dormancy, senescence, vital rates

Alahuhta, Kirsi, Demografisen aineiston puutteiden vaikutukset mallinnettaessa
maan alla piilevien kasvien ekologiaa.
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Luonnontieteellinen tiedekunta
Acta Univ. Oul. A 746, 2020
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä
Lajien yleisyyteen ja levinneisyyteen vaikuttavia tekijöitä voidaan tutkia populaatiomallien avulla. Mallit ovat yksinkertaistuksia, jotka nojaavat oletuksiin ja siihen, mitkä ekologiset prosessit
ja vuorovaikutukset on sisällytetty malliin. Populaatiomallien ennusteita, kuten populaation kasvukerrointa, hyödynnetään niin suojelubiologiassa kuin evoluutioekologiassakin. Tämän vuoksi
tulisikin arvioida populaatiomallin oletusten ja valitun rakenteen mahdollisia vaikutuksia mallin
ennusteisiin.
Tutkimuksessani selvitin, kuinka demografisen aineiston puutteet vaikuttavat maan alla piilevien kasvien ekologian mallintamiseen. Tutkin, kuinka oletukset, mallin rakenne tai aineiston
rajoitukset vaikuttivat kasvin elinkiertoparametreihin, kuten todennäköisyyteen pysyä elossa tai
jälkeläistuottoon. Analysoin myös, miten puutteellinen demografinen aineisto vaikutti populaatiomallien ennusteisiin, kuten populaation kasvukertoimeen. Lopuksi pohdin, miten tulokset vaikuttavat kasvien malleista tehtäviin ekologisiin ja evolutiivisiin tulkintoihin.
Tulokset osoittavat, että monet lajien ekologiaa kuvaavat suureet eivät ole herkkiä aineiston
puutteille. Populaation kasvukerroin, sukupolven pituus tai elinikäinen jälkeläistuotto riippui
vain vähän tai se ei riipu lainkaan kasvien tilasta tehdyistä oletuksista tai siitä, perustuuko malli
kasvin ikään, tilaan tai molempiin. Toiset mallien ennusteet, kuten lisääntymisarvo ja kasvukertoimen sensitiivisyys mallin parametreille, olivat herkempiä. Toisaalta aineiston puutteet voivat
vaikuttaa elinkiertoparametrien estimaatteihin. Esimerkiksi elossa säilymisen todennäköisyys
riippuu siitä, mitä oletamme maan alla piileville kasveille tapahtuneen (onko se kuollut vai elossa). Vastaavasti kasvin ikääntymisen vaikutusta elinkiertoparametreihin ei aina voida mallintaa
luotettavasti, jos kasvin ikä johdetaan kasvin tilaan perustuvasta mallista. Lisäksi ympäristötekijöiden ja elinkiertoparametrien suhdetta mallinnettaessa aikasarjan pituus voi olla kriittinen tekijä, jota ei välttämättä voi kompensoida mittaamalla lyhyempiä aikasarjoja useammasta populaatiosta.
Vaikka tarkempi demografinen aineisto tuottaisikin luotettavampia tuloksia demografiaa
kuvaaville lukuarvoille, yksinkertaistetumpi populaatiomalli voi olla riittävä – etenkin, jos
resurssit ovat rajalliset tai tarkentavaa tietoa ei ole mahdollista kerätä.

Asiasanat: dormanssi, ekologinen mallintaminen, elinkiertoparametri, elinympäristö,
ikääntyminen, populaation matriisimalli, tilaluokitellusta aineistosta johdettu
ikäluokiteltu matriisi
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1

Introduction

Understanding the relationships that determine the distribution and abundance of
species is the main task in ecology (Krebs, 2009). Population models are versatile
and widely used tools to understand the interactions that govern the distribution
and abundance of species in general, not solely plants. They are used, for example,
to study how climate change affects population dynamics (Ehrlén, Morris, von
Euler, & Dahlgren, 2016), or to assess the viability of endangered species (Crone
et al., 2011). On the other hand, population parameters, such as population growth
rate and mean life-time offspring production, can be used in evolutionary contexts,
for example to evaluate the optimal age at maturity (Stearns, 1992). Population
growth rate can also serve as a measure of absolute fitness for a sample of
individuals sharing the same phenotypic or genetic traits and this absolute fitness
in relation to other groups in a population (relative fitness), indicates which traits
are selected for or against (Charlesworth, 1980; Fisher, 1958; Stearns, 1992).
Population growth rate is also used to evaluate the adaptive significance of traits in
relation to various environmental conditions and therefore provides a powerful tool
for optimisation and game theory models in evolutionary ecology (for example
optimal germination rate, Roff, 2002). Ideally, a population model should lead to
unbiased conclusions about the dynamics and the future performance of the
population; whether the results are utilised to design appropriate management
actions in conservation biology (Ramula & Lehtilä, 2005) or in the evolutionary
context described above.
However, real world ecological systems are usually simplified when
constructing a population model and the complexity of a model depends on the
question we are trying to answer (Kokko, 2007). Consequently, all population
models have underlying assumptions, which can be based on the judgement that
some processes will have negligible effect on the biological system we are studying
(Kokko, 2007). But sometimes assumptions are forced by necessity: there might be
no feasible way to collect information about the processes affecting population
dynamics. For example, individuals may be unobservable if they have hidden life
history stages. Or we cannot determine the age of an individual in an indestructible
way. Nevertheless, the underlying assumptions and model structure can affect the
model’s predictions or outcomes, for example population growth rate (e.g., Ramula,
Kerr, & Crone, 2020; Ramula, Rees, & Buckley, 2009), and the effect may vary
depending on the ecological context and the life history strategy of species.
15

1.1

Matrix population models

In ecology, distribution and abundance of species are modelled in several ways.
The simplest way is a count-based population model, where one collects count data
of individuals through time and space, which allows determining the population
growth rate over a time interval and predicting future population size (Morris &
Doak, 2002). When we want to study processes behind observed changes in
population size, we must collect individual-based information. If we know the
number of births and deaths, we can use an unstructured population model to
predict abundances, and link external drivers, such as climate or density to birth
and death rates (Silvertown & Charlesworth, 2001). In a structured population
model, individuals in a population are classified by age, size or some other
characteristics which divides individuals into groups with different demographic
rates (Lotka, 1925). Matrix population models are discrete-time structured models,
based on the life cycle of a species (Fig. 1) where transition rates between stage or
age classes are presented as matrix elements (Caswell, 2001; Lefkovitch, 1965;
Leslie, 1945). Transition rates can be broken into conditional probabilities
(hereafter vital rates): survival, probability of growing given survival, probability
of flowering given growing etc. (Morris & Doak, 2002). Integral population models
(IPMs) can be considered as a continuous version of matrix models: continuous
traits (e.g., size), not only discrete stages, are used for classification of individuals
(Merow et al., 2014).
In a structured (stationary) deterministic population model, we assume no
between-year variation in vital rates, and a population grows at a constant rate
(deterministic (asymptotic) population growth rate λ) in a constant environment
(Caswell, 2001). In a structured stochastic population model, vital rates (or
transition rates) can vary due to stochasticity in the environment or the fates of
individuals can vary due to the randomness of life-history processes (i.e.,
demographic stochasticity) (Caswell, 2001) (Fig. 1). Non-linear population models
incorporate feedback mechanisms, such as density-dependence in vital rates or
transition rates (Caswell, 2001) (Fig. 1). Matrix population models allow us to
study the importance of a life-cycle transition (or a vital rate) to the population
growth rate (Caswell, 1978; de Kroon, Plaisier, van Groenendael, & Caswell, 1986)
or to investigate how life cycle trade-offs (covariation between vital rates) affect
population growth rate (van Tienderen, 1995). We can also incorporate both
environmental and demographic stochasticity into transition rates and vital rates

16

(Fig. 1) (Caswell, 2001). In recent decades, the number of studies linking
environmental drivers to demography of plants has increased (Ehrlén et al., 2016).

Fig. 1. Modelling population dynamics of a plant species with a stage-based matrix
population model. The life cycle of the species consists of nodes which represent lifehistory stages: s = seedling, v = vegetative and f = flowering. Black arrows represent
stage transitions. Red arrows represent possible life-history interactions. Each
transitions rate corresponds with one element in the projection matrix: G = surviving
and growing to the next stage, P = surviving and remaining in the same stage, S =
surviving and shrinking to the previous stage, F = fertility in the flowering stage
(Caswell, 2001). The figure is modified from Ehrlén (1999, p. 31) and Caswell (2001, p.
58).

In plants, matrix models are used for both basic research and for management
purposes, and the use of matrix models has increased in recent decades (Crone et
al., 2011). For example, in the COMPADRE-data base there are over 8900 matrix
population models from previous studies for 784 plant species
17

(https://www.compadre-db.org/, accessed March 6, 2020). Matrix population
models are a versatile tool to extract life-history summaries such as generation time,
reproductive values, net reproductive rate, population growth rate, elasticity and
sensitivity of population growth rate to transition rates or vital rates. Population
growth rate (λ) describes the relative change in population size over a chosen time
interval (e.g., one year). It can be derived as a dominant eigenvalue of the projection
matrix (Caswell, 2001, pp. 83–86; Leslie, 1945) and can be interpreted as a measure
of absolute fitness for a population of individuals having the properties defined in
the population model: survival, growth and reproduction (Charlesworth, 1980;
Fisher, 1958). Net reproductive value R0 is the mean number of offspring produced
by an individual during its life time (Fisher, 1958, p. 25) and it can be used as an
average measure of absolute fitness for individuals in a population (Fairbairn &
Reeve, 2001, p. 31). Generation time (T) is defined here as a time required for a
population to increase by R0 (Coale, 1972, p. 18; Dublin & Lotka, 1925) and a mean
age of parents with overlapping generations (Caswell, 2001, p. 129; Coale, 1972,
p. 18; Leslie, 1945). Generation time is linked to the rate of molecular evolution in
plants: species with longer generation times have lower rates of molecular
evolution and vice versa (Smith & Donoghue, 2008). Life expectancy is the
expected mean age of death for a new-born or for an individual after reaching a
stage or an age (Caswell, 2001, p. 120; Tuljapurkar & Horvitz, 2006). Reproductive
value is the expected number of offspring produced by an average individual in
each stage or age, and it is usually represented as a present value of future offspring,
i.e., scaled to one for the first age or stage class (Fisher, 1958, p. 27). In sensitivity
analysis we investigate how population growth rate changes due to an infinitely
small absolute change in a transition rate (or vital rate) (e.g., Caswell, 1978) and in
elasticity analysis we investigate proportional sensitivities; what is the proportional
change in population growth rate due to an infinitely small relative change in
transition rate or in vital rate (Caswell, Naiman, & Morin, 1984; de Kroon et al.,
1986). Elasticities are more comparable than sensitivities when transition rates
have different orders of magnitude (Caswell, 1978). In sensitivity and elasticity
analyses we usually assume that just one parameter changes at a time while others
remain constant (but see van Tienderen, 1995 for integrated sensitivities and
elasticities accounting covariation among vital rates).
In general, extracting accurate life-history summaries of matrix models
requires accurate estimates of vital rates (or transition rates). We need information
about individuals within a population (age or/and stage, size, fertility, sizes of
offspring, seed germination, existence of a seed bank). This is achieved by setting
18

up fixed study areas (plots or transects) and marking all individuals within each
study area, which is then censused annually (Morris & Doak, 2002). Vital rates and
transition rates could be obtained directly from observed numbers or using
statistical methods. The latter allows regressing rates against explanatory variables,
such as the previous life-history stage, age or environmental drivers.
1.2

