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24 Abstract

25 A population’s structure (i.e., the distribution of individuals across the life cycle of a species)

26 influences how it responds to environmental changes and recurrent disturbances, and shapes its

27 vulnerability to extinction. Yet, despite compelling evidence that population structures are rarely

28 stationary over time, assessments of population viability have only recently begun to consider how

29 a population’s structure interacts with its vital rates of survival, development, and fecundity to

30 determine its demographic performance. Using 268 comparisons of population dynamics in 56

31 plant species across differing time periods, locations, and/or experimental treatments, we use

32 transient Life Table Response Experiments (tLTREs) to quantify how changes in population

33 structure and vital rates contribute to observed variation in demographic performance. We

34 illustrate how changes in population structure are major contributors to short-term (i.e. transient)

35 demographic performance, and are just as important as the effects of, more routinely evaluated,

36 changes in survival and fecundity rates for informing population viability assessments. Moreover,

37 these contribution patterns challenge prevailing understanding of the links between plant growth

38 form and population viability. Accordingly, we emphasise how quantifying the effects of

39 population structure on transient population dynamics can reveal key mechanistic insights

40 necessary for accurately predicting the responses of natural populations worldwide to ongoing

41 global change. Indeed, l​inking the structure and dynamics of natural populations is essential for
42 the effective management and conservation of global biodiversity.
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43 Significance Statement

44 Using 268 comparisons of population dynamics in 56 plant species across different time periods,

45 locations, and/or experimental treatments, we show how changes in population structure are just

46 as important as the effects of changing survival and fecundity rates in determining population

47 viability; particularly in shorter-lived species. Current assessments of population viability largely

48 focus on evaluating how changing vital rates affect population dynamics. However, the critical

49 role of population structure in mediating population dynamics evidences how current efforts to

50 forecast plant populations and communities are incomplete. As such, we emphasise the need for

51 explicitly including population structure in assessments of demographic performance and

52 resilience for the effective management of natural populations.
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53 Introduction

54 Historically, assessments of population viability typically evaluate how individual-level patterns

55 in survival, development, and fecundity respond to disturbances and environmental fluctuations

56 (e.g., seasonal cycles, drought, forest forest etc.) (1). Indeed, transient (i.e., short-term; although

57 some transient cycles can persist over long periods (2)) variation in these vital rates underpins the

58 resistance and recovery potential of natural populations (3). However, demographic performance

59 (i.e., a population’s growth rate) arises from an interaction between a population's vital rates and

60 its structure (4). Survival, development, and fecundity rates shape the structure of populations to

61 directly inform their realised performance (5, 6) (Fig. 1A). Unless a population possesses a stable

62 structure, whereby it will change in size at a constant rate over time (its long-term population

63 growth rate, λ), its vital rates will change the age- (7), size- (8), developmental stage- (9), or other

64 state-distribution (e.g., sex ratio (10)) of the individuals within the population. Accordingly,

65 population trajectories comprise the direct and indirect effects of stochastic and disturbance-

66 induced variability across both the vital rates and structure of populations (11, 12). Thus,

67 accounting for population structure, a feature that is rarely done in demography (5, 13), can provide

68 greater mechanistic insight into demographic performance and resilience (14), though to what

69 extent remains unquantified.

70 Periodic disturbances and/or environmental shifts prevent populations from attaining their

71 stable population structure or stationary growth trajectory (i.e., λ) (15). Instead, populations are

72 maintained within a transient state during which their realised growth rates (λtransient) change

73 through time and/or space (16). The transient Life Table Response Experiment framework (4)

74 (tLTRE, hereafter) was introduced as a way to decompose this variation in λtransient into the

75 contributions provided by underlying shifts in observed vital rates and population structure (4, 11)
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76 (Fig. 1B). tLTREs have since been implemented in the case-specific assessment of various

77 mammal (e.g., (5, 6, 17)) and bird species (e.g., (14, 18–21)). However, while theory predicts a

78 link between life-history variation and the contributions of population structure to variation in

79 λtransient (4), how population structure influences realised demographic performance across natural

80 populations and life-history strategies remains untested.

81 Here, to assess how the contribution of population structure to variation in demographic

82 performance corresponds with established axes of life-history variation, we apply tLTREs to 268

83 comparisons of population dynamics in 56 plant species across differing time periods, locations,

84 and/or experimental treatments (22). Specifically, we test the following hypotheses: (H1)

85 Observed variation in population structure will elicit comparable contributions to variance in

86 𝜆transient to those from observed fluctuations in population vital rates. Our rationale for this

87 expectation is that changes to population vital rates do not occur independently of changes to

88 population structure, and instead comprise the indirect effects of changing population structures

89 (4, 11, 23). However, we expect that (H2) the relative importance of contributions from population

90 structure will be greater in species with faster life-histories (e.g., shorter generation times (24)).

91 Indeed, the low survival associated with shorter-lived species renders individuals more susceptible

92 to abiotic anomalies, compared to longer-lived species (25), and thus their population structures

93 are likely more variable through time. Concurrently, we predict that (H3) greater increases in

94 survival across the life cycle of a population will be associated with increased contributions from

95 variation in population structure to variance in 𝜆transient. Our rationale here is that low survival

96 early in the life cycle suggests that species invest little into offspring survival (i.e., smaller seed

97 size), a characteristic associated with faster-lived plant species (26).
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98 We also expect that (H4) increasing iteroparity will be associated with decreased

99 contributions from variation in population structure to variance in 𝜆transient. Iteroparous species

100 typically have lengthened reproductive windows and thus likely more opportunities to contribute

101 new individuals to their populations (27). As such, demographic performance in these species is

102 likely less sensitive to changes in the distribution of individuals across their life cycle. However,

103 we anticipate that (H5) observed relationships between sources of variance in demographic

104 performance and life-history strategies will be strongly mediated by plant growth form, with

105 contributions from changes in population structure becoming increasingly important in species

106 whose anatomy does not allow for the seasonal loss of aboveground biomass (e.g., American

107 beech, Fagus grandifolia) compared to those that do (e.g., Cowslip, Primula veris). Plant species

108 whose individuals physically recede during overwintering periods likely experience more frequent

109 changes in their population structure, and so the dynamics of these species should be less sensitive

110 to changes in population structure.

111

112 Results

113 Population structure cannot be overlooked

114 Fluctuations in population structure have similar impacts on variance in demographic performance

115 as changes in the population vital rates (Fig. 2A). We used tLTREs to test how (H1) contributions

116 from changes in population structure (n) to observed variance in 𝜆transient compared to the

117 contributions from changes in survival (𝜎), development (𝛾), and fecundity (𝜙). To do so, we

118 partitioned observed variance in𝜆transient across our 268 comparisons of plant population dynamics

119 into the contributions from associated changes in population vital rates, structure, and their

120 interactions. Changes in any one of the vital rates or population structure increase observed
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121 variance in demographic performance (Fig. 2A). Meanwhile, the effects of the interactions

122 between changes across the vital rates (𝜎:𝛾:𝜙) and between the vital rates and population structure

123 (𝜎:𝛾:𝜙:n) can both dampen or amplify variance observed in demographic performance (Fig. 2A).

124 Selective pressures determine how organisms allocate finite energetic resources between survival

125 and reproduction (28). Accordingly, the impacts of changing survival and fecundity patterns on

126 demographic performance routinely form the crux of assessments into population viability (29,

127 30) and coexistence theory (31). However, we show that the impact of observed variation in

128 population structure on demographic performance is comparable to that of shifts in survival and

129 fecundity (Fig. 2A); a pattern that is insensitive to data imputations carried out during our analyses

130 (Fig. S9A). Thus, overlooking the effect of a population’s structure on its demographic

131 performance can hinder the effective management of natural populations (32).

132 Like the effects of survival, development, and fecundity, the contribution of population

133 structure to variance in𝜆transient exhibits a strong phylogenetic signal (Fig. 2A). To further evaluate

134 (H1) how the effect of population structure on demographic performance compares to the impacts

135 of the vital rates, we tested the strength of phylogenetic signal across our estimates of the

136 contributions of changes in population vital rates and structure to observed variance in 𝜆transient.

