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Abstract 36 

Population dynamics are governed not just by the vital rates of the members of a population, but 37 

also by population structure (i.e., the distribution of individuals along species life cycles). A 38 

conventional focus of population biology and viability analyses has been to determine the 39 

influence of vital rates on long-term predictions such as stable population growth rates. With 40 

increasing appreciation of the importance of transient dynamics caused by non-stable population 41 

structures, we challenge this conventional focus and encourage the integration of population 42 

structure in assessments of population performance and resilience. To underscore the importance 43 

of population structure to realised population performance, we apply a transient Life Table 44 

Response Experiment framework to 268 comparisons of observed variation in population 45 

performance across 56 plant species over differing time periods, locations, and/or experimental 46 

treatments. We emphasise how changes in population structure are as consequential in determining 47 

realised demographic performance as shifts in survival and fecundity, particularly in populations 48 

characterised by ‘faster’ life-histories and a more limited capacity for contributing offspring 49 

throughout their lifespan. Overall, quantifying how population structure affects realised population 50 

dynamics can reveal key mechanistic insights for enhancing our management of natural systems 51 

and our understanding of life-history variation.  52 
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1. Introduction 53 

Prevailing understanding of life-history theory has been transformed over time to reflect our 54 

growing appreciation for the complex drivers of life-history variation (Murray et al. 2025; Nylin 55 

& Gotthard 1998; Stearns 1980, 2000; Stott et al. 2024). Life-history theory stems from selection 56 

theory predicated on resource availability (MacArthur 1962), with species classified based on their 57 

differential investments across reproductive output and somatic maintenance (i.e. survival and 58 

growth) to maintain asymptotic (i.e., long-term) population performance (Caswell 1982; Salguero-59 

Gómez & Gamelon 2021; Stearns 1976, 1989, 1992). Indeed, perturbation analyses, which can 60 

describe the sensitivity of any emergent population attribute to underlying changes in the 61 

individual-level vital rates of survival, growth, and reproduction (Caswell 2001, 2019; de Kroon 62 

et al. 1986), are typically focused on asymptotic population growth patterns (Crone et al. 2011). 63 

Life-history theory has since expanded to accommodate the fast-slow and reproductive parity 64 

continua (Bakewell et al. 2020; Blackburn 1991; Gaillard et al. 1989; Healy et al. 2019; Oli 2004; 65 

Salguero-Gómez et al. 2016). Along the fast-slow continuum, organisms are still positioned based 66 

on their relative longevity vs. growth and maturation rates (Stearns 1992), but variation in 67 

reproductive characteristics is now described separately along the reproductive parity continuum 68 

(Gaillard et al. 1989; Salguero-Gómez et al. 2016). Together, these axes better represent 69 

organisms, such as corals and trees, who despite their slow growth and longer lifespans, still exhibit 70 

high and frequent reproductive outputs. However, with additional axes proposed for explaining 71 

further aspects of life-history variation, such as dissociating offspring size from reproductive 72 

frequency (Bielby et al. 2007) and differing species responses to environmental stochasticity 73 

(Santos et al. 2024) and disturbance (Murray et al. 2025), we are still to fully comprehend the 74 

multidimensional space characterising life-history variation (Stott et al. 2024). 75 
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 Whilst life-history theory was traditionally built on assumptions of asymptotic dynamics 76 

(Caswell 1982; Partridge & Harvey 1988), variation in realised (i.e., observed) population growth 77 

trajectories often do not correlate with changes in the vital rates thought to most affect population 78 

performance (Coulson et al. 2005). Instead, realised population growth trajectories are more 79 

routinely dominated by transient population dynamics emerging from the interaction between 80 

continually changing vital rates and population structure (Hodgson et al. 2015; Koons et al. 2005, 81 

2016; McDonald et al. 2016). To attain their asymptotic growth trajectories, populations require 82 

stationary environments (Caswell 2001; Tuljapurkar 1989, 1982; Tuljapurkar & Orzack 1980). As 83 

such, asymptotic demographic behaviours are rarely, if ever, observed in real-world settings 84 

(Morozov et al. 2020). Instead, recurrent disturbances such as fires, disease outbreaks, seasonal 85 

climates, and density-dependent mechanisms, coupled with direct anthropogenic impacts, 86 

maintain the realised dynamics of natural populations in a transient state (Hastings 2004; Koons 87 

et al. 2005). Thus, accounting for population structure, an approach rarely taken in demography 88 

(Crone et al. 2011; Maldonado-Chaparro et al. 2018), is required for obtaining a greater 89 

mechanistic understanding of population performance. Strong links between population life 90 

histories and transient population dynamics have been widely demonstrated (Capdevila et al. 2022; 91 

Gamelon et al. 2014; Iles et al. 2016; Sæther et al. 2013; White et al. 2022). However, establishing 92 

how life-history variation shapes realised population performance requires disentangling how vital 93 

rates and population structure contribute to population performance across taxa. 94 

Here, we aim to challenge the traditional focus of life-history theory on longer-term 95 

population performance and to advance the integration of transient demographic theory and life-96 

history evolution. We start by discussing transient demographic concepts and emphasise how 97 

transient dynamics are a foundational component of realised population dynamics. Next, we 98 
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introduce advances in the tools used to partition transient demographic drivers, allowing for 99 

partitioning and quantifying the relative impacts of vital rates and population structure on realised 100 

population performance. Applying a transient Life Table Response Experiment framework (Koons 101 

et al. 2016, 2017) across 268 comparisons of plant population dynamics (representing 56 species) 102 

over differing time periods, locations, and/or experimental treatments, we then show when 103 

population structure can become as consequential as vital rates in shaping the realised performance 104 

and life-histories of natural populations. Finally, we conclude by discussing the practical 105 

implications and challenges associated with incorporating population structure and transient 106 

dynamics into conservation and monitoring frameworks. 107 

 108 

2. Transient dynamics: the natural state of natural systems 109 

Demographic theory posits that, when at a stationary equilibrium, a population will change in size 110 

at a constant rate over time, termed its long-term population growth rate, 𝜆 (Groenendael et al. 111 