Hiding plants

Monitoring plants seems a quite straightforward and easy task, since they cannot
move. However, some perennial plants can escape in time; they can stay
belowground during one or even several growing seasons. This hidden life-history
stage is called prolonged dormancy (Lesica & Steel, 1994) (adult whole-plant
dormancy (Shefferson, Kull, & Tali, 2005), vegetative dormancy (Shefferson,
2009)). In general, dormancy in plants is a process that inhibits growth in a plant’s
apical meristems; in seeds, tubers, bulbs and buds, both vegetative and reproductive
(Lang, 1996). However, in this thesis dormancy refers to prolonged dormancy.
Prolonged dormancy has been recorded in various species and families and many
of these species belong to the family Orchidaceae (Reintal, Tali, Haldna, & Kull,
2010; Shefferson et al., 2018).
What makes plants remain dormant? Gremer, Sala and Crone (2010) suggested
two alternative hypotheses: (1) unfavourable conditions induce prolonged
dormancy or (2) plants lack resources to grow aboveground tissue. They showed
that in Astragalus scaphoides, dormant plants lack mobile carbon in the beginning
of the growing season, but plants can compensate for this shortage through
remobilization of structural carbon resources by the end of the growing season.
Low carbon resources inhibits growth either directly (material depletion for tissue
growth) or indirectly (signalling pathway interrupted) (Gremer et al., 2010).
According to Gremer et al. (2010), hypotheses of internal and external induction of
dormancy (1 and 2 above, respectively) are not necessarily competing, but
complementary; external conditions affect the resources of plants which in return
induce prolonged dormancy.
So, some plants stay dormant, but what for? One possible answer is that
prolonged dormancy is a life-history strategy, which on either the population or
individual level increases the future performance. Some studies have indicated that
a plant does not necessarily lose against emergent plants while remaining
belowground when considering the resource levels (Gonneau et al., 2014; Gremer
& Sala, 2013; Gremer et al., 2010). Whether there are costs in terms of future
19

performance (growing, re-emerging, flowering) depends on species, and the
developmental stage and size of a plant (Hurskainen et al., 2018; Jäkäläniemi,
Crone, Närhi, & Tuomi, 2011).

Fig. 2. Demographic monitoring of a species with prolonged dormancy and how it
translates to data in various methods used. We can make different assumptions about
dormancy, i.e., plants that are not seen during a census. For example, we can assume
that a plant dies during the first or the second year belowground, if not seen to reemerge after a certain number of years. In the present-absent approach, information is
transformed into binary form: a plant is either present (1) or absent, i.e., not seen (0). In
the multistate approach those plants that are present can have several stages.
Abbreviations: V = vegetative, F = flowering, D = dormant, X = dead, 0 = absent, 1 =
present. Drawing: E. Alahuhta.

Nevertheless, dormant plants are losing by the number of offspring produced in
that year. In a stable environment, the best strategy would be to grow and reproduce
when the minimum required stage or size has been reached (Tuljapurkar, 1990). In
a stochastically varying environment, a strategy which, for example, extends the
environmental risk in fecundity and survival over a longer period might result in a
greater geometric mean and smaller variance of population growth rate (Childs,
Metcalf, & Rees, 2010; Slatkin, 1974; Tuljapurkar, 1990). It is suggested that
dormancy could act as a bet-hedging strategy (Gremer, Crone, & Lesica, 2012;
Herrick & Fox, 2011), and increase the fitness through delayed reproduction
(Jäkäläniemi et al., 2011), higher survival (Gremer & Sala, 2013) or delayed
senescence (Tuomi et al., 2013). One recent hypotheses proposed by Shefferson,
20

Warren and Pulliam (2014) is that costs resulting from sprouting (instead of
dormancy) reduce the future fitness of plants and therefore dormancy could have
evolved, and some evidence to support that hypothesis has been found (Shefferson
et al., 2018).
All the above shows that dormancy is intriguing and there are still some
questions to be answered. One question is methodological: to quantitatively
evaluate the costs of dormancy, we should be able to estimate separate vital rates
for emergent and dormant plants. However, this is not always possible, especially
for stage-dependent survival, since in some cases we cannot distinguish dead plants
from those in dormancy (Fig. 2). Usually dormancy is determined by later
emergence (Lesica & Steel, 1994) as in figure 2. The plant disappears in year 4, reappears in the next year, hence it was dormant in year 4. However, after year 5, its
fate is unknown, since it is not seen to emerge anymore.
In some rare cases it is possible to separate dormant plants from the dead ones
(e.g., Gremer & Sala, 2013; Gremer et al., 2010; Juárez, Montaña, & Franco, 2014).
But if this is not possible, how do we handle the incomplete information about those
plants that disappear? Several methods have been used in recent years (Table 1).
One way is to make assumptions about the fates of disappearing plants: if a plant
is not seen after a certain number of years, it is assumed dead, either in the first
year of disappearance or later (Fig. 2). Usually, some measure of central tendency
and distribution of the length of dormancy bouts is used to decide how long a plant
can stay belowground and survive. After the assumption is made, vital rates can be
regressed with fixed or/and random factors using, for example, generalized linear
models (GLMs), generalized linear mixed models (GLMMs), or generalized
additive models (GAMs) (Gremer et al., 2012; Gremer & Sala, 2013; Jäkäläniemi
et al., 2011; Lesica, 1999; Lesica & Crone, 2007; Shefferson, Kull, Tali, & Kellett,
2012; Tenhumberg, Crone, Ramula, & Tyre, 2018; Tuomi et al., 2013). There are
limitations though: if we assume plants dying in the first year of disappearance, we
cannot estimate survival of dormant plants, and if we assume plants dying in the
second or subsequent years of disappearance, we cannot estimate survival of
emergent plants (Fig. 2). In other words, either dormant or emergent plants are
assumed to be immortal. If we want to avoid the assumptions above, we can use
the mark-recapture method for open population (Cormack-Jolly-Seber, CJS) where
the information of plants’ fates over several years is in a binary form: emergent (1)
or disappeared (dead or dormant) (0) (e.g., Alexander, Slade, & Kettle, 1997;
Shefferson et al., 2005; Shefferson, Sandercock, Proper, & Beissinger, 2001) (Fig.
2). This method allows us to estimate survival and probability of dormancy, but
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now we assume that these vital rates are the same for emergent and dormant plants
(Table 1). A natural extension is to incorporate emergent life-history stages and to
use multistate mark-recapture methods by setting the recapture probabilities to 1
for emergent and to 0 for dormant stages (Fig. 2) (Kéry & Gregg, 2004; Lesica &
Crone, 2007; Shefferson & Simms, 2007; Shefferson & Tali, 2007). However, the
multistate method has its limitations as well: in some cases parameters are not
identifiable (i.e., not separable), for example with stage-specific survival and
transition rates (Kéry, Gregg, & Schaub, 2005).
Table 1. Methods to overcome the problem of incomplete information about
disappearing plants, advantages and disadvantages of the methods, and a list of
studies that have used the methods.
Method

Advantages

Disadvantages

Studies

Assumptions about

- Common regression

- Either dormant or

Gremer, Crone, & Lesica, 2012;

the fate of

methods can be used

emergent survival cannot Gremer & Sala, 2013;

disappearing plants

for vital rates (e.g.,

be estimated.

Jäkäläniemi et al., 2011;

GLM, GLMM, GAM)

- Several years of data

Lesica, 1999; Lesica & Crone,

- Several emergent

from the end must be

2007; Shefferson, Kull, Tali, &

and dormant stages

excluded

Kellett, 2012; Tenhumberg,

can be included

Crone, Ramula, & Tyre, 2018;
Tuomi et al., 2013

Mark-recapture

- No assumption about - Only two stages:

Alexander, Slade, & Kettle, 1997;

(CJS)

disappearing plants is

emergent and dormant

Shefferson et al., 2005;

required

- Only two vital rates:

Shefferson et al. 2001

- Whole time series

survival and dormancy

can be used

Same vital rates for both
stages

Multistate mark-

- No assumptions

- Estimates multinomial

Kéry & Gregg, 2004;

recapture

about disappearing

transition rates, not

Shefferson & Simms, 2007;

plants are required

binomial vital rates

Shefferson & Tali, 2007; Lesica

- Whole time series

- Transition rates and

& Crone 2007

can be used

survival might not always

- Several emergent

be separable

stages can be included
GLM = generalized linear model; GLMM = generalized linear mixed model; GAM = generalized additive
model
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It is evident that all the methods above have limitations due to the lack of
information about the fate of disappearing plants. Thus, vital rate estimates may be
biased or unidentifiable. This can in turn lead to biased population model outcomes,
e.g., population growth rate. Some studies have estimated the bias in vital rates by
exploring vital rates under different assumptions about disappearing plants (Kéry
et al., 2005; Lesica & Crone, 2007). However, how these biases are translated to
population level summaries, such as population growth rate, has not been studied
before.
1.3