137 We estimated phylogenetic signal using Pagel’s Λ (33). We highlight the difference between λ,

138 which represents the long-term growth rate of a population (34), and Pagel’s Λ, a proxy of

139 phylogenetic inertia that ranges between 0 and 1. High phylogenetic signal (Pagel’s Λ ≈ 1)

140 suggests that the value of a trait of interest is likely more similar in more

141 closely related species (35). As such, patterns in the contribution of population structure to

142 variance in demographic performance appear shaped by species ancestry (Pagel’s Λ = 0.65 [95%
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143 CI: 0.37, 0.83]; Fig. 2A). However, this signal is not as strong as that observed across the

144 contributions of survival (𝜎), development (𝛾), fecundity (𝜙) and their interactions (𝜎:𝛾:𝜙)

145 (Pagel’s Λ > 0.80; Fig. 2A). Meanwhile, the contribution of interactions between population

146 structure and vital rates (𝜎:𝛾:𝜙:n) displays a low phylogenetic signal (Pagel’s Λ = 0.25 [0.03,

147 0.61]), suggesting that the effects of these interactions on short-term demographic performance

148 are shaped by the environment, rather than phylogenetic ancestry.

149

150 Contributions of population structure to demographic performance align with the fast-slow

151 continuum

152 We found support for our hypothesis (H2) that the relative contributions of variation in population

153 structure to variance in demographic performance would increase with increasing life-history

154 speed (Fig. 2B). We carried out a phylogenetically informed partial least squares analysis (pPLS)

155 to assess the relationship of our measures of the contributions of changes in survival, development,

156 fecundity, and population structure, with size-scaled measures of generation time (T), age at

157 reproductive maturity (L𝛼), mean life expectancy (𝜂e), and reproductive window (L𝛼-𝜔; Table 1)

158 computed from the mean model represented across each population comparison. These four life-

159 history measures form a well-defined trait space that can be used to position species and their

160 populations along two dominant axes of life-history variation: the fast-slow and reproductive

161 strategy continua (27, 36).

162 Changes in population structure (n) typically have the greatest contributions to variance in

163 short-term demographic performance across population comparisons in species with shorter

164 generation times (Fig. 2B). In contrast, the population comparisons of species with longer

165 generation times show greater contributions to variance in demographic performance from changes
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166 in survival (𝜎) and development (𝛾) (Fig. 2B). Meanwhile, population comparisons exhibiting

167 higher variance in 𝜆transient align along an axis associated with the contributions of the interaction

168 between population structure and vital rates (𝜎:𝛾:𝜙:n) (Fig 2B). Thus, our findings suggest that

169 accommodating population structure is important when assessing demographic performance (Fig.

170 2A), but that including population structure will not change the key role survival has been

171 demonstrated to play in driving the short-term dynamics of populations with slow life-histories

172 (e.g., Malva nut, Scaphium borneense (37)). However, to accurately forecast the demographic

173 performance of short-lived species, we show that quantifying changes in population structure is

174 essential.

175 We found evidence supporting our hypothesis (H3) that species with life cycle survival

176 profiles (𝛥𝜎) associated with low offspring survival experience higher contributions from

177 population structure to variance in demographic performance (Fig. 3A). We used phylogenetically

178 informed Bayesian multilevel modelling to test the relationship between measures of contribution

179 ratio (Cratio) and the additive effects of size-scaled measures of mean lifetime survival and life

180 cycle survival profile ( 𝜎 & 𝛥𝜎; Table 1) obtained across our 268 population comparisons. We

181 estimated Cratio as the sum of the main-effect and interaction contributions involving population

182 structure (n & 𝜎:𝛾:𝜙:n) divided by the sum of the main-effect and interaction contributions

183 involving vital rates only (𝜎, 𝛾,𝜙 and𝜎:𝛾:𝜙). Thus, contribution ratio provides a measure of the

184 relative contributions from population structure vs. vital rates to variance in demographic

185 performance, with Cratio > 1 indicating a greater influence of population structure. This observed

186 relationship between 𝛥𝜎 and Cratio, although consistent across plant growth forms, becomes

187 steeper in species who retain more above-ground biomass during unfavourable growth intervals
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188 (Fig. 3B); represented here by the transition from hemicryptophytes (i.e., plants whose shoot

189 meristems recede to ground level during overwintering periods), to chamaephytes (i.e., woody

190 plants whose shoot meristems remain above ground, but lower than ~ 25 cm, during overwintering

191 periods), and phanerophytes (i.e., woody plants whose shoot meristems remain higher than 25 cm

192 aboveground during overwintering periods; Fig. 3B). We note here, that although represented in

193 our dataset, we do not show the pattern observed for epiphytic plant populations due to them only

194 representing a limited range along our 𝛥𝜎 scale (Fig. S2).

195 Modelling the relationship between degree of iteroparity (S) and contribution ratio (Cratio;

196 Fig. 4A) offers little support to our hypothesis (H4) that the importance of contributions of

197 population structure to demographic performance would decrease with increasing iteroparity.

198 However, including Raunkiær growth form as a fixed effect reveals important heterogeneity across

199 plant types, thus partially supporting H5, with Cratio decreasing with increasing iteroparity in both

200 hemicryptophytes (e.g. Hoary plantain, Plantago media, and Sticklewort, Agrimonia eupatoria;

201 Fig. 4B, left) and phanerophytes (e.g., shrubs like Palor palm, Chamaedorea elegans, or trees like

202 the Sugar maple, Acer saccharum; Fig. 4B, right). Iteroparity affords species increased opportunity

203 for contributing offspring throughout their life cycle, thus reducing their sensitivity to the loss of

204 juvenile life stages (38). Iteroparous species are also better able to take advantage of reproductive

205 strategies maximising reproductive output during periods of favourable conditions (e.g., masting),

206 potentially buffering their demographic performance against increased stochasticity (39).

207 However, that a negative relationship between iteroparity (S) and the contribution of population

208 structure to demographic performance is not ubiquitous across plant species emphasizes the

209 importance of evaluating the contextual role population structure plays in influencing population

210 dynamics.
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211 Before interpreting patterns in the relationship between contribution ratio (Cratio) and our

212 measures of life cycle survival profile (𝛥𝜎) and degree of iteroparity (S) across plant growth

213 forms, it is necessary to consider the analytical pipeline of a tLTRE. Indeed, contributions to

214 variance in short-term demographic performance derived from tLTREs comprise both the

215 sensitivity of𝜆transient to population parameters as well as the magnitude by which these parameters

216 changed empirically in our dataset (4). Summarising the contribution ratios (Cratio) exhibited

217 across epiphytes (i.e., plants who non-parasitically grow on other plants, like Bird’s nest Fern,

218 Asplenium nidus), hemicrytophytes, chamaephytes (e.g., Periwinkle, Vinca minor), and

219 phanerophytes, it becomes apparent that contributions from population structure are not only more

220 important in species that exhibit seasonal individual-level shrinkage (e.g., hemicryptophytes like

221 P. veris), but also in phanerophytes, slow-growing trees and shrubs that invest more into woody

222 tissues (40) (e.g., Giant sequoia, Sequoiadendron giganteum; Fig 5). As such, demographic

223 performance in phanerophytes is likely more sensitive to the loss of individuals. Alternatively,

224 hemicryptophytes typically undergo extreme annual shrinkage, and so their population structures

225 typically change frequently over time (41). Accordingly, higher contribution ratios across

226 hemicryptophytes and phanerophytes likely reflects the amount their population structure changes

227 vs. their sensitivity to even just small changes in population structure.

228

229 Discussion

230 Linking demographic tools and conservation science

231 The stochastic nature of ecological systems (42), coupled with the rising prevalence of recurrent

232 disturbance regimes (43), means that transient dynamics play a key role in determining near-term

233 population forecasts (23, 44). Here, we emphasise how population structure has a substantial
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234 impact on the short-term dynamics of natural populations, and must therefore be explicitly

235 accommodated within assessments of population viability (45). Specifically, the impacts of

236 changes in population structure on demographic performance are of comparable magnitude to the

237 effects of changing the fitness components of survival and fecundity rates, which underpin

238 population viability (24, 28).