1988; Lotka 1925). Underlying this constant rate of growth, the population's structure is also 112 

expected to remain consistent through time, termed its stable-state distribution (SSD, hereafter) 113 

(Caswell 2001; Fisher 1930). Away from equilibrium, however, changes to the underlying vital 114 

rates of a population elicit changes to the age- (Hoy et al. 2020), size- (Sommer et al. 2024), 115 

developmental stage- (Radchuk et al. 2013), or other state-distributions (e.g., sex ratio (Coulson 116 

et al. 2001)) of its constituent individuals, which prevents attainment of its SSD and subsequently 117 

influences future vital rate patterns. Accordingly, realised population trajectories comprise the 118 

direct and indirect effects of stochastic and disturbance-induced variability across both individual-119 

level vital rates and the structure of populations through time (Jenouvrier 2013; Koons et al. 2017) 120 

(Fig. 1A). These transient dynamics can manifest as either abrupt transitions or long, persistent 121 
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changes that appear stable when observed over shorter time scales (Hastings et al. 2018). 122 

Concurrently, transient dynamics can mask ecosystem collapse (Hock et al. 2024) whilst also 123 

underpinning the resilience of natural systems to recurrent disturbances (Capdevila et al. 2020). 124 

Consequently, identifying the drivers of transient dynamics is key to forecasting the responses of 125 

natural systems to ongoing global change (Hastings et al. 2018). 126 

Reflecting the ubiquity of transient dynamics in nature, approaches have been developed 127 

to quantify the extent to which the realised transient dynamics of natural populations differ from 128 

their asymptotic expectations (Fig. 1B) (Koons et al. 2005; Stott et al. 2011). In their transient 129 

state, populations will change in size at a rate either faster or slower than their asymptotic growth 130 

rate (λ), referred to as amplification and attenuation, respectively (Townley et al. 2007; Townley 131 

& Hodgson 2008). Measures such as reactivity (Neubert & Caswell 1997) and maximal 132 

amplification (Stott et al. 2011) describe the first-time step and maximum increase in a 133 

population’s amplified growth rate relative to λ, with first-step attenuation and maximal 134 

attenuation representing analogous measures of decreased population growth. Meanwhile, 135 

population inertia provides insight into how the subsequent realised density of a population differs 136 

from that expected under stationary conditions (Koons et al. 2007). Crucially, many of these 137 

existing measures of transient population dynamics can be computed as (1) transient bounds, 138 

representing the extreme potential of a population given observed changes to its underlying vital 139 

rates, (2) case-specific estimates explicitly accounting for the role of observed population 140 

structures in mediating transient behaviours, or as (3) probability density functions informing on 141 

the most likely responses of populations across all potential changes (Stott et al. 2011; Townley 142 

& Hodgson 2008). Subsequently, these measures have expanded both the empirical and 143 
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comparative assessment of transient dynamics across natural populations (e.g, (Gerber & Kendall 144 

2016; Iles et al. 2016; Jelbert et al. 2019; McDonald et al. 2016; Shriver et al. 2019). 145 

 Ecological trajectories are rarely determined by asymptotic dynamics, with transient 146 

dynamics governing the dynamics and disturbance responses of natural populations (Hastings et 147 

al. 2018; Hodgson et al. 2015; Morozov et al. 2020). With transient amplification and attenuation 148 

reflecting the ability for populations to benefit from and/or withstand shifts in their underlying 149 

vital rates, transient population dynamics underpin plant species viability within variable 150 

environments (Ellis & Crone 2013; McDonald et al. 2016; Stott et al. 2010). Likewise, the 151 

prevalence of amplificatory behaviours within the dynamics of coral populations mediates their 152 

ability to establish within more seasonally variable high-latitude environments (Cant et al. 2022, 153 

2023). Transient amplification is also a major determinant of invasive potential (Jelbert et al. 154 

2019), while the transient dynamics arising from changes in seasonal fawn survival determine the 155 

viability of Sitka deer (Odocoileus hemionus sitkensis) populations (Gilbert et al. 2020).  Such is 156 

the influence of transient dynamics in shaping the disturbance responses of natural populations 157 

that transient metrics now constitute a frequently used framework for quantifying demographic 158 

resilience (Capdevila et al. 2020; Hodgson et al. 2015). 159 

 Generally speaking, resilience comprises the ability for systems to resist disturbance and 160 

recover subsequently (Holling 1973; Isbell et al. 2026) without losing key functionality 161 

(Gunderson et al. 2012; Oliver et al. 2015). As such, by describing how the dynamics of 162 

populations are expected to change following some perturbation to their underlying vital rates 163 

and/or structure (e.g., amplification and attenuation), and the longevity of any arising transient 164 

behaviours (e.g., convergence Caswell [2001]), measures of transient dynamics represent a 165 

comparative framework for quantifying aspects of demographic resilience (Capdevila et al. 2020). 166 
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Adopting this demographic resilience framework has provided extensive insights into the 167 

resilience of natural systems. Examples include revealing the differential recovery rates in primary 168 

vs. secondary forest communities following deforestation (Serra et al. 2021), the relationship 169 

between life-history strategies and disturbance responses (Capdevila et al. 2022; White et al. 170 