Aging plants

Demographic vital rates of plants (i.e., survival and reproduction) may change as a
function of age. When survival or reproduction decreases with age, plants are
senescing (Lee & Muzika, 2014; Roach, Ridley, & Dudycha, 2009). Here,
senescence is defined in the demographic sense of reduced survival or reproduction,
not in the physiological sense of programmed death process (Lee & Muzika, 2014).
I use the term aging for simply increase in age.
The evolution of senescence has been intensively studied across various taxa
(e.g., Baudisch et al., 2013; Jones et al., 2014; Roach & Smith, 2020). Hamilton
(1966) argued that senescence is universal and reasoned that decreasing force of
selection with age enables the reduction in reproduction or in survival at later age
to increase in a population. Through time, several theories explaining the evolution
of senescence have been presented. Medawar (1952) suggested that deleterious
mutations can accumulate in a population because the force of selection weakens
with age. Selection acts to postpone the age of onset: mutations which decrease
fecundity or survival at an early age are selected against, while those acting at later
age are not (Medawar, 1952). The antagonistic pleiotropy theory suggests that some
genes in soma are acting differently in different somatic environments, i.e., they
have positive effect on fitness on early ages, but negative effect on later ages (G. C.
Williams, 1957). The disposable soma theory argues that there is a trade-off in
resources allocated to reproduction and maintenance: the soma is maintained just
through its expected lifetime and all extra resources are allocated to reproduction
(Kirkwood & Holliday, 1979). All these theories rest on the condition that the
strength of the selection decreases with age. Although this condition is necessary
for the evolution of senescence, it is not sufficient (Wensink, Wrycza, & Baudisch,
2014; P. D. Williams, Troy, Fletcher, & Locke, 2006). Selection pressure of a lifehistory trait (e.g., survival) can be estimated as sensitivity or elasticity of population
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growth rate (or other fitness measure) to changes in that trait (Stearns, 1992).
Declining selection pressure with age indicates pro-senescent condition (selection
favours senescence), whereas increasing selection pressure with age indicates antisenescent condition (selection favours maintenance) (sensu Caswell & SalgueroGómez, 2013). It has been suggested that mortality can decrease with age [negative
senescence (Vaupel, Baudisch, Dölling, Roach, & Gampe, 2004)] even if the
selection pressure declines (Wensink et al., 2014).
With plants, contradictory evidence about senescence has been found in recent
years. While some studies showed that plants are senescing (Barks & Laird, 2015;
Dahlgren et al., 2016; Edelfeldt, Bengtsson, & Dahlgren, 2019; Roach, 2003;
Roach et al., 2009; Shefferson & Roach, 2013; van Groenendael & Slim, 1988),
others found negligible (Baudisch et al., 2013; Roach & Gampe, 2004) or negative
senescence (Garcia, Dahlgren, & Ehrlén, 2011; Tuomi et al., 2013). For example,
Baudisch et al. (2013) showed that amongst 290 angiosperms they studied, only 7%
of species showed evidence of senescence. What is behind this disparity between
Hamilton’s law of senescence and the observed patterns of senescence in plants?
Caswell and Salguero-Gómez (2013) reviewed that one reason could be plants’
ability to renew themselves through indeterminate growth. They concluded that
sometimes plants’ vital rates are more stage-dependent than age-dependent, and
therefore we cannot detect senescence with age-based data. Furthermore, in
perennial plants the age-dependence of mortality might be masked by the effect of
size, reproduction, climate, spatial heterogeneity and genetics on mortality, which
makes it difficult to study age-dependent mortality rates of plants in their natural
habitats (Roach & Gampe, 2004; Roach et al., 2009). Finally, some life-history
strategies of perennial plants might affect the age dependence of vital rates, and
hence could prevent us from detecting the true pattern of senescence. For example,
Tuomi et al. (2013) showed that in Astragalus scaphoides and Silene spaldingii,
prolonged dormancy can reset a plant to a stage where it was earlier in life.
Interestingly, they found that some vital rates were reset by dormancy, while others
were not, and that resetting by dormancy did not automatically prevent senescence.
For Astragalus reproductive value decreased with age, while for Silene
reproductive value increased with age: Astragalus was senescing and Silene was
not (Tuomi et al., 2013).
One problem when studying senescence in plants is that long-term
demographic data with known age are rare. Roach and Smith (2020) reviewed that
there are only 8 plant species with demographic data ≥ 10 years, for example A.
scaphoides and S. spaldingii (Tuomi et al., 2013), Fumana procumbens (Edelfeldt
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et al., 2019) and Plantago lanceolata (Roach, 2003, 2016; Roach & Gampe, 2004;
Roach et al., 2009; Shefferson & Roach, 2013). Instead, many studies rely on stagebased data only (Baudisch, 2011; Caswell & Salguero-Gómez, 2013; Jones et al.,
2014; Silvertown, Franco, & Perez-Ishiwara, 2001). Therefore, a stage-from-age
method was developed to analyse age-dependent survival and fertility from stage
data: age trajectories of survival and fertility are derived by projecting the stagebased projection matrix over years; plants age at each time step when transitioning
between stages (Caswell, 2001; Cochran & Ellner, 1992). This method assumes
that vital rates do not vary within stages (Caswell, 2001). However, plants can stay
in one stage class for several years or return to previous stage (Salguero-Gómez &
Casper, 2010), so it is expected that there is variation in vital rates within stages. If
that is the case, we would ideally determine age-and-stage dependent vital rates;
thus, incorporating age dependent variation within each stage class (age-and-stage
model; Caswell & Salguero-Gómez, 2013; van Groenendael & Slim, 1988).
Given the diverse pattern of senescence and possible biases in the age-fromstage method, we need more studies that compare age-dependent vital rates derived
from age and stage-based data, and furthermore, how the differences in vital rates
are seen in population outcomes, such as population growth rate.
1.4

Looking for environmental drivers of demographic variation in
plants

In a stable environment, we can use a constant population growth rate to predict
future abundances of a species. However, in a changing environment, we must
study how environmental drivers, both biotic and abiotic, and population growth
rate and vital rates (survival, growth and reproduction) are linked (Ehrlén & Morris,
2015; Ehrlén et al., 2016). Linking environment to demography helps us to assess
the viability of populations, and hence conservation of species. On the other hand,
a changing environment can change the life history strategies of plants if there is
some degree of predictability in the environment (Roff, 2002). Therefore, the
relationship between environmental drivers and demographic parameters (e.g.,
vital rates) will provide us a way to study the life history evolution of plants, and
their ability to adapt to changing environment.
There is evidence for strong environmental drivers in the vital rates of plants.
For example, fire increased germination from seed banks in Cytisus scoparius and
in Spartium junceum (Stevens & Latimer, 2015), fire increased adult survival in
Pityopsis aspera (Gornish, 2013), and herbivory decreased reproduction in Cirsium
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altissimum (Eckberg, Tenhumberg, & Louda, 2014). Climatic drivers can also have
significant effects on vital rates. Dalgleish, Koons, Hooten, Moffet and Adler
(2011) found strong lagged effects of climate on survival of three perennial plants,
Pseudoroegneria spicata, Hesperostipa comata and Artemisia tripartita. In some
cases though, the signal of drivers has been equivocal or unexpected (Noël et al.,
2010; Tye, Dahlgren, Øien, Moen, & Sletvold, 2018). This is surprising, since
multiple experimental studies have shown that light, moisture and temperature
drive demographic traits of plants and hence their distribution and abundance
(Lambers, Chapin, & Pons, 2008), but we do not always detect similar relationships
in observational studies (Parmesan & Hanley, 2015). One reason could be that the
effect of environmental drivers on vital rates can depend on neighbouring plants
and the micro-climate. For example, the moss layer reduces soil temperature in
arctic regions (Gornall, Woodin, Jónsdóttir, & van der Wal, 2011) which can in turn
counterbalance negative effects of increasing temperatures or strengthen negative
effects of decreasing temperatures on vascular plants. Furthermore, the effect of
environmental drivers on perennial plants can be delayed, and therefore harder to
detect (Teller, Adler, Edwards, Hooker, & Ellner, 2016; Tenhumberg et al., 2018).
Perennial plants’ ability to allocate their stored resources has been shown to mask
the trade-off patterns in reproduction and future performance (Ehrlén & van
Groenendael, 2001), and this can be true in the driver-demography relationship as
well. As discussed earlier in section 1.2, perennial plants with dormancy can gain
resources during dormancy (Gremer et al., 2010), they can allocate resources across
years, and dormant plants can escape unfavorable conditions (Gremer et al., 2012).
Consequently, this may complicate the detection of relationships between
environmental drivers and vital rates of perennial plants with dormancy.
Relationships between environmental drivers and demographic rates in plants
(including vital rates and population level rates, such as population growth rate)
can be studied either with controlled experiments or with observational studies.
Ideally, experimental manipulations should be favored, because observational
studies reveal correlations between drivers and demographic rates, not causalities
(Ehrlén et al., 2016). For example, in phenology and ecophysiology, there are long
traditions for experimental studies (Wolkovich et al., 2012). In plant population
ecology though, observational studies seem to be more common. Ehrlén et al. (2016)
reviewed studies which used environmentally structured population models in
vascular plants and found that the number of experimental studies was slightly
lower than for observational studies (46% and 54%, respectively), and this number
was even lower for studies with climatic factors: only 3 studies out of 28 used
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experiments. Sometimes observational data is the only option because of financial,
logistical or conservational reasons. In that case, demographic studies should
include measurements of possible environmental drivers through time and space,
and studies should be long-term with several populations (Frederiksen, Lebreton,
Pradel, Choquet, & Gimenez, 2014). What drivers we should explore, depends on
the ecological questions we are asking, but also the properties of the demographic
data; how many independent years and sites are available. The number of model
parameters can easily exceed the number of data points. Environmental drivers can
act on demographic rates and traits through different time windows (e.g., weekly,
monthly or annual rainfall), and there can be short- and long-term lags between the
expression of the driver and the trait it affects (e.g., rainfall in April or in June
affects flowering in July) (Teller et al., 2016; van de Pol et al., 2016). Climatic
variables can be aggregated in several ways: we can consider mean value, summed
value (e.g., degree days) or extreme values (e.g., minimum and maximum
temperature) (van de Pol et al., 2016). Thus, we might have an overwhelming
number of candidates for possible ecological drivers. Prior ecological knowledge
of the species helps to narrow down this number (Frederiksen et al., 2014), but it
can also lead to a situation of under-explored drivers, especially with climate
variables measured through various time windows (Ehrlén et al., 2016).
If we have a limited set of environmental drivers to be tested, common
statistical methods, including generalized linear mixed models or generalized
additive mixed models (Bolker, 2008, p. 301), or capture-mark-recapture models
(Frederiksen et al., 2014), are appropriate. When there are more parameters than
data points, principal component analyses (PCA), principal component regression
(PCR) or partial least-squares regression (PLS) can be performed to identify the
drivers or environmental gradients which discriminate between groups or sites
(Gelaldi & Kowalski, 1986). In recent years, other methods have been developed
and implemented to explore various time windows and lags of drivers in ecology.
Van de Pol et al. (2016) have constructed an R package (climwin) with a stepwise
protocol to explore a set of drivers, considering also the collinearity of variables.
The package uses K-fold cross-validation for the AICc value to find the cases of
false positive, models with high explanatory power, but low predictive power (van
de Pol et al., 2016). Teller et al. (2016) introduced a smoothing method, functional
linear models (FLMs) especially to explore aggregated and lagged environmental
drivers. However, they concluded that there should be 20-25 years of independent
observations to detect the drivers, or alternatively shorter time series from several
sites. Tenhumberg et al. (2018) tested whether spatial variation in climate could be
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used to substitute temporal variation (space-for-time substitution). They found that
shorter time series from several sites (4x10 years vs. 2x20 years) were not able to
detect the signal of drivers (Tenhumberg et al., 2018). However, this method
deserves further investigation, since observational data sets rarely exceed 20 years.
1.5

Aims

Ecologists use vital rates and population model outcomes as metrics to investigate
and to interpret the ecology and evolution of species. These metrics are, however,
subject to uncertainties caused by missing information, assumptions and improper
model structure. Whether these uncertainties affect our ecological and evolutionary
interpretations may depend on the life history of species. Therefore, we need to
investigate these sources of uncertainties with various life history strategies. This
thesis will focus on plants with prolonged dormancy. However, some of the results
can be extended to ecological studies in general and interpreted under a wider
ecological scope. The main aims of this thesis are to study how model assumptions,
estimation methods and model restrictions affect estimates of vital rates and model
outcomes, and how these results affect our interpretations of the ecology and
evolution of plants. First, I investigate how model assumptions, population model
structure or restrictions in the statistical models affect the estimates of vital rates in
plants (I, II & III). More specifically, I ask
a) How do assumptions made about the fate of disappearing plants (dormant
or dead) affect estimates of survival and probability of emergence? (I)
b) Are age-trajectories of vital rates different if we use age, age-from-stage
or age-and-stage based population models? (II)
c) Can we detect relationships between environmental drivers and
demographic rates using space-for-time substitution with functional linear
models? (III)
I also investigate how model assumptions and population model structure affect
population model outcomes, e.g., population growth rate, generation time, net
reproductive rate, reproductive values, and sensitivity of population growth rate to
changes in vital rates (I & II). Finally, I discuss the ecological and evolutionary
consequences that these results have on plant populations; on the study species and
on plants in general (I, II & III).
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2