239 Documenting trends in population abundances is a key part of conservation science.

240 Indeed, serving as the foundation for robust predictions of local (46) and global extinction risks

241 (47), assessments of population size underpin three of the five criteria used in determining the

242 IUCN Red List conservation status of species worldwide: ‘High Decline Rate’, ‘Small Population

243 Size and Decline’ & ‘Very Small Population Size’ (48). A fourth criterion, ‘Unfavourable

244 Quantitative Analysis’, then relates to estimating measures of demographic performance, which

245 the IUCN recommends be done via population viability analyses (PVAs) (49). However, the utility

246 of PVA frameworks for accurately predicting the trajectories of real-world systems is increasingly

247 disputed (50). Moreover, these approaches frequently overlook transient dynamics and, crucially,

248 the role of population structure in mediating population viability (Fig. 2A) (4, 51). Thus, although

249 monitoring programs integrating population structure into assessments of species viability do exist

250 (e.g., NOAA’s Pacific salmon [Oncorhynchus spp.] monitoring service (52)), the inclusion of

251 empirical records of population structure is not commonplace in biodiversity management and

252 conservation. Hence, demonstrating the link between population structure and demographic

253 performance, as we do here, offers a valuable platform for translating demographic modelling

254 outputs into comprehensible applied insights for enhancing management predictions (11). Equally,

255 highlighting the relevance of contributions of population structure to demographic performance,
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256 emphasises the value of adopting adaptive strategies to manage population structure in order to

257 elicit its cascading effects on the dynamics of populations (32).

258

259 Linking population structure and life-history variation

260 We find that the value of population structure increases in species with faster life-history strategies.

261 Specifically, contributions from changes in population structure to variance in short-term

262 demographic performance are greater in populations with shorter generation times and/or whose

263 investments into survival during earlier life stages are lower. These characteristics are indicative

264 of faster life-history strategies (53, 54), thus, our findings highlight the particularly high value of

265 population structure for informing the near-term forecasts and conservation of faster-lived species.

266 With generation time and lifespan also linked to extinction risk (48, 55) and adaptability (56), the

267 relationship between the importance of changes in population structure to short-term population

268 dynamics and generation time compounds the importance of considering population structure as

269 part of ongoing biodiversity conservation efforts.

270 Our findings also suggest that temporal, spatial, and/or experimental comparisons of

271 populations possessing intermediate generation times report the highest variance in short-term

272 demographic performance; a pattern that persists irrespective of the populations position along the

273 second component axis (Fig. 2B). Although, short-lived species are expected to perform well in

274 environments characterised by random stochastic variability (i.i.d.) (57), their fitness is expected

275 to decline relative to that of long-lived species as stochastic variability becomes increasingly

276 autocorrelated over time (58). Subsequently, although mediated by the type of stochasticity

277 imposed, populations with both high and low generation times display an apparent capacity for

278 buffering their dynamics against increased environmental stochasticity. As such, we might expect
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279 demographic performance in natural populations positioned more centrally on the generation time

280 scale to be more labile in response to environmental variability. However, faster-lived species

281 (i.e., shorter-generation times) typically display more labile responses to environmental

282 stochasticity, with the dynamics of slower-lived species (i.e., shorter-generation times) more

283 buffered against stochasticity (59). Accordingly, our findings here hint at how it is the cumulative

284 effect of a species or populations suite of life-history strategies alongside its relative generation

285 time that informs its overall response to environmental stochasticity. Interestingly, we report the

286 population comparisons exhibiting greater variation in demographic performance to align along

287 an axis associated with contributions from the interaction between population structure and vital

288 rates to demographic performance (𝜎:𝛾:𝜙:n). This axis describes a gradient from negative

289 contributions of 𝜎:𝛾:𝜙:n acting to diminish observed variance in short-term demographic

290 performance, to positive contributions of 𝜎:𝛾:𝜙:n that amplify observed variance. Regardless of

291 these effects, populations that possess intermediate generation times appear less able to buffer

292 their demographic performance against temporal, spatial, or experimentally imposed variability.

293 We also show how differences in plant growth form offer a nuanced understanding of the

294 relationships between life-history traits and drivers of short-term demographic performance. For

295 instance, we show how populations of slow growing woody phanerophytes (e.g., Sugar maple, A.

296 saccharum), who are sensitive to the loss of individuals (60), and populations of hemicryptophytes

297 (e.g., Silky oat-grass, Danthonia sericea), whose individuals annually recede back to ground level

298 over winter, both exhibit greater contributions from their population structure to their demographic

299 performance. One argument to explain these nuances relates to the mathematical pipeline

300 underlying tLTRE analyses (4). Specifically a tLTRE is concerned with the sensitivity of short-

301 term demographic performance to underlying population characteristics as well as the magnitude
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302 of any observed changes in said underlying characteristics (4). However, similar patterns have

303 also been reported in the contributions of transient dynamics to the realised demographic

304 performance of plant populations, with greater contributions from transient dynamics observed in

305 plant species positioned at the extremities of life-history complexity (23, 51). Thus transient

306 potential is larger in populations of trees andmonocarpic plants (i.e., plants that flower and produce

307 seeds only once in their lifetime) than perennial herbs and shrubs (51). Although not wholly

308 aligned with Raunkiær’s growth form classifications, many monocarpic species are also

309 considered hemicryptophytes (61). Thus, our observation here of congruent patterns in the

310 demographic profiles of phanerophyte and hemicryptophyte plant species aligns with this previous

311 evidence (51). The community contexts of many phanerophyte and hemicryptophyte species

312 places a strong selective pressure on them producing many viable offspring to maximise their

313 colonisation potential. A process that in turn elevates their transient potential (51).

314 Hemicryptophytes include many early-successional plant species, who benefit from being able to

315 anticipate and quickly monopolise available resources (62, 63). Meanwhile, although late-

316 successional, many tree species exist within dense forest ecosystems, and need to take advantage

317 of erratic canopy gap dynamics (64). Thus, the short-term demographic performance of both

318 phanerophyte and hemicryptophyte species may indeed be similarly reliant on the contributions

319 of changes in their population structure.

320

321 Caveats and cautions

322 The life-history trait space represented by our study sample is not exempt of spatial and taxonomic

323 biases, with the majority of species represented comprising herbaceous perennials (i.e., plants that

324 do not develop woody tissues and typically reach reproductive maturity within a few years or less
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325 before losing their aboveground biomass during overwintering) studied in North America and

326 Europe (65) (Fig. S1). Having shown how growth form and life-history variation correlate with

327 the contributions of population structure to demographic performance, it is important to consider

328 how the traits and growth forms of species not included could affect the patterns we observed. For

329 instance, our sample lacks species possessing both long generation times and delayed ages at

330 maturity (e.g., Hoop pine, Araucaria cunninghamii) (27). Disturbance events associated with

331 impacts on the structures and/or vital rates of plant populations are also not distributed equally

332 across the globe. For instance, shifts in climatic regimes associated with changes to plant vital

333 rates will likely be most acute in already highly arid and humid environments (66). Meanwhile,

334 hotspots of deforestation, that directly affect the structure of affected tree populations, are found

335 in South America and Asia (67), two areas for which we have limited data linking population

336 structure and demographic performance (Fig. S1). Thus, continued efforts to understand how the

337 interactions between population structure and vital rates informs demographic performance should

338 focus on regions where the impacts of disturbances select for differing responses in population

339 vital rates vs. population structure.

340 The findings we present here are not sensitive to the pooling of temporal, spatial and/or

341 experimental comparisons across our data sample (Appendix S4). However, space-for-time

342 substitutions have been criticised in ecology, as species do not necessarily respond to spatial

343 climatic variation in the same way as they do to temporal shifts (68). One distinction in responses

344 is likely due to the accumulation of impacts accrued whilst responding to temporal shifts over time

345 (69), and the notion that future climate conditions will differ from those contemporary populations

346 have experienced before (70). Alternatively, spatial comparisons likely involve comparisons

347 among different populations who may have acclimatized to subtly different conditions over time.
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348 Our dataset offers the largest scale of demographic data available to date linking associated

349 changes in population vital rates and structure across time, space, and/or experimental treatments.