2022), and how population-level responses to disturbances underpin the vulnerability of whole 171 

ecological communities (Field et al. 2019; Paniw et al. 2021). This resilience framework is also 172 

the basis of theoretical advancements evaluating how different disturbance regimes will reshape 173 

our understanding of population resilience (Cant et al. 2025; Tuljapurkar et al. 2023), and 174 

assessments of how density-dependent feedback modulates disturbance responses (Hernández et 175 

al. 2025). Overall, the demographic resilience framework holds potential for distilling how 176 

transient population dynamics have informed evolutionary responses to changes in environmental 177 

variability and the frequency of recurrent disturbances (Murray et al. 2025). 178 

 179 

3. Life Table Response Experiments 180 

To understand how transient population dynamics influence life-history variation and vice versa, 181 

we need tools for explicitly quantifying how both vital rates and population structure contribute to 182 

realised population performance. In this context, Life Table Response Experiments (LTREs) are a 183 

widely adopted approach for partitioning variation in some measure of population performance 184 

into the contributions of underlying demographic parameters (Caswell 1989, 1996a). Consider a 185 

series of treatments, either natural or experimentally imposed, from which arise a series of 186 

artificially or naturally varying environmental contexts. Across these differing environmental 187 

contexts, using perturbation analyses, one can predict how a population’s performance would be 188 

expected to change following corresponding changes in the population’s underlying vital rates 189 
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(Caswell 2001; de Kroon et al. 1986). However, if a particular vital rate is expected to exert a 190 

strong effect on population performance but does not vary across differing environmental contexts, 191 

then said vital rate cannot have affected observed changes in population performance. Instead, 192 

LTREs translate the observed individual-level effects of differing environments into the observed 193 

population-level effects of those environments (Caswell 2000). Formally introduced as part of 194 

studies into the effects of social variables on human population growth and the abiotic preferences 195 

of grain beetles (Birch 1953; Lotka 1936), LTREs initially gained popularity in environmental 196 

toxicology. Routinely, these toxicology assessments entailed evaluating how the individual-level 197 

survival, growth, and reproductive consequences of chronic exposure to pesticides, fertilisers, 198 

radiation, and metal contaminants impact intrinsic rates of population growth (r) in planktonic 199 

crustacean species (Allan & Daniels 1982; Daniels & Allan 1981; Fitzmayer et al. 1982; Gentile 200 

et al. 1982; Hummon & Hummon 1975; Marshall 1962; Rao & Sarma 1986; Walton et al. 1982; 201 

Winner & Farrel 1976). Meanwhile, Levin et al. (1996) present a comprehensive assay into how 202 

the contamination of estuarine waters with sewage, petrol, and blue-green algae effects long-term 203 

population growth rates (𝜆) in polychaete worms. LTREs have since become an established 204 

approach across both experimental and observational ecological research (Caswell 1996b, 2019); 205 

although more frequently as a feature of exploratory assessments rather than applied management 206 

(Crone et al. 2011). 207 

In contemporary population ecology, the LTRE framework has been extensively used to 208 

partition the effects of shifts in individual-level survival, growth, and/or reproductive patterns on 209 

observed variation in asymptotic population growth rates (𝜆) (Crone et al. 2011). Briefly, this 210 

classical LTRE framework entails an iterative approach whereby the contribution of each 211 

underlying parameter (x) comprises the balance between the effect of changing x on 𝜆 when all 212 
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other parameters are held constant and the sensitivity of 𝜆 to changes in x. These contributions can 213 

represent an observed effect on 𝜆 relative to a reference condition, such as an experimental control 214 

(fixed-design), or an effect on the variance in 𝜆 across a sequence of scenarios (random-design). 215 

This flexibility, coupled with a straightforward analytical pipeline, has afforded LTREs a 216 

transformative role in our understanding of (1) ecological mechanisms such as density-dependence 217 

(Fowler et al. 2006; Oli et al. 2001), coexistence (Fréville & Silvertown 2005; Griffith 2010; 218 

Jongejans & De Kroon 2005; Williams & Crone 2006) and range expansions (Angert 2006; 219 

Layton-Matthews et al. 2020; Moutouama et al. 2025), (2) organism responses to recurrent 220 

disturbances (Carson et al. 2025; Elderd & Doak 2006; Kesler et al. 2008) and habitat 221 

fragmentation (Martínez-Ramos et al. 2016), (3) sustainable harvest yields (Schmidt et al. 2011; 222 

Zuidema et al. 2010), and (4) the drivers of viability in vulnerable species (Goldstein & Steiner 223 

2020; Mercado-Molina et al. 2015; Soto-Santiago et al. 2017). Although commonplace, the 224 

classical LTRE framework can also be applied to partition variance across other measures of 225 

population performance aside from 𝜆, such as dispersal ability (Caswell et al. 2003), net 226 

reproductive rate (Levin et al. 1996), and sex ratio (Veran & Beissinger 2009). 227 

Continued advances in LTRE approaches have since motivated the development of 228 

stochastic and transient extensions to the framework (Caswell 2010; Davison et al. 2010; Koons 229 

et al. 2016). Populations invariably exist in variable environments (Lande et al. 2003). Yet the 230 

focus of classical LTREs on asymptotic, time-invariant measures of population performance 231 

prevents accommodating temporal variation in how vital rates respond to natural environmental 232 

stochasticity (Caswell 2010). Alternatively, measures of stochastic population growth rate (𝜆S), 233 

representing geometric-mean population growth rates observed across a series of successive time 234 

intervals, better capture how temporal vital rate patterns influence longer-term population 235 
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performance (Lewontin & Cohen 1969). Stochastic LTREs (sLTRE, sensu (Caswell 2010; 236 