Materials and methods

First, I describe the study species and how the data were collected or obtained.
Second, I explain how the analyses were performed in each paper. I also explain
the theoretical background of the analyses in Papers I and II.
2.1

Study species and demographic data (I-III)

In my thesis, I used long-term demographic data of four perennial species Isotria
medeoloides, Epipactis atrorubens, Calypso bulbosa (Orchidaceae) and Silene
spaldingii (Caryophyllaceae). They all have one feature in common: they have
hidden life-history stages in terms of prolonged dormancy. Studying species with
dormancy requires long-term monitoring (Lesica & Steel, 1994), which was not
possible in the duration of my studies. Therefore, in most parts my research relies
on demographic data sets collected initially for other purposes, such as species
management. No additional methods (e.g., excavation) were used to determine
dormant periods; they were identified when a plant disappeared and then returned
to an emergent stage.
Paper I has two parts: 1) a model development and analytical approach with a
general simplistic life-history model, and 2) an empirical approach, where I tested
how the results in part 1 would change with more complex life-history models of
the study species, I. medeoloides and E. atrorubens. The data of S. spaldingii used
in Paper II is unique since it includes information about both the age and stage of
plants. Hence, I was able to study whether the information about stage or age, or
both, affect the age trajectories of vital rates and population model outcomes.
Calypso bulbosa is a rare species in Finland and very little is known about the
relationship between abiotic and biotic environmental factors and its demography.
With species of conservation concern, such as C. bulbosa, it is not possible to use
experimental methods to study the relationship between environment and
demography. Therefore, it is important to find reliable correlational methods. As
discussed in section 1.4, correlational methods require long-term data sets, or data
from several sites. With relatively long time-series of C. bulbosa from five sites, I
was able to study if information from several sites could compensate for the length
of the time series (Paper III).
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Isotria medeoloides (I)
Isotria medeoloides (Pursh) Raf. (small whorled pogonia) is a terrestrial orchid
distributed in eastern North America, mainly in Maine and New Hampshire, United
States (Brumback, Cairns, Sperduto, & Fyler, 2011; Mehrhoff, 1989b). It grows in
second- and third-growth forest and requires an open canopy for successful fruit
set and population growth (Brumback et al., 2011; Dibble et al., 2019; Mehrhoff,
1989b). Isotria medeoloides prefers acidic soil and a ground floor covered with leaf
litter (Mehrhoff, 1989a). Plants emerge in May – June, flower in June and set fruit
in late July – August (Brumback et al., 2011). The species is self-compatible (Vitt
& Campbell, 1997) and it is probably self-pollinating since no evidence of
pollinators has been found (Mehrhoff, 1983; Vitt & Campbell, 1997).

Fig. 3. A) Flowering (left) and fruiting Isotria medeoloides. Photos by Doug Goldman,
hosted by the USDA-NRCS PLANTS Database. B) Life cycle diagram of I. medeoloides
(I). The life cycle consists of eight stages: two protocorm stages (pc1 and pc2), two
dormant stages (d and dsv), two non-fertile stages (sv and lv), flowering (fl) and fruiting
(fr). Figure 3B from Alahuhta et al. (2017) (I) is re-printed with permission from John
Wiley and Sons.

The demographic data used in this thesis (Paper I) were retrieved from five
subpopulations located within one site in New Hampshire, United States (Table 2).
Demographic monitoring on this site was initiated in 1982 by William Brumback
(New England Wild Flower Society). Each year, new emergent plants were marked
with coded labels and the fates of the previously marked plants were recorded (I).
Emergent plants were classified into four stages based on the number of stems and
the presence of flowers or fruits (Fig. 3A): small vegetative (sv, one infertile stem),
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large vegetative (lv, several infertile stems), flowering (fl, stems with flowers, but
no fruits) and fruiting (fr, stems with fruits) (I). Seed burial experiments of I.
medeoloides has not revealed the number of protocorm stages (no germination after
five years, W. Brumback, personal communication). Therefore, when estimating
the number of recruits per a fruit I tested time lags of one to four years between the
seed production and appearance of new seedlings (I). Since the best model
indicated a two-year lag, I estimated that there are two protocorm stages before a
new seedling emerges as a small vegetative. Jäkäläniemi et al. (2011) showed that
dormant plants do not necessarily form a heterogeneous group, but there can be
several dormant stages with unique vital rates. Therefore, I tested if I. medeoloides
has one or several dormant stages (see section 2.3.1). Finally, the life cycle of I.
medeoloides used in Paper I consists of eight stages: two protocorm stages, two
dormant stages and four emergence stages (Fig. 3B).
Epipactis atrorubens (I)
Epipactis atrorubens (Hoffm. Ex Bernh.) Besser (dark red helleborine) is a
terrestrial orchid growing mainly in Europe (reviewed by Efimov, 2004; Hens et
al., 2017; Tuulik, 1998; Ulvinen, Pokhilko, Kravchenko, & Kuznetsov, 1998). In
Finland, the species grows in dry and mesic herb-rich forests and on calcareous
rocky slopes (Ryttäri et al., 2019; Ulvinen, Pokhilko, et al., 1998). Epipactis
atrorubens is pollinated mainly by bumblebees, but also by e.g., hoverflies
(Jakubska-Busse & Kadej, 2011; Tałałaj & Brzosko, 2008).
In Paper I, I used demographic data of E. atrorubens collected from three
populations in Kuusamo since 2000 (two populations) and 2002 (one population).
The study plots were established by Anne Jäkäläniemi (Metsähallitus) (Table 2).
Here, I used the data of 2000-2014. Plants growing inside a permanent 10x10m
plot were marked with numbered plastic tag attached by a metal wire (Fig. 4A) (I).
Each year in August, the emergence, flowering, and fruiting of plants was recorded.
In addition, the number of stems and the height of the tallest stem were determined.
Since 2002, the number of fruits on the tallest stem was recorded. Emergent plants
were classified into five stages according to their size and reproductive
performance (Fig. 4B): recruit (rc, one infertile stem, height ≤ 4 cm, has not
previously flowered), young vegetative (yv, one infertile stem, height > 4 cm, has
not previously flowered), mature vegetative (mv, several infertile stems and/or has
flowered at least once), small flowering (sf, one fertile stem), and large flowering
(lf, several fertile stems) (I). Previous study of this species had shown that it has
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several dormant stages, each reflecting the emergent stage a plant is in before
entering dormancy (Jäkäläniemi et al., 2011). Therefore, I tested if survival and reemergence from dormancy depend on the pre-dormant stage (see section 2.3.1). I
also tested the number of protocorm stages in a similar way than with I.
medeoloides; the results indicated a one-year lag between seed set and germination.
The life cycle of E. atrorubens in Paper I consisted of one protocorm stage, five
emergent stages and five dormant stages, (Fig. 4B).

Fig. 4. A) Two life stages of Epipactis atrorubens: small vegetative (left) and large
flowering (I). Each plant was marked with a numbered plastic tag attached to the ground
with a metal wire (left). Photos by Hilde Hens. B) Life cycle diagram of E. atrorubens (I).
The life cycle consists of one protocorm stage (pc), five emergent stages (recruit (rc),
young vegetative (yv), mature vegetative (mv), small flowering (sf), and large flowering
(lf)), and five dormant stages (drc, dsv, dlv, dsf and dlf) (Jäkäläniemi et al., 2011). Figures
from Alahuhta et al. (2017) (I) are re-printed with permission from John Wiley and Sons.

Silene spaldingii (II)
Silene spaldingii (Spalding’s catchfly) S. Watson (Caryophyllaceae) is a perennial
herb (Fig. 5A) growing in Washington, Idaho, Oregon and Montana, United states
(Rabeler & Hartman, 1993; U.S. Fish and Wildlife Service, 2007). It prefers open,
mesic habitats, such as open pine forest, grassland and sagebrush-steppe (U.S. Fish
and Wildlife Service, 2007). In May, plants emerge from a branched caudex
surmounting a long taproot, and flowers bloom in July (Lesica, 1993; Rabeler &
Hartman, 1993; U.S. Fish and Wildlife Service, 2007). Silene spaldingii is
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predominantly outcrossed and pollinated by bumblebees (Lesica, 1993; Tubbesing
et al., 2014).

Fig. 5. A) Silene spaldingii has viscid hairs in stems, leaves and inflorescence (Rabeler
& Hartman, 1993). Photos by Peter Lesica. B) Life cycle diagram of S. spaldingii (II). The
life cycle consists of four stages: dormant (D), rosette (R), vegetative (V) and flowering
(F). The figure 5B is modified from Lesica and Crone (2007).