350 Past synthesis work has demonstrated how COMPADRE (22), from which we sourced our data,

351 and COMADRE (71) together contain over 1,600 temporal, spatial, and/or experimental

352 comparisons of animal and plant population dynamics (72). Further explorations of these

353 relationships are currently hindered by the lack of data explicitly detailing population structure

354 across those studies (73). Considering the importance of population structure in determining short-

355 term population dynamics, as we have shown here, we encourage authors to make population

356 structure data publicly available, and for future efforts to quantify and assess population viability

357 to capitalise on this key information.

358

359 Conclusions

360 Using 268 comparisons of population dynamics in 56 plant species across differing time periods,

361 locations, and/or experimental treatments, we comprehensively assessed how population structure

362 informs demographic performance across axes of life-history variation. Past theoretical work

363 based on simplified population simulations evidenced a link between life-history variation and the

364 contributions of population structure to variation in demographic performance (4). Yet, until now,

365 we have lacked a robust empirical understanding of how population structure shapes population

366 viability (13). Here, we demonstrate that the contributions of population structure to realised

367 demographic performance are comparable to the effects of more routinely assessed patterns in

368 population vital rates. As such, we illustrate the limitations of widespread practices assigning

369 conservation statuses or offering forecasts of population dynamics in the absence of data

370 describing population structure. We also highlight how life-history strategies and plant growth
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371 forms can modulate the impacts of population structure on demographic performance. With robust

372 population forecasts requiring an appreciation for the nuanced interplay between a population’s

373 structure and its vital rates (11, 74), we encourage monitoring efforts to adopt approaches

374 facilitating the streamlined integration of empirical records of population structure into viability

375 assessments, or at the very least, appropriate usage of data integration to estimate latent population

376 structure and its impact on population viability (11, 75). For instance, combining remote sensing

377 technologies with semi-automated image segmentation can provide extensive records linking the

378 structure and vital rates of plant (76, 77) and animal populations (78). Indeed, effectively managing

379 and conserving global biodiversity warrants continued efforts to understand how population

380 structure mediates demographic performance.

381

382 Methods

383 We developed a comparative framework using transient Life Table Response Experiments

384 (tLTREs) (sensu (4)) to test our five hypotheses. Briefly, our approach comprised the following

385 steps: (a) sourcing suitable structured population models, (b) quantifying life-history traits, (c)

386 implementing tLTREs, (d) determining the strength of phylogenetic ancestry across sources of

387 variance in population growth rates, and (e) assessing the association between axes of life-history

388 variation and the relative contribution of population structure and vital rates to non-stable

389 population growth rates. We carried out all analyses in R (79), and our fully commented scripts

390 are publicly available on Zenodo (https://doi.org/10.5281/zenodo.15600668).

391

392 Sourcing population models
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393 We tested our hypotheses using a sample of structured population models representing the

394 dynamics of different plant populations sourced from the COMPADRE Plant Matrix Database

395 (version 6.23.5..0; (22)). COMPADRE contains almost 9,000 matrix population models (MPMs)

396 detailing survival, development (growth & shrinkage), and fecundity patterns across the life cycles

397 of ~790 plant species. This information has been compiled from mostly (>98%) peer-reviewed

398 publications addressing various research questions (65).

399 We derived our sample of MPMs from an initial collection of 2,217 MPMs representing

400 212 plant species. This initial collection comprised sets of structured population models originally

401 screened for LTRE testing used to illustrate the exactLTRE methodology (72). Briefly, this

402 screening entailed a series of selection criteria. First MPMs were confirmed as ergodic, primitive,

403 and irreducible, to ensure they contain direct or indirect transition pathways between all life cycle

404 stages and thus possessed a single dominant eigenvalue (80). Second, MPMs comprising fewer

405 than three life stages were rejected, as lower-dimensional MPMs provide unreliable

406 representations of population dynamics (81). Third, accepted MPMs described annual census

407 periodicities and were from studies that parameterised multiple MPMs for their focal

408 species/population. This step ensured consistent time intervals and that we could compare between

409 MPMs representing the dynamics of a species or population compared over different time periods

410 (e.g., (82)), sites (e.g., (83)), or experimental treatments (e.g., (84)). Fourth, accepted MPMs

411 contain no records of clonal reproduction because inconsistencies in the distinction between genets

412 and ramets (i.e., colonies vs. clones) across studies can lead to unreliable comparisons of

413 population growth rates. Fifth, accepted MPMs also contained no life-cycle transitions that had

414 not been observed empirically or that represented post-hoc manipulations of observed data, such

415 that no transitions had been observed once and assumed to be constant across all replicates (time,
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416 sites, or treatments). Each accepted MPM was also meticulously screened for common life-cycle

417 errors identified in Kendal et al. (85). Finally, acceptedMPMs were required to have been digitised

418 into COMPADRE alongside three sub-matrices (U,F,andC), allowing for the life cycle transitions

419 it describes to be decomposed into the processes of survival (U), reproduction (F), and asexual

420 propagation (C) (Eq. 1).

421 A =  U +  F +  C (1)

422 Here, from this initial collection of 2,217 MPMs, we specifically retained only models for

423 which corresponding population vectors were available, either via publication in the original

424 sources or because we obtained them via direct requests to authors. These population vectors detail

425 the observed distributions of individuals across each life-stage (i.e., state distribution). This step

426 allowed us to link population vectors documented during demographic census to the corresponding

427 MPM describing the associated stage-specific vital rates. As such, we partitioned sources of

428 variance in observed population growth rates into contributions from population structure and

429 vital rates. Following this second screening phase, we retained 845 MPMs representing 56 plant

430 species across 268 populations suitable for tLTRE decomposition (Table S1). This final sample

431 comprised sets of MPMs originating from various comparisons of plant population dynamics

432 across time, space, or experimental treatments, or combinations of these cases (Table S1).

433 However, our comparisons across these different dimensions are justified, as our findings are not

434 sensitive to the pooling of comparisons of population dynamics made across time, space, or

435 experimental treatments (Appendix S4).

436

437 Estimating tLTRE contributions
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438 Testing each of our hypotheses necessitated quantifying the relative contribution of changes in

439 population structure to observed variation in demographic performance across comparisons of

440 plant population dynamics. For this step, we implemented tLTRE analyses using a modified

441 version of the recently developed exactLTRE framework (72). Classical LTRE analysis quantifies

442 the contributions to any observed variation in long-term (i.e. asymptotic) population growth rates

443 (𝜆) affected by changes in particular MPM elements across a collection of models (86). However,

444 due to their basis in Taylor Series approximation, classical LTRE approaches provide only an

445 approximation of the contribution of vital rate changes to variation in 𝜆 (72). The exactLTRE

446 framework uses a functional analysis of variance (fANOVA; (87, 88)) approach to avoid this

447 approximation, accurately partitioning observed variance in demographic performance across

448 both the main effects of survival, development, and fecundity, and the interactions between these

449 vital rates (72). Here, to assess the contribution of changes in population structure, alongside

450 changes in survival, development, and fecundity, to variation in realised (i.e. transient) population

451 growth rates (𝜆transient), we modified the functionality of the exactLTRE R package (89).

452 Specifically, this modification allowed for partitioning observed variance in 𝜆transient across the

453 main and interaction effects of changes in population vital rates and age/stage structure. We note,

454 that efforts are ongoing to add these modified functions to future versions of exactLTRE, to

455 promote tLTRE tools.

456 We ran tLTRE analyses across our sample of 268 population comparisons. First, across

457 each comparison, we computed 𝜆transient for each population replicate (x) using their associated

458 MPM (Ax) and population vectors (nx) (Eq. 2). This metric indicates retrospectively whether the

459 size of the population grew, remained constant, or declined (𝜆transient > 1, = 1, < 1, respectively)

460 over a single time interval.
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461 λtransient =
ΣAxnx

Σnx
(2)

462 Next, we calculated the variance across the sequence of 𝜆transient estimates obtained for

463 each population replicate [var(𝜆transient)]. Typically, variance is calculated as the sum of the

464 squared deviations divided by N - 1, where N is the sample size. However, this approach assumes

465 an incomplete sample. Instead, when computing var(𝜆transient), our use of the fANOVA framework

466 assumes that we possess the complete sample of 𝜆transient estimates. As such, our estimates of

467 var(𝜆transient) are equal to the mean of the squared deviations across each population.