Davison et al. 2010)) allow for partitioning variance in 𝜆S across treatments (or environments) into 237 

the direct effects of the specific treatments and any within-treatment variance across individual 238 

vital rates. Indeed, by explicitly considering stochasticity within population dynamics, sLTREs 239 

have provided key insights into the maintenance of range distributions (Villellas et al. 2013), 240 

population responses to herbivory (Jacquemyn et al. 2012), the influence of sociality on population 241 

fitness (Busana et al. 2022), the evolution of life-histories in garter snakes (Miller et al. 2011), and 242 

the effects of climate-induced shifts in phenology (Iler et al. 2019). More recently, transient Life 243 

Table Response Experiments (tLTREs, sensu (Koons et al. 2016)) have also gained prominence 244 

for decomposing variance in population performance. Unlike previous retrospective population 245 

analyses, however, tLTREs explicitly resolve how the interactions between a population’s 246 

underlying vital rates and structure inform its realised performance across differing environments 247 

(Box 1) (Koons et al. 2016, 2017). tLTREs have since provided detailed inference into the drivers 248 

of population performance across various mammal (e.g., Christian et al. 2024; Dobson et al. 2024; 249 

Maldonado-Chaparro et al. 2018)) and bird species (e.g., (Gibson et al. 2025; Layton-Matthews et 250 

al. 2021; Nater et al. 2023; Summers et al. 2024; Tenan et al. 2021). 251 

Alongside advancements in LTRE approaches to accommodate stochastic and transient 252 

applications, recent progress has also been made in enhancing the accuracy of LTREs through the 253 

exactLTRE framework (Hernández et al. 2023). The conventional pipeline underlying LTRE 254 

applications relies on Taylor series approximation (Caswell 2001). Briefly, this approximation 255 

assumes that a mathematical relationship can be represented as an infinite sum of terms, allowing 256 

for the estimation of the relationship using its derivatives at a selected point. Consequently, 257 

conventional LTRE approaches can only provide a close but inexact quantification of the 258 
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contributions of underlying demographic parameters to observed variation in selected population 259 

performance attributes (Hernández et al. 2023). By adopting functional analysis of variance 260 

(fANOVA) (Ellner et al. 2019; Hooker 2007) in place of the Taylor series approximation, the 261 

exactLTRE framework overcomes this limitation (Hernández et al. 2023). Thus, implementing 262 

classical, stochastic, and transient LTREs using the exactLTRE pipeline allows for accurately 263 

partitioning observed variance in demographic performance across both the main effects of 264 

underlying parameters and their interactions. Together, these developments across LTRE 265 

approaches have cultivated a powerful toolbox ideal for understanding how life histories shape 266 

realised population performance. 267 

 268 

4. Linking realised population structure and life-history variation 269 

Despite strong links between variation in life-history strategies and transient population dynamics 270 

(e.g., Capdevila et al. 2022; Gamelon et al. 2014; Iles et al. 2016; Sæther et al. 2013; White et al. 271 

2022), how the effect of life-history variation on realised population performance is shaped by 272 

population structure remains untested (Koons et al. 2016). Concurrently, we present a 273 

comprehensive assessment of how population structure contributes to shaping realised population 274 

performance across life-history variation. We apply tLTREs across 268 comparisons of plant 275 

population dynamics (representing 56 species) over differing time periods, locations, and/or 276 

experimental treatments, sourced from the COMPADRE database (version 6.23.5.0) (Salguero-277 

Gómez et al. 2015). Within our tLTRE framework, we adopt a modified version of the 278 

aforementioned exactLTRE methodology (Hernández et al. 2023), allowing us to take advantage 279 

of the fANOVA approach whilst partitioning observed variance in realised population growth rates 280 

into contributions from changes in population structure and individual-level vital rates. We 281 
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encourage readers less familiar with LTRE approaches, especially tLTREs, to refer to Box 1 for a 282 

full walkthrough of a tLTRE analysis prior to engaging our findings below. See also Appendix S1 283 

for a detailed overview of our full methodology. 284 

 285 

4.1. Mapping the contributions of population structure across life-history variation 286 

Changes in population structure have consequences on realised plant population performance, an 287 

effect that appears somewhat shaped by phylogenetic ancestry (Fig. 2). Across 268 within-species 288 

comparisons of plant population dynamics over differing time periods, locations, and/or 289 

experimental treatments, we used tLTREs to partition variance in realised population growth rates, 290 

var(𝜆transient),  into the contributions of changes in population structure (n), survival (𝜎), 291 

development (𝛾), and fecundity (𝜙). Using Pagel’s 𝜆 (Pagel 1999), we also calculated the strength 292 

of the phylogenetic signal across our contribution to var(𝜆transient) estimates. Briefly, we computed 293 

phylogenetic signal as a measure of how gradients in observed trait variance correlate with 294 

evolutionary variance-covariance captured by the branch distances across a population-level 295 

phylogenetic tree established for our population sample (see Appendix S1: Establishing 296 

phylogenetic relationships). Note the difference between 𝜆 (i.e., long-term population growth rate) 297 

and Pagel’s 𝜆, which is a measure of phylogenetic signal and varies between 0 (low) and 1 (high) 298 