The demographic data of S. spaldingii at Dancing Prairie Preserve, Montana, USA
were collected in 1987-2012 by Peter Lesica. This study site is initially established
to gain information about the species for management purposes (Lesica, 1997). The
habitat is dominated by bunchgrasses, mainly Festuca species (Lesica, 1993, 1997).
Four 1-m transects were established and all plants growing inside the transects were
mapped on a grid (Lesica, 1997). Plants were censused annually in mid-July –
August, and their life history stage was determined: rosette (R, no stems),
vegetative (V, with stems, no flowers) and flowering (F), and the number of stems
and the number of flowers were recorded (Lesica, 1997). In S. spaldingii, dormancy
usually lasts one or two years (Lesica & Crone, 2007). Consequently, if a plant was
not seen on the third year after disappearance (or any other successive years), I
considered it to have died during the first year belowground, otherwise it was
dormant (II). To distinguish dormant plants from dead ones, I excluded the last two
years of data. New individuals (1-year-old recruits) of S. spaldingii may appear as
a rosette but also as a vegetative with one stem (Lesica & Crone, 2007). To identify
new recruits from those previously in dormancy, I excluded the first three years of
data. This way I was able to determine the age for 62 plants of those 203 plants
monitored in 1987-2012 (II). According to Lesica and Crone (2007) it is not
probable that S. spaldingii has a long-term seed bank, since it does not have a hard
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seed coat. However, this has not been studied yet. The life cycle used in Paper II
consists of four stages: dormant, rosette, vegetative and flowering (Fig. 5B) (Lesica
& Crone, 2007).
Calypso bulbosa (III)
Calypso bulbosa (L.) Oakes is a terrestrial orchid growing in Northern hemisphere
within a circumpolar distribution (Hultén & Fries, 1986). The variety C. bulbosa
var. bulbosa (hereafter C. bulbosa) grows in Scandinavia and in Eurasia (Hultén &
Fries, 1986). In Finland, it grows in old-growth forests; spruce dominated herb-rich
forests but also eutrophic and mesotrophic spruce mires and rich spruce-birch fens
(Ryttäri et al., 2019; Ulvinen, Kravchenko, Kuznetsov, & Pokhilko, 1998). Calypso
bulbosa usually has one leaf and one flower and plants start to flower in late May
– early June and seed capsules mature in July (Jäkäläniemi, 2012). The leaf withers
in late July – early August and a new leaf and flower bud develop in late August
overwintering under the snow (Jäkäläniemi, 2012). Calypso bulbosa is pollinated
by bumblebees (Abeli, Jäkäläniemi, Wannas, Mutikainen, & Tuomi, 2013;
Alexandersson & Ågren, 1996; Tuomi, Lämsä, Wannas, Abeli, & Jäkäläniemi,
2015). Canopy cover can affect the fruit set of C. bulbosa: it is higher under denser
canopy (Abeli et al., 2013). An excavation experiment (N = 31) in Finland did not
reveal any vegetative reproduction in C. bulbosa (Abeli et al., 2013) supporting the
previous findings by Currah, Hambleton and Smreciu in Canada (1988).
Mycorrhizal fungi are found in the roots and corm of C. bulbosa (Currah et al.,
1988).
Demographic data of C. bulbosa were collected from five sites located in
Kuusamo, Finland and established by Anne Jäkäläniemi (Metsähallitus) (Table 2).
Distances between the sites range between 16,9 km and 62,8 km (III). Three sites
represent old-growth spruce-dominated herb-rich forest, while two sites are
second-growth mixed-coniferous forests (Alahuhta, 2013). In each site, all plants
or group of plants inside a permanent 10x10m study plot were marked by attaching
a numbered plastic tag on the ground with a metal wire (Alahuhta, 2013;
Hurskainen et al., 2018) (Fig. 6C). The plants were censused twice during summer:
first in late May-early June during the flowering peak and second time in July to
record seed capsules (Fig. 6C). Furthermore, any sign of leaf herbivory was
recorded (Alahuhta, 2013). Emergent plants were categorised into four groups:
seedling, young vegetative, mature vegetative and flowering (Hurskainen et al.,
2018). Leaf of a mature plant is transversely plicate while a young plant has a leaf
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with smooth surface (Fig. 6A and C). The life cycle also consists of an unknown
number of protocorm stages and one dormant stage (Fig. 6B) (III).
In my analyses, I used two sets of demographic data. First, I used the data of
all plants growing inside the study plot to study trends of population size in terms
of emergent plants (III). This set includes both solitary plants and those growing in
groups. Second, I used the data of plants which could be distinguished from each
other, i.e., not growing in groups (Fig. 6A) to determine vital rates, i.e., survival,
emergence given survival, flowering given emergence and fruiting given flowering
(III).

Fig. 6. A) A group of Calypso bulbosa growing on a stump covered by mosses, such as
Pleurozium schreberi. B) Life cycle diagram of C. bulbosa (III). The life cycle consists of
seedling (S), young (Y), vegetative (V), flowering (F), dormant (D) and protocorm (P1,...,
Px) stages (III). C) Young vegetative C. bulbosa (left). Plants were marked with a plastic
numbered tag (middle). Seed capsules were censused in July (right).
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2.2

Climate and herbivory data (III)

I obtained monthly mean temperature (ᵒC), monthly precipitation amount (mm) and
daily snowpack depth (cm) from 11 weather stations in Kuusamo, Taivalkoski and
Posio, in northeast Finland (III). I calculated mean monthly snowpack depth (cm)
using daily snowpack depth values. Some daily snowpack depth values were
missing. When possible, I estimated a missing value as a simple moving average
of four previous days (III). Finally, I calculated site-specific climate data using
inverse distance weighting method for interpolation (Teegavarapu, 2012, p. 54). All
stations not more than 50 km away from a site were considered, and if the time
series was incomplete, missing values were ignored when interpolating (III). The
original climate data are owned by Finnish Meteorological Institute and the data
were used under CC-BY-4.0 license. I downloaded the data from the website
https://en.ilmatieteenlaitos.fi/download-observations#!/ (III).
I estimated annual site-specific herbivory intensity in Calypso bulbosa sites as
a proportion of leaves eaten, either partially or completely (III). I fitted a GLMM
with the number of eaten leaves as a response, the log of the total number of leaves
as an offset, and the year within the site as a random effect (Poisson distributed
with log link function). The analysis of herbivory was performed in R (version 3.6.1,
R Core Team, 2019) with the glmer function in the lme4 package (Bates, Maechler,
Bolker, & Walker, 2015).
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II

I. medeoloides

S. spaldingii
3

1

1

1982-2010
1987-2012

4

1

2002-2014
1982-2012

2

5
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1 m x 40 – 50 m

all plants

all plants

10 x 10 m

10 x 10 m

10 x 10 m

plot

Number of Size of the study

2000-2014

2002-2019

period

Monitoring

50 CFR §17.12, 1994; Endangered Species Act, P-L 93-205, 1973).

2

MT, United States

NH, United States

Finland

Finland

Study location

Threatened3

Threatened3

Vulnerable2

Vulnerable2

status

Conservational

Lesica (2018)

Brumback (2015)

Jäkäläniemi, Tuomi & Hens (2014)

Metsähallitus (2014)

Jäkäläniemi, Tuomi & Alahuhta (2020)

Metsähallitus (2020)

Data owner

Site = population or subpopulation, In Finland (Ryttäri et al., 2019), In United States (Endangered and threatened plants,

I

E. atrorubens

1

III

Paper

C. bulbosa

Species

papers I-III.

study species Calypso bulbosa, Epipactis atrorubens, Isotria medeoloides and Silene spaldingii and the owners of the data sets in

Table 2. The study location, the monitoring period, the number of sites, the size of the study plot and conservational status of the

2.3

Analyses

2.3.1 Assumptions about dormancy: model development and
analyses (I)
In the first Paper, I studied how assumptions made about the fate of disappearing
plants (dormant or dead) affect estimates of survival and the probability of
emergence and how assumptions about dormancy affect model outcomes. I studied
this question both theoretically and empirically, using simulated data and
demographic data from E. atrorubens and I. medeoloides.
First, I parameterised the most common assumptions used about prolonged
dormancy as Separate, Instant and Slow death (Fig. 7). In Separate death, I assumed
that both emergent and dormant stages have unique and separable probabilities of
survival, emergence and re-emergence (I). In Instant and Slow death, I assumed
that death occurred only after a plant has disappeared and that the plant dies during
the first year belowground (Instant death) or on any year belowground (Slow death)
(I). Consequently, emergent plants are considered immortal, until they disappear.
I defined the conditional probability of re-emergence in a given year t after
disappearance as P(plant re-emerges in year t | has not re-emerged in years [1,t-1])
= P(plant has been dormant since disappearance and it re-emerges in year t)/(1P(plant has re-emerged during the time period of [1,t-1])) (I). I obtained the loglikelihood function for a given data set by first taking the log-values of the
probabilities above and then summing them over. In each model (Separate, Instant
and Slow death) the likelihood function is defined as a function of vital rates:
survival, emergence and re-emergence rates (Fig. 7). With a given data, these vital
rates were found as maximum-likelihood estimates (I).
I used simulated data to test whether (re-)emergence and survival rates are
estimable with different assumptions about dormancy: Separate, Instant, and Slow
death (I). I simulated data with known parameter values; each data set consisted of
fates of 500 plants 20 years after their disappearance. 100 simulations were
performed for each combination of parameter values between 0 and 1. For each
data set, parameters were estimated using maximum-likelihood method with the
mle2 function in the bbmle package (Bolker & Team, 2014) in R (R Core Team,
2014). Then I compared estimated parameters in each simulated set to true values
(those used when simulating the data). If the difference between estimated and true
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value was at most 0.10 for 90 percent of the values within a set of 100 simulations,
the parameter set was considered to be estimable (I).

Fig. 7. Parameterising the most common assumptions about dormancy: Separate death,
Instant death and Slow death. In Separate death, plants are assumed to either die or
survive to next year, and those that survived will either emerge or stay dormant. Here,
emergent and dormant plants have separate survival and (re-)emergence rates (sE and
eE, and sD and eD, respectively). In Instant and Slow death, plants are assumed to die
during dormancy. First, plants either emerge next year or disappear. Then plants that
disappeared will either die or stay dormant. In Instant death, plants are assumed to die
during the first year belowground, but in Slow death, plants can die in any subsequent
year while dormant. In Instant and Slow death, dormant and emergent plants have
separate (re-)emergence rates (eEI and eDI, and eES and eDS, respectively). Emergent
plants have perfect survival. Figure from Alahuhta et al. (2017) (I) is re-printed with
permission from John Wiley and Sons.