468 After calculating var(𝜆transient) for each population comparison, we decomposed the source

469 of this variance into the relative contributions of any changes observed across their associated

470 sequences of A and n products. By way of a walkthrough our exact decomposition approach,

471 consider the following population, whose dynamics and population structure were censused across

472 two separate scenarios (x and x+1):

473  Ax = 0.2
0.3

2.0
0.5   &  nx = 0.6

0.4  Ax+1 = 0.2
0.7

1.5
0.5   &  nx+1 = 0.2

0.8  . (3)

474 Accordingly, we possess a sequence of two A and n products for this population, with var(𝜆transient)

475 across these replicates estimated to be 0.0576 (𝜆transient: x = 1.3 & x+1 = 1.78). We then compute

476 the mean MPM (A ) and population vector ( n ) (arithmetic element-by-element means, in each

477 case) represented by our observed A and n products:

478 A = 0.2
0.5

1.75
0.5    &  n = 0.4

0.6  . (4)

479 Next, holding all matrix elements and/or n at their mean condition, we systematically

480 replace the value of each matrix element, aij, and the population vector, n, with their observed

481 conditions across our sequence of A and n products. We then recalculate the 𝜆transient estimates
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482 associated with these perturbed A and n products (Apert and npert) before recalculating the variance

483 across these modified 𝜆transient estimates. In our hypothetical population, matrix elements a2,1 and

484 a1,2, and n exhibit different conditions over time. Subsequently, we are only interested in how the

485 changes in these three entities contribute to var(𝜆transient). To quantify the main (first-order) effects

486 of each entity, we isolate the independent changes observed in each entity whilst holding all other

487 values at their mean condition (Eqs. 5-7), before then computing the variance associated with only

488 these imposed modifications.

489 Apert
x = 0.2

0.5
2.0
0.5  &  n = 0.4

0.6  Apert
x+1 = 0.2

0.5
1.5
0.5  &  n = 0.4

0.6  (5)

490 Apert
x = 0.2

0.3
1.75
0.5   &  n = 0.4

0.6  Apert
x+1 = 0.2

0.7
1.75
0.5   &  n = 0.4

0.6  (6)

491  A = 0.2
0.5

1.75
0.5   &  npert

x = 0.6
0.4  A = 0.2

0.5
1.75
0.5   &  npert

x = 0.2
0.8  (7)

492 In equation 5, we focus on the effect of changes in matrix element a2,1. Here, the 𝜆transient

493 values for the two scenarios presented are 1.78 & 1.48, respectively, such that the recorded changes

494 in element a2,1 contribute to an observed var(𝜆transient) of 0.0225. Meanwhile, the recorded changes

495 in element a1,2 (equation 6) contribute an observed var(𝜆transient) of 0.0064 (𝜆transient: x = 1.55 &

496 x+1 = 1.71), while changes in n (equation 7) contribute an observed var(𝜆transient) of 0.0961

497 (𝜆transient: x = 1.32 & x+1 = 1.94). Repeating the above steps for different combinations of the focal

498 entities then allows for quantifying the contributions of interactions between multiple changing

499 entities to var(𝜆transient) (72); for instance, the effects of simultaneous changes to the population

500 vector (n) and element a1,2 of matrix A on var(𝜆transient) constitutes an interaction effect.

501 After identifying the contributions of different matrix elements, to compare contributions

502 from population structure to those of the vital rates of survival (𝜎), development (𝛾), and fecundity
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503 (𝜙) (H1), we then determined which vital rate each matrix element corresponded to. For fecundity,

504 this step simply involved summing the contributions of matrix elements only detailing per-capita

505 fecundity rates, which we identified using each population's reproductive sub-matrix (F; Eq. 1).

506 For survival and development, we first determined the matrix elements corresponding with stasis

507 (i.e., individuals remaining within a life-stage from t to t+1), stage progression (i.e.,

508 growth/development), and stage retrogression (i.e. shrinkage/de-development). Next, for matrix

509 elements describing progression and retrogression, we determined the proportion of each element

510 associated with survival (P𝜎) and development (P𝛾; growth and shrinkage pooled). Dividing each

511 matrix element by its corresponding stage-specific survival, the column-sum of the population's

512 survival sub-matrix (U), we extracted the population's survival-independent

513 progression/retrogression matrix (U’). We then quantified survival contributions to var(𝜆transient)

514 by totalling the contributions of matrix elements associated with stasis and the contributions of

515 matrix elements associated with development weighted by P𝜎. For the contributions of

516 development to var(𝜆transient), we summed the contributions of matrix elements associated with

517 development weighted by P𝛾. Finally, we summed the contributions to var(𝜆transient) arising from

518 second-order interactions between different entities, categorising only whether they involved

519 interactions between just vital rates or between vital rates and population structure.

520 Finally, we standardised our contribution estimates to ensure comparability across

521 populations displaying a range of magnitudes in var(𝜆transient). Specifically, we translated our

522 estimates of contribution from survival (𝜎), development (𝛾), fecundity (𝜙), population structure

523 (n), and their interaction effects (𝜎:𝛾:𝜙:n & 𝜎:𝛾:𝜙) to observed variance in 𝜆transient into

524 proportional effects. For each population set, combining the absolute values of contributions of
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525 survival, development, fecundity, and population structure var(𝜆transient) provided us with a total

526 contribution estimate (Ctotal) whilst accommodating for both negative and positive contribution

527 patterns. Subsequently, we separately quantified the directional proportional effects of survival,

528 development, fecundity, population structure, and their interaction effects (Ci) as Ci/Ctotal.We then

529 calculated a contribution ratio for each population comparison (Cratio), equal to the summed

530 contributions of population structure (n) and the interaction between population structure and vital

531 rates (𝜎:𝛾:𝜙:n) divided by the summed contributions of survival (𝜎), development (𝛾), fecundity

532 (𝜙), and their interactions (𝜎:𝛾:𝜙). Accordingly, a ratio of one implies a balanced contribution

533 of population vital rates vs. population structure, with higher estimates inferring a greater influence

534 from the population structure. Finally, following our computation of these proportional effects, to

535 mitigate for skewed distirubtions we omitted all estimates outside the 90th percentiles of our

536 var(𝜆transient) and contribution variables.

537

538 Quantifying life-history variation

539 Testing our hypotheses required quantifying life-history trait variation across our population

540 comparison sample. For each population comparison, we estimated the mean MPM (i.e., the

541 element-by-element arithmetic mean) from the associated set of MPMs describing the focal

542 species/population dynamics across different time intervals, locations or experimental treatments.

543 Next, with life-history trait estimates obtained from MPMs sensitive to matrix dimensionality

544 (90), we collapsed each mean MPM into a 3 × 3 matrix to ensure comparability across populations

545 and species. Using the matrix collapsing function mpm_collapse of the Rcompadre R package

546 (91), we condensed together any life stages beyond the second life stage into a single terminal

547 stage while keeping the first two stages unaltered. This approach retains the original eigen-
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548 structure of the original MPM (92); thereby minimising the impact on any subsequent measures

549 derived from the collapsed MPMs. Using age-from-stage approaches (34, 93) on our collapsed

550 mean MPMs, we then computed life-history traits routinely used to describe how individuals

551 invest differentially into survival, development, and reproduction (24, 28).