reflecting the explanatory strength of species phylogenetic ancestry in shaping observed trait 299 

variance (Freckleton et al. 2002). We illustrate how changes in population structure, survival and 300 

fecundity contribute equally to increases in the variance observed in realised population growth 301 

rates across space and time (Fig. 2); with only the interactions between these changes capable of 302 

diminishing observed variance. Moreover, with strong evidence that these contributions are 303 

modulated by evolutionary mechanisms (i.e., no overlap with zero in Pagel’s 𝜆 95% confidence 304 
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bounds), particularly the effects of survival and growth (Pagel’s 𝜆 > 0.9), we show a similar 305 

significance of phylogenetic ancestry in determining the roles population structure and fecundity 306 

play in shaping realised population performance (Pagel’s 𝜆: n = 0.65 [95% CI: 0.37, 0.83]; 𝜙 = 307 

0.77 [0.41, 0.90]; Fig. 2). 308 

The contributions of population structure to variance in realised performance are greatest 309 

in populations with shorter generation times, shorter life expectancies, shorter reproductive 310 

windows, and earlier reproductive maturity (Fig. 3A). We used a phylogenetically-informed partial 311 

least squares analysis (pPLS) to assess how the contributions of survival, development, fecundity, 312 

and population structure to var(𝜆transient) map across the population traits of generation time (i.e., 313 

the mean time between the birth of a parent and its offspring, T), age at reproductive maturity (L𝛼), 314 

mean life expectancy (i.e., average lifespan, 𝜂e), and reproductive window (i.e., the duration of 315 

reproduction, L𝛼-𝜔). Together, T, L𝛼, 𝜂e, and L𝛼-𝜔 reflect a well-defined trait space for characterising 316 

species along the fast-slow and reproductive parity continua (Salguero-Gómez et al. 2016; Stott et 317 

al. 2024). Briefly, PLS is a multivariate approach for assessing the extent to which a series of 318 

independent variables can explain observed variance across some dependent variable(s). Using 319 

this approach allowed us to quantify how variance in the underlying sources of var(𝜆transient) across 320 

populations correlates with variance in their life-history characteristics. Indeed, our findings here 321 

emphasise the central role that survival plays in influencing realised population performance in 322 

longer-lived species (Gaillard et al. 2005), as, across our population comparisons, contributions of 323 

survival (𝜎) to var(𝜆transient) increase with increasing generation time (Fig. 3A). However, in 324 

populations with ‘faster’ life histories (i.e., shorter generation times and life expectancies, and 325 

faster maturity) changes in population structure are a key determinant of realised plant population 326 

performance (Fig 3A). Relative life-history speed determines climate vulnerability (Compagnoni 327 
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et al. 2021), extinction risk (Mace et al. 2008; Staerk et al. 2019) and adaptability (Pearson et al. 328 

2014), by illustrating how population structure mediates realised performance in shorter-lived 329 

species, our findings compound the need for considering population structure as part of ongoing 330 

conservation efforts (Gamelon et al. 2021). 331 

While changes in fecundity contribute strongly to variation in the realised population 332 

performance of species considered more iteroparous (i.e., with multiple reproductive cycles), the 333 

contributions of population structure to realised population performance are more important in 334 

semelparous (i.e., with a single terminal reproductive episode and represented by perennial 335 

monocarpic species in our sample) than in iteroparous species (Fig. 3B). Using pPLS we assessed 336 

how the contributions of survival, development, fecundity, and population structure to var(𝜆transient) 337 

align along a continuum defined by Degree of Iteroparity (S, with higher/lower values reflecting 338 

greater iteroparity/semelparity respectively). The first component axis of this pPLS primarily 339 

describes a transitional shift in contributions to var(𝜆transient) from survival (r = -0.64) to fecundity 340 

(r = 0.91; Fig. 3B). It is this same axis that also best aligns with patterns in the contributions of 341 

changes in population structure and its interaction effects (r: n = -0.40; 𝜎:𝛾:𝜙:n = -0.46). Likewise, 342 

this first component is the best descriptor of patterns in S, although the correlation is comparatively 343 

weak (r = 0.27). Subsequently, the role of population structure in determining realised population 344 

performance increases, alongside survival, in more semelparous species. Iteroparity affords 345 

species increased opportunity for contributing offspring throughout their life cycle, thus reducing 346 

the sensitivity of their populations to the loss of juvenile life stages (Jonsson & Ebenman 2001). 347 

Iteroparous species can also maximise their reproductive output during periods of favourable 348 

conditions (e.g., masting), potentially buffering their demographic performance against increased 349 

stochasticity (Bogdziewicz et al. 2024). Alternatively, semelparous species are vulnerable to 350 
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stochastic shifts in survival that reduce the likelihood of individuals reaching reproductive maturity 351 

and their terminal reproductive event (Fisher & Salguero-Gomez 2026; Goldstein et al. 2017). 352 

We emphasise the importance of population structure in contributing to variation in 353 

realised population performance, particularly in species with ‘faster’ life histories and limited 354 

potential for contributing offspring throughout their lifespan; a non-trivial sub-section of life-355 

history variation. Previous work has similarly reported the importance of transient dynamics to the 356 

realised performance of plant populations positioned at the extremities of life-history complexity 357 

(i.e., trees and semelparous shrubs) (McDonald et al. 2016; Stott et al. 2010). Contributions to 358 

variance in realised population performance comprise both the sensitivity of realised performance 359 

to underlying population parameters as well as the magnitude by which these parameters were 360 

observed to actually change (Koons et al. 2016). Many semelparous plant species benefit from fast 361 

population turnover and/or high reproductive output to quickly monopolise available resources 362 