Next, I used a theoretical life cycle with two stages, emergent and dormant (Fig.2
in I) to analytically assess how the different assumptions about dormancy (Separate,
Slow and Instant death) affect matrix model predictions: population growth rate,
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generation time, life expectancy, reproductive values, and sensitivity and elasticity
of the population growth rate to changes in transition and vital rates (I). I used
methods by Caswell (2001, 2009) to derive these metrics as a function of transition
rates and vital rates. Mathematical details are presented in Appendix S1 in Paper I
and all the derived formulae are in Table 1 and Table S2 in Paper I.
Finally, I used demographic data of E. atrorubens and I. medeoloides to analyse
vital rates and matrix population outcomes under Slow and Instant death
assumptions (I). This way it was possible to compare the analytical results to a reallife situation with a more complex life cycle (Fig. 3 and Fig. 4). Transition rates
between life history stages were partitioned into binomial probabilities following
Morris and Doak (2002): probability of re-emergence, survival, emergence,
flowering given emergence, growing to larger vegetative class given not flowering,
fruiting given flowering (only for I. medeoloides) and not growing to a large
flowering stage given flowering (only for E. atrorubens) (I). Fertility was a
combination of fruit production (number of fruits per plant in a reproductive stage)
and number of recruits per a fruit (I). For the latter I tested several time-lags
between the fruit production and recruit emergence (1-4 years and 1-2 year for
Isotria and Epipactis, respectively). Survival and re-emergence probabilities were
determined as maximum-likelihood estimates using the probability function
described above. Here, the stage before disappearance was tested to find the
number of dormant classes. I also tested if survival and re-emergence rates of a
species vary between sites. Other vital rate estimates (pooled over sites and years)
were determined with generalized linear models (GLM) using the glm function in
R (R Core Team, 2014) (I). The previous stage was set as a categorical term in the
GLMs, except in some models of fertility vital rates (number of fruits per
fruiting/flowering plant for I. medeoloides, and number of recruits per fruit for both
species). After all vital rates were obtained, I constructed projection matrices under
assumptions of Slow and Instant death for both species (I). With these matrices, I
derived population growth rates and stage-specific reproductive values with the
popbio package (Stubben & Milligan, 2007) in R (R Core Team, 2014), and life
expectancies, generation time, and sensitivity and elasticity of population growth
rate as defined by Caswell (2001, 2009).
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2.3.2 Demography inferred from age vs. stage data: model structure
and analysis (II)
In Paper II, I investigated whether age-trajectories of vital rates and population
model outcomes are different if we use age, age-from-stage or age-and-stage based
models. I used a long-term (21 years) demographic data set of S. spaldingii with 62
plants of known age and stage.
I derived age-dependent vital rates i) directly from the age-specific data, ii)
indirectly from the stage-specific data (age-from-stage-method), and iii) directly
from the age-and-stage-specific data (II). Specifically, I compared age-dependent
survival, probability of emergence given survival and probability of flowering
given emergence (hereafter, emergence and flowering) obtained from each data set.
Using the estimated vital rates, I constructed three matrix population models: age,
stage and age-and-stage models. Next, stage- and age-and-stage models were
transformed to age-based models [age-from-stage method (Caswell, 2001, pp. 118–
124; Cochran & Ellner, 1992)]. With the three age-based matrix models and agespecific vital rates, I determined and compared the following life-history
summaries: net reproductive rate, population growth rate, age-dependent
reproductive values, stable age distribution, generation time, and sensitivity and
elasticity of population growth rate to age-specific survival and fertility (II). Here,
generation time is defined as the mean age of parents with overlapping generations,
and I used the equation 5.77 in Caswell (2001, p. 129). Net reproductive rate was
determined with the equation 5.61 in Caswell (2001, p. 126). Other life-history
summaries are defined and determined as explained in the Section 1.1 Matrix
population models.
I estimated vital rates using GLMMs (individual as a random intercept) or
GLMs (II). For age-dependent vital rates, I tested models in which vital rates were
a constant, linear or quadratic function of age. All the analyses were done in R
(version 3.5.2, R Core Team, 2018). I used the glm function in the MASS package
(Venables & Ripley, 2002) for GLMs, the glmer function in the lme4 package
(Bates et al., 2015) for GLMMs, and the popdemo package (Stott, Hodgson, &
Townley, 2018) for age-specific reproductive values, stable age distribution,
population growth rates, and sensitivity and elasticity of population growth rate to
survival and fertility.
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Age-model
I defined the age-dependent population model of S. spaldingii with two vital rates:
sx, survival from age x to the next age class, and Fx, the number of offspring (i.e.,
recruits) produced per individual at age x (fertility at age x) (II). The age-dependent
projection matrix for S. spaldingii is

𝐀
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where ω is the maximum age class in the model (Caswell, 2001, p. 10) (II). I used
ω = 20, which was the maximum age I observed for S. spaldingii. Here, I also
estimated age-dependent emergence and flowering to have an identical set of vital
rate age-trajectories for each model (II).
Age-from-stage model
The age-from-stage model is based on a stage-dependent matrix model (Caswell,
2001). In this study (II), the stage-dependent matrix reflects the life cycle of S.
spaldingii (Fig. 5). I defined transition rates between stages as the combination of
stage-specific (conditional) probabilities, survival (sk), emergence (ek) and
flowering (fk). Initially, I assumed that these rates depend on the stage class k a plant
was in the previous year (rosette, vegetative, flowering or dormant). Stagedependent fertility (SF) was defined as number of offspring per a flowering plant.
Recruits were distributed to two stage classes, rosettes and vegetative ones (Fig. 5,
dashed arrows) with the observed proportion of one-year olds in these stages (nR
and nV, respectively) (Lesica & Crone, 2007). The stage-dependent projection
matrix is
𝐀

𝑠 𝑒 1 𝑓
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0
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1 𝑒

⎤
⎥
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⎦

where R = rosette stage, V = vegetative stage, F = flowering stage and D = dormant
stage (II). I assumed that dormant plants have 100% survival, hence only emergent
plants can die. If a plant was not seen to re-emerge after two years below ground,
42

it was considered dead, and death was assumed to occur in the first year after
appearance (like Instant death in Paper I). This projection matrix can be portioned
into a sum of two matrices, transition and fertility matrices (T and F, respectively)
(Caswell, 2001, p. 110). Projecting these two matrices as described in the age-fromstage method (Caswell, 2001, pp. 118–124; Cochran & Ellner, 1992), I determined
age-dependent survival, emergence, flowering and fertility (for details, see
Appendix S1 in II) and constructed a 20x20 age-dependent projection matrix Aagefrom-stage (II).
Age-and-stage model
The age-and-stage-specific projection matrix for S. spaldingii is a block matrix
defined by stage-based transition matrices Tx and fertility matrices Fx for each age
class x
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(Caswell, 2012) (II). For details, see Appendix S1 in Paper II. Stage-specific vital
rates at age x were survival (skx), emergence (ekx) and flowering (fkx), where k
denotes the stage class in which the plant was in the previous year. Fertility at age
x, SFx was defined as number of recruits per a flowering plant at age x. Using a
similar method as in age-from-stage with stage-based transition matrices Tx and
fertility matrices Fx, I derived age-specific survival and fertility and constructed a
20x20 age-dependent projection matrix Aage-and-stage (II).

43

2.3.3 Short- and long-term drivers of demography (III)
In Paper III, I combined environmental and demographic data of C. bulbosa with
functional linear models (FLMs) to study both the immediate and lagged
relationship between drivers and demographic rates. Since the time-series was
shorter (11 and 13 years) than what is recommended for FLMs (Teller et al., 2016),
I used data from five sites (space-for-time substitution). The aim was to study if I
could detect relationships between environmental drivers and demographic rates
using space-for-time substitution.
Here, I studied relationships of herbivory intensity, mean monthly temperatures,
monthly precipitation and mean monthly snowpack depth (hereafter herbivory,
temperature, precipitation and snowpack, respectively) with several demographic
rates (III). First, I estimated a proxy for population growth rate (λE) as the change
in the number of emergent plants. Secondly, I estimated several vital rates: survival
(s), probability of emergence given survival (e), probability of flowering given
emergence (f) and probability of fruiting given flowering (fr) (hereafter emergence,
flowering and fruiting, respectively). I did not construct a population model of C.
bulbosa, since we did not have information about the fertility of the species, i.e.,
seed production, seed germination or protocorm development.
I fitted demographic rates with functional linear models (FLM) where
covariates with different lags were modeled as smooth terms and site or previous
stage as a categorical predictor, when appropriate (Table 3) (III). I fitted the models
of log-transformed growth rate using Gaussian distribution and vital rates using
binomial distribution with the logit link function.
Table 3. Variables of the functional linear models to estimate the demographic rates of
Calypso (III). Lagged variables were fitted as smooth terms.
Demographic rate
Growth rate

Categorical

Lagged by year

Lagged by month

term

Herbivory

Climate variables

Site

from year t to year t-5

from May(t) to June(t-2)

Vital rates
Survival

Stage

from year t to year t-5

from May(t) to June(t-2)

Emergence

’’

’’

’’

Flowering

’’

’’

’’

’’

’’

from year t to year t-5

from June(t) to July(t-2)

Growing/Shrinking
Fruiting
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Site

First, I compared model candidates using AIC values and if smooth terms were
significant (P < 0.05) (III). I considered models equally comparable when ΔAIC ≤
2, and smooth terms were significant. But more importantly, I evaluated the
predicting performance of the best-fit models using leave-one-year-out cross
validation. In the validation process I divided the data set into two parts: the
validation set (one-year data) and the training set (remaining part). I fitted a model
with the training set, predicted the response in each site (and stage, if appropriate)
for the year left out and calculated the observed response using the validation set.
Then I repeated this for each year in the data. Then I plotted the observed response
as a function of the predicted response and fitted a linear validation model which
was then used to evaluate the predictive power (III). If the predictions were
consistent with the observed responses, the validation model would have a zero
intercept and a slope of one; if predictions were biased, the validation model would
have a non-zero intercept and a slope of one (Piñeiro, Perelman, Guerschman, &
Paruelo, 2008). If the slope was positive but less than 1, the predictive power of a
model was considered weak. I used 95% confidence limits of intercept and slope
to determine if they were significantly different from 0 and 1, respectively (III).
All the analyses above were done in R (version 3.6.1, R Core Team, 2019). I
used the gam function in the mgcv package (Wood, 2011) for FLMs, glm function
in the MASS package (Venables & Ripley, 2002) for GLMs, the function distm in
the package geosphere (Hijmans, 2019) and the function lm in R for the validation
model. For FLMs, I also used the code provided by Tenhumberg et al. (2018).
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3

Results and discussion

3.1

Vital rate estimates may depend on the assumptions about
dormancy or the model structure

My study revealed that some vital rate estimates may depend on the assumptions
about dormancy and age-trajectories of vital rates may depend on whether we know
the true age of individuals (I & II, Fig. 8, Table 4). Furthermore, the environmental
signal on demographic rates of C. bulbosa was weak (III, Table 4).
The study on hiding plants (I) is the first one which parameterises common
assumptions used, when the exact fates of plants are unknown (Separate, Instant
and Slow death, Fig. 7). Through simulations, I showed that the Separate death
model has parameters that are confounded, i.e., impossible to estimate separately
without explicit information about the fate of plants (dead or dormant) (I). This
result is consistent with the study by Kéry, Gregg and Schaub (2005), who analysed
estimability of survival and transition rates in multistage mark-recapture models
for species with dormancy. For example, they tested a model with stage-dependent
survival and transition rates, which is comparable to the Separate death model, and
found that none of the parameters are identifiable. Altogether, if we want to obtain
separate time-invariant survival of dormant and emergent stages, we need to know
the true fate of those plants that are hiding, for example, through excavation
(Gremer & Sala, 2013; Gremer et al., 2010) (I). On the other hand, some multistage
mark-recapture models are applicable for deriving time-dependent survival of
dormant and emergent stages, given that parameters vary in time (Kéry et al., 2005).
Both theoretical and empirical study showed that survival and emergence of
dormant plants varied depending on assumptions about dormancy (I). I found
mathematical relationships between survival and emergence probabilities in a
theoretical model of a two-stage life cycle under Instant and Slow death
assumptions (eqn 2 in I). From these equations it follows that for dormant plants,
survival is lower and re-emergence rate is greater when the Instant death
assumption is used (I). This was confirmed with the empirical study of E.
atrorubens and I. medeoloides (I). The magnitude of the difference in vital rates is,
however, species specific: it seems to be smaller for species like E. atrorubens with
higher survival and re-emergence rate (I). Consequently, for species with high
survival, the assumptions about dormancy would not affect survival and reemergence estimates as much as for species with low survival (I). Kéry et al. (2005)
47