552 Whilst many life-history traits can be obtained from MPMs (91), our hypotheses focused

553 on selected trait measures (Table 1). To evaluate how contributions from changes in population

554 structure vary across the fast-slow continuum of life-history strategies (H2), we focused on the

555 selected traits of generation time (T), age at reproductive maturity (L𝛼), mean life expectancy (𝜂e),

556 and reproductive window (L𝛼-𝜔). Our rationale for selecting these metrics is that they all possess

557 the same units (time) and thus allow for cross-species comparisons while avoiding artifactual

558 patterns that can emerge from mixing life-history traits with different units (36). Meanwhile, to

559 explore the relationship between contributions from variation in population structure and patterns

560 in population life cycle survival profile (𝛥𝜎) (H3), we calculated the slope coefficient of a linear

561 regression model fitted to the sequence of mean stage-specific survival probabilities obtained for

562 each population comparison (e.g., slope of survival across life stages; see Appendix S3 for details

563 on the validity of this approach). Consequently, positive values reflect an increasing likelihood of

564 survival as individuals progress through their life cycle. To ensure this assessment accounted for

565 the effect of lifetime survival (i.e., fast vs. slow) on the relationship between sources of variance

566 in demographic performance and life cycle survival profile, we also computed a measure of mean

567 lifetime survival ( 𝜎 ) associated with each population comparison. Mean lifetime survival was

568 equal to the grand mean of mean stage-specific survival probabilities obtained for each population

569 comparison. Finally, to assess how contributions from changes in population structure align with

570 reproductive trait variation (H4), we used the measure of degree of iteroparity (S). This
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571 dimensionless measure of entropy (94) reflects the reproductive parity continuum, delineating

572 species based on the timing and frequency of their reproductive investments (27). After obtaining

573 estimates for each selected life-history trait, we omitted all estimates outside the 90th percentiles

574 of each variable (estimates which were later replaced using phylogenetic imputation, see

575 Establishing phylogenetic relationships).

576

577 Establishing phylogenetic relationships

578 Comparative assessments of demographic and life-history trait variation need to consider non-

579 random patterns of variance-covariance across populations based on shared phylogenetic ancestry

580 (95). To further compare patterns in the contribution of population structure to var(𝜆transient) vs.

581 those of the vital rates of survival, development, and fecundity (H1), we sought to test the strength

582 of phylogenetic signal across our contributional effect variables. Thus, we computed the

583 phylogenetic distances between the 56 species represented across our LTRE comparison sample.

584 We sourced unique identifier codes for each species from the Open Tree of Life (OTL) (taxonomy

585 version 3.6; (96)) to construct a species-level phylogenetic subtree using the phytools (97) and ape

586 R packages (98). We then computed branch lengths for our species-level phylogenetic subtree

587 using Grafen’s computation method (99), ensured our subtree contained a single common

588 ancestor, and removed any polytomies (≥ 3 species emerging from a single

589 origin).

590 Next, we used our species-level phylogenetic subtree to impute any missing or omitted

591 estimates across our vital rate and life-history measures, enabling us to retain details from all

592 populations across our sample. We used the phylopars function from the Rphylopars package
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593 (100) to impute missing values (assuming a Brownian Motion evolutionary model) across our

594 demographic and life-history measures. 2.7% of our final data sample was generated using

595 phylogenetic imputation, and we ran sensitivity tests confirming that our results are insensitive to

596 this imputation (Appendix S5).

597 Finally, to further assess how the contribution of population structure to var(𝜆transient)

598 compares to those of the vital rates of survival, development, and fecundity (H1), we tested the

599 strength of phylogenetic signal across our contributional effect variables. After using our species-

600 level subtree to impute missing data, we expanded subtree branch tips for species replicates across

601 our population sample (48 of 56 species), generating a population-level phylogenetic subtree.

602 Carrying out this branch expansion involved rooting replicate instances of the same species onto

603 the species’ corresponding branch tip in our species-level subtree. When rooting replicate entries,

604 we ensured each replicate was separated by branch lengths of infinitesimal distances (ε =

605 0.0000001 units). This step ensured that populations of the same species were considered very

606 closely related, preventing the introduction of polytomies. Recent work using the same

607 demographic data has demonstrated that the order in which population replicates are added to

608 population-level phylogenetic trees does not affect transient metrics (101). The exact population-

609 level subtree we used in this study is available on Zenodo

610 (https://doi.org/10.5281/zenodo.15600668). Using this population-level subtree, we estimated

611 phylogenetic signal using Pagel’s Λ (33) via the caper package (102). Pagel’s Λ ranges between

612 0 to 1 depending on whether attribute estimates vary randomly (Pagel’s Λ ≈ 0) or are more

613 similar across more closely related species (Pagel’s Λ ≈ 1) (35).

614
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615 Linking tLTRE contributions and life-histories

616 To test whether the contributions to var(𝜆transient) from changes in population structure are greater

617 in species with faster life-histories (H2), we carried out a phylogenetically weighted partial least

618 squares analysis (pPLS). Specifically, we used pPLS to assess the relationship between our

619 proportional effects variables and the life-history traits of generation time (T), age at reproductive

620 maturity (L𝛼), mean life expectancy (𝜂e), and reproductive window (L𝛼-𝜔). Prior to this pPLS we

621 transformed our life-history trait estimates to ensure normal distributions, applying log-

622 transformations to our estimates of generation time (T), age at reproductive maturity (L𝛼) (both

623 log(x)), and reproductive window (L𝛼-𝜔) (log(x+5)), and an inverted power-transformation to our

624 mean life expectancy estimates (𝜂e) (-x-0.275). To account for the influence of body size on the

625 development of life-history traits (24), we then scaled our transformed life-history variables

626 according to a measure of adult plant height assigned to each species (27). We attributed each plant

627 species a height class corresponding with their Raunkiær growth form classification (40), which

628 catalogues plant species according to the extent to which their apical meristems (i.e., renewal

629 buds) recede to ground level during periods of unfavourable growing conditions. Synthesising

630 details of the Raunkiær growth form classification of different plant species from the TRY

631 database (103) and Plants of the World Online (104), we grouped our plant species into one of

632 seven Raunkiær growth form classes that subsequently defined their associated height (m): (i)

633 geophytes [-0.25m]; (ii) hemicryptophytes [0m]; (iii) chamaephytes [0.25m]; (iv) epiphytes [4m];

634 (v) nanophanerophytes [2m]; (vi) mesophanerophytes [8m]; and (vii) megaphanerophytes [30m]

635 (See (27) for further details). To scale our life-history traits according to size, we retained the

636 residuals from linear models of the relationship between each life-history trait and the height class

637 estimates attributed to each species. Next, following (105), we transformed all our pPLS variables
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638 according to their phylogenetic weighting, using a phylogenetic variance-covariance matrix

639 generated from our population-level phylogenetic subtree. We then implemented our pPLS using

640 the plsdepot R package (106) before imposing a varimax rotation upon the multivariate parameter

641 space using the GPArotation package (107). We performed varimax rotation to ensure that our

642 life-history variables were better aligned with the main axes of the parameter space (108); a

643 common approach used to improve the interpretation of multivariate analysis outputs (109).

644 To test (H3) whether the importance of contributions from variation in population structure

645 to var(𝜆transient) correlates with the life cycle survival profiles of natural populations, we used

646 phylogenetically-corrected Bayesian multilevel modelling. To do so, and following the approach

647 described above, we first scaled our measure of life cycle survival profiles (𝛥𝜎) according to the

648 plant size estimates associated with assigned Raunkiær growth form classifications. Using the

649 brms R package (110), we then modelled the relationship between our log-transformed Cratio

650 (log(x+0.01)) and the additive effects of our scaled𝛥𝜎 and 𝜎 estimates using a model fitted with

651 default priors. When extracting outputs from this model we set 𝜎 to its median value observed

652 across our sample, allowing us to eliminate the time-dimension from each survival profile, to focus

653 instead on the shape of survival through the life-cycle (111). To test (H5) how growth form

654 mediates any observed patterns between sources of variance in 𝜆transient and their life-history traits,

655 this model also included assigned Raunkiær growth form classification as a fixed effect variable.

656 Note, due to limited sample sizes in our geophyte (n = 4), nanophanerophyte (28),

657 mesophanerophyte (28), and megaphanerophyte (6) Rankiær classes, we pooled geophytes with

658 hemicryptophytes and collapsed nano-, meso-, and megaphanerophytes together as phanerophytes.