(Bonser 2013; Gagnon & Platt 2008). Meanwhile, slow-growing tree species typically exist within 363 

dense forest ecosystems and need to take advantage of erratic canopy gap dynamics (Whitmore 364 

1989). Accordingly, although manifesting through different mechanisms, these selective pressures 365 

similarly elevate the contribution of transient dynamics to realised population performance across 366 

differing life history strategies (Stott et al. 2010). 367 

Longstanding perspectives in population ecology consider the structure of populations an 368 

outcome of their life-history-informed response to local environmental conditions (Albaladejo-369 

Robles et al. 2023; Wright et al. 2019). Populations of species whose individuals display low 370 

survival rates, fast maturity, and high reproductive output are expected to have population 371 

structures biased towards smaller/younger/less-developed classes. Alternatively, populations of 372 

species with individuals displaying higher survival, slower growth, and low reproductive outputs 373 
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are more likely to be composed of larger/older/more-developed individuals. Yet, as we illustrate, 374 

population structure helps to shape realised population performance, sequentially underpinning 375 

population fitness under prevailing environmental conditions. Instead of being a consequence of 376 

life-history variation, population structure and how it interacts with individual-level survival, 377 

growth, and reproductive patterns to inform realised population performance is an integral 378 

component of life-history variation. 379 

 380 

5. Informing conservation science with assessments of population structure 381 

Variation across the dynamical responses of natural populations to localised environmental and 382 

anthropogenic pressures compounds the intricate and nuanced responses of biodiversity to ongoing 383 

global change (Oliver et al. 2016). Consequently, amidst calls for more proactive species-based 384 

conservation approaches (Cardillo et al. 2026), conservation decisions must be grounded in 385 

reliable forecasts of population trajectories (Cerini et al. 2023). With transient dynamics being a 386 

ubiquitous component of natural ecosystems (Hastings et al. 2018; Morozov et al. 2020), 387 

understanding and forecasting population trajectories requires recognising when changes in 388 

population structure are likely to play a dominant role in determining population performance 389 

(Koons et al. 2017). Here, through a retrospective analysis of 268 natural populations, we have 390 

illustrated how contributions from transient changes in population structure can be as 391 

consequential, if not more so, than the direct contributions of changes in individual-level vital rates 392 

to realised population performance. However, empirical records detailing changes in population 393 

structure remain routinely undervalued across ecological and conservation science (Gascoigne et 394 

al. 2023; Koons et al. 2016). 395 
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Demographic data are an invaluable conservation resource (Conde et al. 2019; Le Coeur 396 

et al. 2026) as they offer compelling insight into the drivers of population invasion (Jelbert et al. 397 

2019), decline (Warlick et al. 2024), and recovery (Morrison et al. 2016). However, accurately 398 

forecasting population trajectories requires long-term data that allow for predicting realised species 399 

responses to localised stressors and conservation action rather than their expected asymptotic 400 

responses. While this statement encapsulates unresolved uncertainties and challenges across 401 

population ecology, it does emphasise the need for systematically monitoring population structure. 402 

Quantifying trends in population abundances is already a central component of conservation 403 

science and evaluating species extinction risk (De Lima et al. 2024; Dietzel et al. 2021). Indeed, 404 

the IUCN recommends the monitoring of population sizes as part of its prioritisation of species for 405 

conservation effort (Mace et al. 2008), and its evaluation of conservation success (Akçakaya et al. 406 

2018). Yet, although wildlife monitoring programs incorporating records of population structure 407 

into viability assessments do exist (e.g., NOAA’s Pacific salmon [Oncorhynchus spp.] monitoring 408 

service (Buhle et al. 2018)), assessments of population structure within species conservation 409 

assessments are not commonplace. Accordingly, biodiversity management and conservation 410 

approaches are neglecting a key determinant of future population trajectories (Gamelon et al. 411 

2021). Future monitoring efforts and management frameworks aimed at assessing and maintaining 412 

population viability must therefore place greater emphasis on collecting, estimating, and 413 

incorporating information on population structure. We also encourage authors to make such 414 

information publicly available to facilitate continued advancements in ecological theory linking 415 

population structure, population performance, and life-history variation. 416 

 Approaches already exist for estimating latent population structure and its impact on 417 

population viability from established monitoring data using data integration. Integrated population 418 
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models allow for synthesising population census and productivity datasets into a single analysis 419 

pipeline for simultaneously estimating vital rates and population size (Besbeas et al. 2002; Brooks 420 

et al. 2004). Briefly, integrated population models use time-series population count data and basic 421 

species life cycle details to infer the vital rates needed to realise observed population trajectories 422 

(Schaub & Abadi 2011). Thus, integrated population models can be used to appropriately model 423 

the implicit feedback between the structure and underlying vital rates of natural populations (Plard 424 

et al. 2019), informing their responses to extrinsic and intrinsic perturbations (Koons et al. 2016). 425 

By explicitly considering the link between population structure and realised population 426 

performance, integrated population models can also account for how density dependence, 427 

metapopulation dynamics, and individual heterogeneity shape population trajectories (Plard et al. 428 

2019; Schaub et al. 2015; Zipkin & Saunders 2018). Moreover, data integration is an effective 429 

approach for quickly identifying data gaps and thus can be used to guide research prioritisation 430 

(Zipkin & Saunders 2018). Yet, despite these strengths, data integration approaches have largely 431 

been used to develop demographic theory rather than for applied conservation (Oppel et al. 2014). 432 