studied the survival of Cleistes bifaria assuming that a plant could die either during
the second, third or fourth year after disappearance. Even though they estimated
survival as a fraction of plants that survived, their result showed that survival
increased with increasing years in dormancy before death. They found a continuum
of survival from 0.556 to 0.810, which shows that survival estimates can vary quite
much under different model assumptions (Kéry et al., 2005). In addition, Lesica
and Crone (2007) studied survival of a dormancy-prone plant species under various
assumptions about dormancy and death. They estimated that survival of dormant
plants in Silene spaldingii was 0.81 when Instant death was assumed. When
assuming close to perfect survival for flowering plants (0.91), they were able to
estimate separate survival rates for dormant and vegetative plants (0.91) with multistage method (Lesica & Crone, 2007). This case is comparable to Slow death
assumption, i.e., dormant plants could die in any year below ground. In contrast, I
estimated in Paper II that emergent S. spaldingii plants have a mean survival of
0.773 when assuming Instant death, i.e., death occurred during the first year in
dormancy. Altogether, my empirical estimates in Papers I and II, and the ones of
Lesica and Crone (2007) and Kéry et al. (2005) are consistent with my theoretical
analyses in Paper I: under the Instant death assumption, survival of dormant plants
is lower than under the Slow death assumption.
In addition, the lack of information about plants’ age can alter the agetrajectories of vital rates. In S. spaldingii, age-dependence in vital rates varied
depending on model structure, i.e., age, age-from-stage or age-and-stage model (II).
Survival slightly increased with age in the age model, while in the age-from-stage
and age-and-stage models, survival was constant (II). Differences between the age
model and the age-and-stage model are partly explained by the way the agetrajectories were estimated (II). In the age model, all plants are treated equally:
dormant plants are included, since survival depends only on age. When stage is
included in the model, we are forced to make assumptions about dormant plants
and their survival. Here, I assumed that their survival is 100% (II). In addition,
when both age and stage are included, the survival of the smallest vegetative stage
(rosette) did not vary with age, because majority of those were in the 1-year age
class (II). Hence, the age-and-stage regression models for vital rates were
constructed so that only the survival of the non-rosette emergent stages varied with
age (II). Interestingly, the age model survivorship deviated slightly from the
observed survivorship curve both at young and old ages, hence overestimating the
survivorship (II). In contrast, models where stage was incorporated, predicted the
survivorship more accurately. In the age model, lower survival of rosettes (1-year)
48

has a smaller effect on the overall trend in survival, while in other two models its
effect is more notable (II). Similar discrepancies were seen in other vital rates,
emergence and flowering. In the age-from-stage model emergence and flowering
were constant (II). The age model revealed that older plants of S. spaldingii were
more prone to dormancy (II). Flowering increased with older ages (negative
senescence) when analysed with age only or with both age and stage (II). Overall,
stage-specific data did not reveal age-dependence (only slight dependence was seen
in survival) in vital rates of S. spaldingii, unlike age or age-and-stage specific data,
and most of the vital rates showed negligible or negative senescence (II). Especially,
the number of flowers increased with age (II). To compare the overall agedependence of survival and fertility in a coherent way, I constructed three 20x20
age-specific matrices: age and age-from-stage and age-and-stage (II). In all these
matrices, survival and fertility did not decrease with age, which gives additional
support that Silene spaldingii does not senesce (II). The age-based model showed
negative senescence, while the age-from-stage model showed negligible
senescence (II). This is consistent with previous findings of plant species which do
not senesce. However, there is no general pattern of senescence in plants, since
some species senesce and others do not (Baudisch et al., 2013; Jones et al., 2014;
Roach & Smith, 2020). My study indicates that this diverse pattern could originate
partly from methodology, i.e., age-from-stage method used by Baudisch et al. (2013)
and Jones et al. (2014). However, studies with known age have also shown the same
diversity of senescence in plants (reviewed by Roach & Smith, 2020).
In C. bulbosa, the signal of drivers in vital rates was surprisingly weak. I
expected to see some relationship between temperature and vital rates, since the
study sites represent the northernmost sites in Europe (Hultén & Fries, 1986). But
the fruiting rate was the only vital rate to have any relationship with environmental
drivers: it had a positive delayed relationship with herbivory and a negative delayed
relationship with temperature in the previous summer (III). The relationship
between herbivory and fruiting indicates that lower vole densities could benefit the
reproduction of C. bulbosa (III). Two to five years after strong herbivory Calypso
had higher fruiting; potentially because of lower vole densities (III), since in
Northern Finland, vole peaks occur at 4-5 years interval (Korpela et al., 2013). The
most probable explanation for the negative association between summer
temperature and the next year’s fruiting is the resource depletion through increased
respiration during warmer growing seasons (Lambers et al., 2008) (III).
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Vital rates
λ

R0
Life
expectancies
Reproductive
values

MODEL STRUCTURE

ASSUMPTIONS ABOUT DORMANCY

Generation
time

Stable
distribution
Sensitivity of λ
Elasticity of λ
Clear effect

Some effect

No effect

Fig. 8. A simplified diagram presenting the results of Papers I (the panel and arrows on
the left) and II (the panel and arrows on the right). The panel in the middle shows the
main parameters studied. Arrows show whether the assumptions about dormancy or
the model structure (age, age-from-stage or age-and-stage) had an effect on a
parameter or a group of parameters. A solid thick arrow represents a clear effect (not
necessarily to all parameters in a group). A solid arrow shows some effect, but no
conclusion about the statistical signficance can be made, and a dashed arrow shows
no effect. The absence of an arrow means that the effect was not studied. For details
see Results and discussion. λ = population growth rate, R0 = net reproductive rate.

3.2

Robustness of outcomes to model assumptions and structure

Many common population model outcomes, such as population growth rate and
generation time seem to be quite robust to assumptions about dormancy or to model
structure, i.e., whether derived from age, age-from-stage or age-and-stage-model (I
& II, Fig. 8). However, some life history summaries were sensitive to assumptions
about dormancy or model structure (I & II, Fig. 8).
Using a theoretical life cycle of two stages, I was able to define algebraic
relationships between vital rates (or transition rates) and model outcomes with
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different assumptions about dormancy: Separate, Instant and Slow death (I). This
analysis clearly showed that the population growth rate and generation time were
identical with Separate, Instant or Slow death assumptions and was further
supported by the empirical study of two species, Isotria medeoloides and Epipactis
atrorubens (I). This result shows that, in a stable environment, it is not necessary
to find separate survival rates for dormant and emergent stages to get a robust
estimate of population growth rate and hence, population viability (I). This is good
news, since the population growth rate is probably the most common metric derived
from matrix models and is of general interest for researchers in plant ecology and
conservation (reviewed by Crone et al., 2011). Furthermore, population growth rate,
generation time and net reproductive values of S. spaldingii were almost identical
when derived from age, age-from-stage and age-and-stage models (II). Population
growth rate was slightly higher in the age model than in the age-from-stage model,
generation time was slightly shorter in the age-from-stage model compared to the
age-and-stage model and net reproductive value was only slightly higher for the
age model (II). Assuming constant fertility across age classes can underestimate the
generation time (Staerk et al., 2019), which is in line with my result from the agefrom-stage model. In some cases, including both age and size can give higher
estimates for population growth rate than the size-only model does (Chu & Adler,
2014), but sometimes the opposite is true (Edelfeldt et al., 2019), suggesting that
the result is species-specific.
3.3