659 Thus, growth form was a fixed effect variable comprised of four classes (chamaephytes [n = 45],

660 hemicryptophytes [144], epiphytes [17], and phanerophytes [62]). Our brms model also included
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661 a grouping term to account for variance-covariance among our 268 populations across 56 species

662 according to the branch lengths outlined in our phylogenetic subtree. To ensure we selected the

663 most appropriate model, we initially applied both linear and polynomial functions of explanatory

664 variables to our model before determining a linear function to be the best model fit using leave-

665 one-out comparison (LOO) (LOO weights: Linear = 0.999; Polynomial < 0.001). We ran our

666 model over four Markov Chains, each consisting of 3,000 iterations, extracting the predicted

667 effects of 𝛥𝜎 on Cratio across growth forms, when 𝜎 is held at its median value.

668 To test (H4) whether the relative importance of contributions from population structure to

669 var(𝜆transient) decreases with increasing iteroparity, we again used a phylogenetically-corrected

670 Bayesian multilevel model fitted using default priors. Specifically, we modelled the relationship

671 between our log-transformed Cratio and power-transformed (x0.35) degree of iteroparity (S)

672 variables. As before, we scaled degree of iteroparity according to plant size and included a

673 phylogenetic grouping term within our model to account for variance-covariance between

674 populations/species. We also, again, included Raunkiær growth form classification as a fixed

675 effect variable, to test (H5) how growth form mediates any observed patterns between sources of

676 variance in 𝜆transient and their life-history traits. We preliminarily fitted both linear and polynomial

677 functions to assess model fit before using LOO comparisons to identify that the linear model

678 provided the best representation of our data (LOO weights: Linear = 0.718; Polynomial = 0.282).

679 We once again implemented our model over four Markov Chains (3,000 iterations each) and

680 extracted the predicted effects of S on Cratio.

681
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937 Figure 1
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938 Figure 1. Our analytical pipeline to evaluate how the relative contributions of the vital rates

939 and structure of a population to observed variation in demographic performance align with

940 established life-history theory. (A) Variation across the realised growth rates expressed by

941 natural populations are underpinned by changes in both their vital rates (e.g., survival & fecundity)

942 and structure (i.e., the distribution of individuals across their life cycle). Consider three

943 populations, each comprising the exact same population size (Nt = 1,020 individuals) at time t =

944 1. Two of these populations (Populations 1 & 2) have an identical structure but exhibit differing

945 survival and fecundity rates, while two (Populations 1 & 3) have different structures but possess

946 the same survival and fecundity rates. Despite these paired similarities, each population displays

947 very different growth trajectories between times t = 1 and t = 2 owing to their differing structure

948 and vital rate combinations, with Population 1 remaining stable (𝜆1,2 ≈ 1), Population 2 declining

949 (𝜆1,2 < 1), and Population 3 growing rapidly (𝜆1,2 >> 1). (B) Transient life table response

950 experiments (tLTREs) decompose variation in short-term (i.e., transient) population growth rates,

951 observed across time, space, and experimental treatments, into the proportional contributions of

952 changes in vital rates (A) and population structure (n). (C) We identified a sample of matrix

953 population models (MPMs) describing temporal, spatial or experimental variation in the dynamics

954 of different plant populations and corresponding census records describing their population

955 structure from the COMPADRE database (22). Using these series of paired MPMs and population

956 structures, we then evaluated how the proportional effects of vital rates and population structure

957 on variance in𝜆transient corresponds with patterns across key life-history traits: generation time (T),

958 age at reproductive maturity (L𝛼), mean life expectancy (𝜂e), and reproductive window (L𝛼-𝜔)

959 (note the loadings shown are hypothetical representations).
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960 Figure 2
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961 Figure 2. Variation in population structure has a comparable influence on observed variation

962 in realised population growth rates (𝜆transient) as fluctuations in survival and fecundity rates;

963 particularly in species with faster life-history strategies. (A) The relative contributions

964 observed across different sources of variance in 𝜆transient: Population structure (n), the interactions

965 between population structure and vital rates (𝜎 : 𝛾 : 𝜙 : n), survival (𝜎), development (𝛾),

966 fecundity (𝜙), and the interactions between these vital rates (𝜎 : 𝛾 :𝜙). The inset values at the top

967 illustrate the phylogenetic signal (Pagels Λ) associated with each contribution source, with error

968 shown as 95% CIs. (B) Partial least squares biplot showing the relationship between sources of

969 variation in 𝜆transient and life-history traits: generation time (T), age at reproductive maturity (L𝛼),

970 mean life expectancy (𝜂e), and reproductive window (L𝛼-𝜔). The colour scale depicts the log-

971 transformed variance in𝜆transient recorded for population comparison. Representative species icons

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

973 sea holly),Danthonia sericea (Silky oat-grass), Acer saccharum (Sugar maple), and Chamaedorea

974 elegans (Parlor palm).
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975 Figure 3

976
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977 Figure 3. Populations with life cycle survival profiles increasingly weighted towards survival

978 in later life experience greater contributions from their population structure to variation in

979 realised growth rates (𝜆transient), a pattern that manifests consistently across plant growth

980 strategies. (A) The relationship between 𝛥𝜎 (i.e., rate of change in stage-specific survival across

981 the lifecycle) and contribution ratio estimates (Cratio) across our 268 plant population comparisons.

982 Cratio estimates reflect the relative balance of contributions of population structure (n) and vital

983 rates (A) toward observed variance in demographic performance, with the dashed line at Cratio =

984 1 indicating equal contributions. Point shading differentiates between tLTRE assessments based

985 on temporal, spatial, or experimental comparisons, or a combination of these cases (n: Time = 120,

986 Space = 63, Experimental = 34, Combination = 51). Error displayed using 95% CIs. (B) The

987 relationship between 𝛥𝜎 and contribution ratio estimates (Cratio) shown separately for

988 Hemicrypophytes, Chamaephytes, and Phanerophytes. Error is displayed as 95% CI with the

989 horizontal dashed line indicating the 1:1 threshold between contributions from vital rates and

990 population structure. Representative species icons included adjacent to corresponding data point

991 showing (left to right): Heliconia acuminata (Rich heliconia), Agrimonia eupatoria (Sticklewort),

992 Ambrosia dumosa (White bursage), Brassica insularis (Indian mustard), Chamaedorea elegans

993 (Parlor palm), and Fagus grandifolia (American beech).
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994 Figure 4

995
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996 Figure 4. The relationship between degree of iteroparity and the relative value of

997 contributions from population structure to variation in realised growth rates (𝜆transient) varies

998 across plant growth forms. (A) The relationship between degree of iteroparity (i.e., spread of

999 reproduction through the life cycle) and contribution ratio estimates (Cratio) across our 268 plant

1000 population comparisons. Cratio estimates reflect the relative balance of contributions of population

1001 structure (n) and vital rates (A) toward observed variance in demographic performance, with the

1002 dashed line at Cratio = 1 indicating equal contributions. Point shading differentiates between tLTRE

1003 assessments based on temporal, spatial, or experimental comparisons, or a combination of these

1004 cases (n: Time = 120, Space = 63, Experimental = 34, Combination = 51). Error displayed using

1005 95% CIs. (B) The relationship between degree of iteroparity and contribution ratio estimates

1006 (Cratio) shown separately for Hemicrypophytes, Chamaephytes, and Phanerophytes. Error is

1007 displayed as 95% CI with the horizontal dashed line indicating the 1:1 threshold between

1008 contributions from vital rates and population structure. Representative species icons included

1009 adjacent to corresponding data point showing (left to right): Plantago media (Hoary plantain),

1010 Agrimonia eupatoria (Sticklewort), Brassica insularis (Indian mustard), Artemisia genipi

1011 (Genipi), Acer saccharum (Sugar maple), and Chamaedorea elegans (Parlor palm).



53

1012 Figure 5

1013 Figure 5. The relative importance of contributions of population structure vs. vital rates to

1014 variation in realised growth rates (𝜆transient) varies across plant growth forms. Mean

1015 contribution ratio estimates (Cratio) obtained for populations of plants classified as epiphytes (e.g.,

1016 Bird’s nest Fern, Asplenium nidus), phanerophytes (e.g., Giant sequoia, Sequoiadendron

1017 giganteum), chamaephytes (e.g., Periwinkle, Vinca minor), and hemicryptophytes (e.g., Cowslip,

1018 Primula veris). The vertical dashed line indicates equal contributions from vital rates and

1019 population structure to realised growth rates, while Cratio< 1 implies a greater contribution from

1020 vital rates. Error bars display 95% CIs. Inset values indicate respective sample sizes obtained for

1021 each plant growth form.
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1022 Table 1. Definitions of the selected life-history traits used in this study.