Beyond existing modelling frameworks, biodiversity monitoring is being flooded with 433 

technological developments advancing our capacity for distilling the structures of natural 434 

populations (Sutherland et al. 2026). Contemporary remote image-based tracking technologies 435 

allow identification of individual animals and understanding their behaviours at unprecedented 436 

resolutions and scales (Dell et al. 2014). For instance, camera-mounted unmanned aerial vehicles 437 

can alleviate access barriers associated with capturing the size distributions of isolated marine 438 

mammal populations (Stone & Davis 2025). AI-assisted photo processing can also distinguish 439 

between individual insects during light trapping exercises (Roy et al. 2024), and extract encounter 440 

data whilst recognising repeat individuals from photos of African megafauna (Gholami et al. 2026; 441 
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Vukelić et al. 2026). There is even scope for future extensions to detect and identify individuals 442 

from footfall signals recorded on seismic sensors (Steinmann et al. 2025). Meanwhile, public 443 

access to unparalleled quantities of high-resolution satellite imagery can expedite the collection of 444 

demographic data and population size structures for a variety of plant species at the country and 445 

continental scales (Fenollosa et al. 2025). At more local scales, the segmentation of aerial 446 

hyperspectral LiDAR datasets and underwater photomosaics facilitates distinguishing between 447 

individual tree crowns and coral colonies across dense forest and reef ecosystems (Dash et al. 448 

2019; Maschler et al. 2018; Pavoni et al. 2022). Accordingly, efforts to consolidate forecasts of 449 

realised population trajectories across applied conservation and management must capitalise on 450 

these emerging tools as practical solutions for quantifying the structures of natural populations at 451 

scale. 452 

 453 

6. Conclusions 454 

The realised performance of any natural population is determined by its transient dynamics 455 

(Hodgson et al. 2015; Koons et al. 2005). Yet, our understanding of life-history variation and how 456 

it shapes the responses of natural populations to global change is rooted in assumptions of 457 

asymptotic dynamics that are rarely attained in nature. Transient population dynamics emerge from 458 

the interaction between vital rates and population structure (Jenouvrier 2013; Maldonado-459 

Chaparro et al. 2018). Thus, population structure is a major driver of realised population 460 

performance (Koons et al. 2017). The urgent need to better understand the link between life 461 

histories and realised population performance (Stott et al. 2024; Sutherland et al. 2013) has 462 

heralded demographic tools for partitioning the contributions of both vital rates and structure to 463 

realised population performance (Koons et al. 2016). However, we still lack understanding of how 464 
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population structure shapes realised population performance across life-history variation 465 

(Maldonado-Chaparro et al. 2018). Using 268 comparisons of population dynamics of 56 plant 466 

species across differing time periods, locations, and/or experimental treatments, we used a tLTRE 467 

framework to assess how population structure informs demographic performance across axes of 468 

life-history variation. We illustrate that population structure can contribute as much as vital rates 469 

to realised population performance, particularly in ‘faster-lived’ species. Subsequently, 470 

conservation and research efforts that ignore population structure will continue to overlook a major 471 

determinant of current and future population performance. 472 
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 922 

Figure 1 923 



44 

Figure 1. Realised population performance differs from stationary expectations and arises 924 

from the interaction between changes in individual-level vital rates and population structure. 925 

(A) Variation across the realised growth rates expressed by natural populations is underpinned by 926 

changes in both their underlying vital rates (e.g., survival & fecundity) and structure (i.e., the 927 

distribution of individuals across their life cycle). Consider three populations, each comprising the 928 

exact same population size (Nt = 1,020 individuals) at time t = 1. Two of these populations 929 

(Populations 1 & 2) have an identical structure but exhibit differing survival and fecundity rates, 930 

while two (Populations 1 & 3) have different structures but possess the same survival and fecundity 931 

rates. Despite these paired similarities, each population displays very different growth trajectories 932 

between times t = 1 and t = 2 owing to their differing structures and vital rates, with Population 1 933 

remaining stable (𝜆1,2 ≈ 1), Population 2 declining (𝜆1,2 < 1), and Population 3 growing rapidly 934 

(𝜆1,2 >> 1). (B) Various measures exist for quantifying the transient dynamics exhibited by natural 935 

populations existing away from their stationary equilibrium. These measures include reactivity, 936 

maximal amplification, and upper inertia, which describe the capacity for populations to undergo 937 

faster-than-expected growth (i.e., amplification). Meanwhile, measures such as first-step 938 

attenuation, maximal attenuation, and lower inertia then describe the potential for populations to 939 

undergo slower-than-expected growth (i.e., attenuation), while the damping ratio can be used to 940 

determine the expected time for any transient behaviours to converge back to a stationary 941 

equilibrium. Note that this is not an exhaustive list of available transient measures and is only 942 

intended to provide a flavour of the breadth of the transient demographic toolbox.  943 



45 

Figure 2 944 

Figure 2. The effect of contributions from population structure on realised population 945 

performance is equivalent to those of survival and fecundity. The contributions of population 946 

structure (n), survival (𝜎), development (𝛾), fecundity (𝜙), and their interactions (𝜎:𝛾:𝜙:n & 947 