Ecological and evolutionary consequences and interpretations
of the results

The consequences of my findings for demographic studies in plants depends on
research interests. If the main interest is to assess the viability of a population, the
deterministic population growth rate is quite robust metric, given that the
environment is stable (I & II). Thus, this result has implications in conservation
biology where the population growth rate is used to evaluate whether a species is
endangered (IUCN, 2012). In addition, the population growth rate is used as a
measure of absolute fitness for a population of a certain phenotype or genotype
(Charlesworth, 1980; Fisher, 1958). If it is used to study the life-history evolution
of dormancy prone plant species, the evolutionary interpretation does not
necessarily demand specific information about the hidden stages or plants’ ages,
since the population growth rate was not significantly affected by assumptions or
model structure.
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However, sensitivity and elasticity analyses of population growth rate is not
always independent of model assumption or model structure (I & II, Fig. 8, Table
4). If we want to use these methods to evaluate, for example, the effect of
management actions (Coates, Lunt, & Tremblay, 2006) or the contributions of vital
rates (Nicolè, Brzosko, & Till-Bottraud, 2005) to population viability, we need to
be aware of the underlying assumptions about dormancy, and their effect on the
results: vital rate sensitivities and elasticities are different while transition rate
elasticities were equal under different assumptions of dormancy (I). Sensitivity and
elasticity of population growth rate to age-specific survival and fertility can also be
used to assess the selective pressure on senescence (e.g., Caswell & SalgueroGómez, 2013). In S. spaldingii, all sensitivity and elasticity analyses indicated prosenescence, i.e., decreasing selection pressure, except the elasticity to fertility,
where models predicted different patterns in selection pressure (II). According to
the mean point values, the age-model predicted moderately increasing selection
pressure at older ages (II). However, I cannot extrapolate how the model structure
would affect this result in other species, since selection pressure of a trait to a fitness
measure, such as population growth rate, depends on the life-history of a species
(Edelfeldt et al., 2019; Stearns, 1992).
If the main interest is to study vital rates of dormancy prone plants, for example
in terms of life-history costs, we need to estimate survival and emergent rate
separately for dormant and emergent plants (I). This requires that we are able to
confirm the fate of disappearing plants by using some method; either by direct
observations, as with epiphytic species (Juárez et al., 2014) or by excavation
(Gremer & Sala, 2013; Gremer et al., 2010) (I). However, excavation is not always
possible, especially for endangered or threatened species: this method can alter the
demographic performance of a plant or even kill the plant, so it should be used with
caution (I). Excavation can also reveal the true age of plants (II): for some species
the number of scars on tubers equals its age (e.g., Borderea pyrenaica Garcia et al.,
2011). As explained in section 3.1, size or stage does not always reflect age in plants.
Consequently, conclusions about senescence in terms of vital rates could change if
stage is used instead of age. Therefore, we need alternative methods to determine
the age if we want to study age-trajectories of vital rates for such plants. In some
cases, plants are followed from germination to death (e.g., Roach, 2003), which is
time consuming, especially for long-lived plants. Reverse age analyses, i.e., time
until death, has been used to study declines in vital rates just before death
(Shefferson & Roach, 2013). If aging is not possible, and the age-from-stage
method is used, the asymptotic tendency of age-trajectories should be noted.
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Horvitz and Tuljapurkar (2008) found that with this method mortality reaches a
plateau, either through positive or negative senescence, and with different pace,
either fast or slowly. In Silene spaldingii the plateau was reached in 4 years (II),
while for some species it can even take over 400 years (Horvitz & Tuljapurkar,
2008).
Reproductive values depended on assumptions about dormancy (I) and
whether age, age-from-stage or age-stage model was used (II). Reproductive values
varied under different assumptions for dormant stages, and the result was species
specific: for I. medeoloides dormancy was almost always costly compared to
emergence in terms of reproductive values, but for E. atrorubens under Instant
death assumptions only flowering stages had higher reproductive values compared
to the corresponding dormant stages (I). Hence, different assumptions may lead to
different conclusions about the role of dormancy in the life-history evolution of
plants (I). To my knowledge, there are only two previous studies, which have used
reproductive values to evaluate the life-history costs of dormant stages (Herrick &
Fox, 2011; Lesica & Crone, 2007). Using the Separate death assumption, Lesica
and Crone (2007) found that for S. spaldingii dormancy was costly in terms of
reproductive value only when compared to flowering plants, but was advantageous
when compared to vegetative plants. On the other hand, Herrick and Fox (2011)
noted that lower vital rates or reproductive values of plants in dormant stages do
not necessarily mean that dormancy is selected against; rather that we should
compare the fitness (e.g., population growth rate) of life-history strategies with and
without dormancy. They did not consider survival explicitly in the theoretical
matrix population models of contrasting life-histories, instead as a combination of
survival and reproduction (Herrick & Fox, 2011). However, their results would not
change under different assumptions about dormancy, because population growth
rate is not affected by these assumptions.
Here, I showed that the age-from-stage method is not an optimal method to
study age-dependence in vital rates of Silene spaldingii (II). Plants in Silene can
move between stages and remain in one stage for several years (Fig. 5), and thus
age varies within stages (II). Therefore, stage is probably not the best proxy for age
in this species, and consequently, the age-from-stage method is not optimal to
reveal age-dependence in vital rates (Barot, Gignoux, & Legendre, 2002; Steiner,
Tuljapurkar, & Coulson, 2014, II). It is argued that vital rates correlate better with
size than age (e.g., Baudisch et al., 2013). However, we should be cautious before
assuming that age-from-stage method is appropriate method for all plant species
when studying senescence. Silene spaldingii has a long taproot (U.S. Fish and
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Wildlife Service, 2007) and the aboveground size (or stage) does not necessarily
reflect the total size of the plant (II). But if size increases monotonically with age,
and size is used for stage classification, age-from-stage may be more applicable (II).
For example, in Borderea pyrenaica vital rates were derived as a function of age
and size, and the aboveground size of plants was estimated by considering the total
biomass (Garcia et al., 2011). Garcia et al. (2011) found that size first increased
with age until reaching a plateau at older ages, and survival overall increased with
size and age. With this data set, age-from-stage could have resulted in quite similar
age-trajectories than with age or age-and-stage methods. However, with grasses,
age-size correlation did not explain the differences found with population model
predictions based on size only or size and age (Chu & Adler, 2014).
Negligible or negative senescence is found with both long and short-lived
species (Roach & Smith, 2020). Vaupel et al. (2004) hypothesised that negative
senescence is characteristic for species in which individuals start to reproduce
before they reach the maximum size and fertility increases with size. For example,
negative senescence of B. pyrenaica might be a consequence of its growth and
reproductive strategy rather than its longevity: the species starts to flower before
reaching the maximum size and fecundity increases with size for younger ages
(Garcia et al., 2011). Silene can start flowering at age 2, and the number of flowers
increases with age (II), but I did not study whether the number of flowers depends
positively on size, or how size changes with age. Consequently, I cannot confirm
whether this life-history trait explains why Silene spaldingii does not senesce.
Tuomi et al. (2013) showed that dormancy interacts with senescence in S. spaldingii,
resetting plants to a stage experienced earlier and thus reversing aging.
This thesis showed that detecting relationships between drivers and vital rates
in perennial plants with dormancy by using observational data is challenging.
Especially surprising was the weak signal of herbivory in Calypso bulbosa, since
losing its solitary leaf would seem detrimental for a plant (III). Either the
physiological strategies of perennial plants weaken the effect of drivers, or the time
series was too short (III). Calypso bulbosa may gain resources from a mycorrhizal
fungi (Currah et al., 1988), and some plants with dormancy are shown to remobilize
structural carbon (Gremer et al., 2010). Perennial plants can distribute resources
across years (Gremer & Sala, 2013) so the effect of drivers is dampened or lagged
(Ehrlén & van Groenendael, 2001). The lack of signal also indicates that space
could not substitute time for this data set (III). Even though many models tested
seemed to associate vital rates with drivers, a closer examination proved otherwise
(III). Cross validation proved to be an easy to grasp method to investigate the
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predictive power of models, and to avoid reporting spurious results (III). Since
there are only two studies in plants (this included) that have used FLMs with spacefor-time substitution, no general rule for adequate length of time series can be given.
Tenhumberg et al. (2018) showed that 10 years with multiple sites was not long
enough to detect environmental signal in Astragalus scaphoides. Here, I found that
13 years of data from 5 sites was not adequate in C. bulbosa (III). I would argue
though, that a shorter data set than presented here can yet detect the signal of drivers,
if sites are truly independent, i.e., if environmental drivers vary independently
between sites. In my study, especially climate variables correlated between sites
(III).
3.4

Limitation and future prospects

There are limitations in my study that should be considered when evaluating and
generalizing the results. First, the population models constructed here are
deterministic, hence can be used to project populations in a stable environment (I
& II). Whether the results of the population growth rate with different assumptions
about dormancy would hold in a variable environment, either spatially or
temporally, would require further analyses. Second, the number of plants in Paper
II was quite low; 62 plants with known age. To take this into account, I used
statistical regression when estimating vital rates, not the observed number of plants
at each age and/or stage (II). I also presented 95% confidence limits with all
demographic parameters derived to clearly indicate the uncertainty of the results
(II). Third, the climate data in Paper III were obtained from weather stations, not
from the sites. The weather stations were quite close to each other and hence
variables correlated between sites, even though I used the inverse distance
weighting method (III). An extension would be to measure climate variables at sites
across 1-3 years, and then to combine local and regional data to model more
accurate climatic time series for each site. I am not aware of any other long-term
demographic data of Calypso bulbosa in Sweden, Russia or United States, but if
such existed, a study combining data sets from more distant locations would be
ideal. Fourth, additional information about the existence of a seed bank and the
length of a protocorm stage could change some results obtained in this study. For
example, in decreasing populations the exclusion of a seed bank decreases
population growth rate (Nguyen, Buckley, Salguero-Gómez, & Wardle, 2019).
However, it would require germination experiments to study this further.
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Table 4. Main findings on estimating demographic parameters in the Papers I-III,
implications of the results to ecological or evolutionary studies.
Demographic Findings

Implications to ecological or evolutionary studies

parameter
Vital rates

Not possible to estimate separate

If the main interest is to estimate life-history cost to

survival for emergent and dormant

survival, the exact fate of all plants needs to be

stages when dormant plants are

known e.g., through excavation. Assumptions about

invisible (I). Assumptions about

dormancy should be stated explicitly, so that survival

dormancy affect survival and re-

estimates are comparable.

emergence of dormant stages (I).
Age-from-stage model did not

Age needs to be considered if the life-history of a

reveal age dependence of vital

species suggest that size or stage is not the best

rates (II).

proxy for age. New methods to age plants need to be
developed. Studies with age and stage with various
life history strategies are needed.

Substituting space for time did not

Sites must be independent in terms of environmental

compensate for the length of the

variation. FLMs should be investigated further,

demographic data set (III).

predictive power of models needs to be evaluated.
Physiological strategies of plants with dormancy may
dampen the effects of drivers.

Population

Did not depend on the assumptions In a constant environment, different assumptions

growth rate

about dormancy (I). The age model about dormancy can be used if λ is used as a metric

λ

gave slightly higher estimate than

for population viability or to compare relative fitness

the age-from-stage model (II).

of phenotypes or genotypes. Model structure (age
vs. stage) seems to be less important when
assessing λ.

Generation

Did not depend on the assumptions Different assumption about dormancy can be used if

time T

about dormancy (I). The age-from-

T is used e.g., as a metric for extinction risk or

stage model gave slightly lower

evolution rate. Excluding age-dependence from

estimate than the age-and-stage

survival and fertility might over- or underestimate

model (II).

generation time.

Reproductive Values for dormant stages
values

Conclusions about life history costs of emergent and

depended on the assumption about dormant stages can vary with different assumptions
dormancy (I). Age-dependence

about dormancy. Conclusions about senescence

slightly varied between the age-

based on reproductive values can vary when using

and stage-based demographic data age or stage-based demographic data.
(II)
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Demographic Findings

Implications to ecological or evolutionary studies

parameter

Sensitivity

Sensitivities and elasticities to

If perturbation analyses are used for conservation or

and elasticity

survival and emergence depended

management purposes, assumptions about

of λ

on the assumptions about

dormancy must be considered. Conclusions about

to vital rates

dormancy (I). Elasticities to age-

senescence based on selection pressure can vary

specific fertility slightly varied

when using age or stage-based demographic data.

depending on model structure (II).
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4

Conclusion

In my thesis, I studied how incomplete demographic information affects the
estimates of demographic parameters in the context of plants with prolonged
dormancy, and the interpretations we make based on these estimates. I used both
theoretical and empirical analyses to study how assumptions about dormancy affect
vital rate estimates. I showed that estimates of survival and emergence of dormant
plants depend on the assumptions. If we want to compare these estimates between
studies, we need to be aware of the underlying assumptions. Therefore,
assumptions should be stated explicitly. Furthermore, I utilised empirical
demographic data of Silene spaldingii with known age and stage to compare agespecific vital rates derived from an age model, an age-from-stage model and an
age-and-stage model. The age-dependence of vital rates differed between models,
and hence would change the interpretation of senescence in S. spaldingii. This
comparison showed that the age-from-stage method was not appropriate for vital
rate estimation in Silene, probably because in this species age varies within stages.
However, age-from-stage method could be appropriate for species which have a
size-based life-cycle and size increases monotonically with age. In addition, I
applied space-for-time substitution with functional linear models to look for
environmental drivers of demography in Calypso bulbosa. The environmental
signal was weak, only one vital rate was associated with drivers. This result
indicates that space could not substitute time. Either there was no independent
variation between sites, or C. bulbosa has physiological strategies which may
dampen the effect of environmental variation. I encourage further use of functional
linear models, though, since they provide a method to investigate environmental
drivers with multiple time windows and time lags. However, to avoid false positive
results, the predictive power of such models should be investigated. Demographic
monitoring of C. bulbosa continues still, so in the future we will have a more
detailed picture of the relationship between environment and demography of this
species.
I also studied how model assumptions, estimation methods and model
restrictions are translated to population model outcomes. Overall, the results of my
thesis show that some life-history summaries are more robust to model assumptions
or model structure while other summaries are more sensitive. Metrics that
ecologists use to understand ecology and evolution of species, population growth
rate, generation time and net reproductive rate, proved to be almost or completely
unaffected by assumptions made about dormancy or whether they were derived
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from age- or/and stage-based projection matrix. On the other hand, reproductive
values, stage or age-specific, varied with model assumptions and model structure.
As a result, interpretations made based on these values, for example comparison of
the costs between life-history stages, would depend on the composition of the
population model. In addition, when we study the contribution of vital rates to the
population growth rate for conservational or evolutionary purposes, we need to be
aware of the underlying model assumptions and structure, since they can affect
results of sensitivity and elasticity analyses.
Even though there were limitations in my studies, these results can be extended
to ecological studies in general. All ecological models are simplifications and
therefore are based on assumptions. I have shown that even simplified population
models can produce robust outcomes and incomplete demographic information
does not necessarily prevent ecologists from gaining ecological and evolutionary
knowledge about life-history of species, for example for conservational purposes.
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