𝜎:𝛾:𝜙) to observed variance in realised population growth rates (𝜆transient). Inset values illustrate 948 

how gradients in observed trait variance correlate with evolutionary variance-covariance between 949 

populations captured by the branch distances across a phylogenetic tree created for our population 950 

sample. Error shown as 95% CIs.  951 



46 

Figure 3 952 



47 

Figure 3. Contributions from population structure to variation in realised population 953 

performance are greatest in species with faster life-histories and more limited opportunities 954 

for contributing offspring across their lifespan. Partial least squares biplots showing how 955 

variance in the contributions of population structure (n), survival (𝜎), development (𝛾), fecundity 956 

(𝜙), and their interactions (𝜎:𝛾:𝜙:n & 𝜎:𝛾:𝜙) to observed variation in 𝜆transient across populations 957 

correlates with a populations’ (A) position along the fast-slow continuum (defined by the traits of 958 

generation time [T], age at reproductive maturity [L𝛼], mean life expectancy [𝜂e], and reproductive 959 

window [L𝛼-𝜔]), and (B) degree of iteroparity (S). PLS biplots visualise the extent to which 960 

correlations between independent (black loading arrows) and dependent (grey loading arrows) 961 

variables explain observed variance across the selected dependent variables. Across both panels, 962 

point colour depicts associated log-transformed variance in 𝜆transient. Representative species icons 963 

included adjacent to corresponding data point showing (top to bottom): Eryngium alpinum (Alpine 964 

Sea holly), Danthonia sericea (Silky oat-grass), Acer saccharum (Sugar maple), Chamaedorea 965 

elegans (Parlour palm), Mammillaria magnimamma (Mexican pincushion), and Plantago media 966 

(Hoary plantain).  967 
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 968 

Box 1. tLTRE: an empirical example 969 

We present a walkthrough of a tLTRE assessment of annual changes in the dynamics of a knob-970 

scaled lizard population (Xenosaurus grandis) surveyed annually between 2000 and 2003 (Ax) 971 

(Zúñiga-Vega et al. 2007) (Eq. 1). Briefly, these data describe changes in the probabilities of 972 

individuals transitioning between juvenile and adult stage classes (blue) and their per-capita 973 

fecundity (orange). Hypothetical counts of individuals per stage-class (nx) corresponding with 974 

these empirically observed vital rates have been added for the purposes of this example. 975 

 976 

 (1) 977 

 978 

Asymptotic (𝜆) and realised population growth rates (𝜆transient) across the three time-979 

intervals illustrate differing growth trajectories. 𝜆 at time x is equal to the dominant eigenvalue of 980 

matrix Ax, whereas 𝜆transient is computed from associated matrices and population vectors (Eq. 2). 981 

Both measures reflect retrospective estimates of whether the population grew, remained constant, 982 

or declined (> 1, = 1, < 1, respectively) over the associated time interval. 983 

    𝜆𝑡𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡 =
𝛴𝐴𝑥𝑛𝑥

𝛴𝑛𝑥
                                                             (2) 984 

Asymptotic population growth estimates suggest that the population grew continually, but that 985 

growth slowed in the third year (𝜆 = 1.29, 1.33 & 1.12), while 𝜆transient estimates show that the 986 

population did indeed grow but at a much faster initial rate, and that growth slowed continuously 987 

across the three-year period (𝜆transient: 1.84, 1.33 & 1.10). We can now estimate the variance in 988 

𝜆transient for the population (var(𝜆transient) = 0.0938), and it is this value that forms the basis of our 989 
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tLTRE analysis. Note that var(𝜆transient) here is equal to the mean of the squared deviation in 𝜆transient 990 

estimates (Hernández et al. 2023). 991 

Next, we partition variance in 𝜆transient into the contributions of changes observed across the 992 

dynamics and structure of the population. First, we compute the mean dynamics (𝑨) and population 993 

vector (𝒏) (arithmetic element-by-element means, in each case) represented across the time series: 994 

           995    (3) 

Second, holding all other elements at their mean condition, we systematically replace the value of 996 

each matrix element and the population vector with their observed conditions across the time 997 

series. We then recalculate var(𝜆transient) using these modified A and n products. For instance, not 998 

only does the X. grandis population’s structure change across the surveyed time intervals, but so 999 

does its per-capita fecundity. To quantify the first-order contribution of changes in per-capita 1000 

fecundity on var(𝜆transient), we isolate the observed changes in fecundity whilst holding all other 1001 

elements at their mean condition (Eq. 4). 1002 

 1003 

 (4) 1004 

 1005 

The modified estimates of 𝜆transient associated with this manipulation are 1.42, 1.37 & 1.21, such 1006 

that changes in fecundity alone contribute to a var(𝜆transient) of 0.0082 (8.8% of the true observed 1007 

variance). Meanwhile, to quantify the contribution of population structure, we can isolate the 1008 

effects of observed changes in structure alongside the population’s mean dynamics (Eq. 5). 1009 

 1010 

 (5) 1011 
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On this occasion, our modified estimates of 𝜆transient are 1.65, 1.26 & 1.26, with population structure 1012 

therefore contributing to a var(𝜆transient) of 0.0346 (36.8% of the true observed variance). Repeating 1013 

the above steps for all remaining elements illustrates how changes in population structure 1014 

contribute more to var(𝜆transient) than all vital rate transitions combined (0.0346 vs. 0.0107), with 1015 

only the pooled interactions between the vital rates and population structure (0.0473) having a 1016 

greater effect. However, these interaction effects are largely driven by contributions from the 1017 

interaction between population structure and per-capita fecundity (0.0335). Overall, not only does 1018 

this worked example demonstrate the power of tLTRE approaches for partitioning the drivers of 1019 

realised population performance, but it also evidences the potential for population structure to 1020 

impact population performance more than the vital rates. 1021 

 1022 