1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

Trait Definition

Generation time
(T)

Time steps required for individuals within a
population to be replaced.

Mean life expectancy (𝜂e) The average lifespan of individuals within a
population.

Age at sexual maturity
(L𝛼)

The average number of time steps taken by
individuals to reach reproductive maturity.

Reproductive window
(L𝛼-𝜔)

The average duration of reproduction in
individuals across a population.

Life cycle survival profile
(𝛥𝜎)

The rate of change in stage-specific survival across
the lifecycle of a population. Higher values

correspond with faster rates of change in stage-
specific survival. Positive/negative values imply
increases/decreases in survival throughout the

lifecycle.

Mean lifetime survival
( 𝜎 )

Average survival probability of individuals across
their lifecycle, irrespective of life-stage.

Degree of iteroparity
(S)

Spread of reproduction through the lifespan of
individuals. Higher/lower values correspond with

greater iteroparity/semelparity.
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1061 Supporting Information Text:

1062 S1. Evaluating the spatial representation of our tLTRE sample.

1063 Figure S1. Recorded locations of all the unique populations represented by our 268 population

1064 comparisons across time, space, and experimental treatments. Points are coloured based on the

1065 Raunkiær growth form classification assigned to each population, with geophytes (n = 1) and

1066 hemicryptophytes (43) grouped as hemicryptophytes, and mega- (3), meso- (15), and nanophanerophytes

1067 (10) grouped as phanerophytes. Epiphytes and chamephytes are then represented by 6 and 16 populations,

1068 respectively.
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1069 S2. Excluding epiphytes from growth form comparisons.

1070 Figure S2. The epiphytic plant population comparisons included in our sample covered a limited

1071 range of life-cycle survival profile (𝜟𝞼) and degree of iteroparity (S) estimates, undermining the

1072 observed relationships between these life-history traits and contribution ratio estimates (Cratio)

1073 reported for epiphytes. (A) The relationship between 𝛥𝜎 (i.e., rate of change in stage-specific survival

1074 across the lifecycle) and contribution ratio estimates (Cratio) obtained for 17 comparisons of epiphyte

1075 populations across time, space, and/or experimental treatments. (B) The relationship between degree of

1076 iteroparity and contribution ratio estimates (Cratio) for the same 17 comparisons. Cratio estimates reflect the

1077 relative balance of contributions of population structure (n) and vital rates (A) toward observed variance in

1078 demographic performance, with the dashed lines at Cratio = 1 across both panels indicating equal

1079 contributions. Error displayed using 95% CIs.
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1080 S3. Quantifying life cycle survival profile (𝜟𝞼).

1081 As part of this study, we introduced the measure of life cycle survival profile (𝛥𝜎). Briefly, this

1082 measure describes the rate of change in stage-specific survival across the life cycle of a population.

1083 Higher absolute values of |𝛥𝜎| correspond with more abrupt rates of change in stage-specific

1084 survival along the life cycle of the examined population, while positive/negative values imply

1085 increases/decreases in survival throughout its life cycle. Across our sample of 268 population

1086 comparisons, we estimated the element-by-element arithmetic mean matrix population model

1087 (MPM) from each associated set of MPMs describing the focal species/population dynamics

1088 across different time intervals, locations, or experimental treatments. We then collapsed each

1089 mean MPM into a 3 × 3 matrix, resulting in all comparisons comprising three life cycle stages to

1090 ensure comparability across populations and species. We carried out this step using the function

1091 mpm_collapse of the Rcompadre R package (1) to collapse together all life stages beyond the

1092 second life cycle stage into a single terminal stage while keeping the first two stages unaltered.

1093 This approach ensured we retained the eigen-structure of the original MPMs (2). We then

1094 computed 𝛥𝜎 as the slope coefficient of a linear regression model fitted to the sequence of mean

1095 stage-specific survival probabilities obtained for each mean population/species MPM (e.g., the

1096 slope of survival across life cycle stages). Below, we visually demonstrate the suitability of

1097 assuming that the gradient in stage-specific survival across three-stage life cycles can be

1098 appropriately modelled using a linear relationship. For this demonstration, we present the stage-

1099 specific survival (𝜎) patterns obtained for 30 randomly selected mean MPMs across our 268

1100 population comparisons (Fig. S3), illustrating how, following the collapsing of each population's

1101 dynamics into a three-stage model, survival typically follows a linear rate of change across life

1102 stages.

https://www.zotero.org/google-docs/?WA8vFn
https://www.zotero.org/google-docs/?74A77r
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1103 Figure S3. The mean stage-specific survival (𝜎) patterns across the life cycles of 30 plant populations

1104 randomly selected from our 268 population comparisons can be approximated via a linear model,

1105 whose slope is summarised by our metric: the life cycle survival profile (𝜟𝞼). Across each panel, the

1106 solid lines represent the linear relationship fit to each population's corresponding pattern in stage-specific

1107 survival (𝜎), with the inset text indicating the associated slope coefficient. Subsequently, these slope

1108 coefficients reflect the estimates of life cycle survival profile (𝛥𝜎) assigned to the selected populations.
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1109 S4. Testing sensitivity to pooling temporal, spatial, and experimental comparisons.

1110 Our sample of 268 population comparisons comprises comparisons of population dynamics across

1111 time, space, and experimental treatments, or a combination of these cases (Time = 120

1112 comparisons, Space = 63, Experimental = 34, Combination = 51). To test the sensitivity of our

1113 findings to our assumption that the short-term population growth rates in our plant dataset vary in

1114 the same fashion when comparisons are made across time, space, and experimental treatments, we

1115 repeated our analyses using only population comparisons across time. To do so, we repeated our

1116 analyses, implementing the same methodological pipeline as described in the main manuscript,

1117 but focused only on data sourced from population comparisons across time.

1118 This brute-force sensitivity approach demonstrates how changes in population structure

1119 (n) over time contribute to temporal variance in demographic performance to a similar extent as

1120 temporal shifts in survival (𝜎) and fecundity (𝜙) (Fig. S4A). Next, we reassessed the relationship

1121 between sources of variance in demographic performance and the life-history traits of generation

1122 time (T), age at reproductive maturity (L𝛼), mean life expectancy (𝜂e), and reproductive window

1123 (L𝛼-𝜔) (Fig. S4B). This analysis shows that the contributions from temporal shifts in survival to

1124 demographic performance correlate with generation time, while contributions from temporal shifts

1125 in population structure are greater in populations with shorter lifespans. We do note, however, that

1126 when only considering comparisons across time, the association between contributions from

1127 population structure to variance in demographic performance and shorter generation times

1128 becomes weaker (compare to Fig. 2).

https://www.zotero.org/google-docs/?kJRbI1
https://www.zotero.org/google-docs/?kJRbI1
https://www.zotero.org/google-docs/?kJRbI1
https://www.zotero.org/google-docs/?kJRbI1
https://www.zotero.org/google-docs/?kJRbI1
https://www.zotero.org/google-docs/?kJRbI1
https://www.zotero.org/google-docs/?kJRbI1
https://www.zotero.org/google-docs/?kJRbI1
https://www.zotero.org/google-docs/?kJRbI1
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1129 Figure S4. The contribution of population structure to observed temporal variation in realised

1130 growth rates (𝜆transient) is greater in species with faster life-history strategies. (A) The proportional

1131 effect distributions observed across different sources of temporal variance in 𝜆transient: Population structure

1132 (n), the interaction between population structure and vital rates (𝜎 : 𝛾 : 𝜙 : n), survival (𝜎), development

1133 (𝛾), fecundity (𝜙), and the interactions between these vital rates (𝜎 : 𝛾 : 𝜙). (B) Partial least squares biplot

1134 showing the relationship between sources of temporal variation in 𝜆transient and life-history traits: generation

1135 time (T), mean life expectancy (𝜂e), age at reproductive maturity (L𝛼), and reproductive window (L𝛼-𝜔). The



62

1136 colour scale depicts the log-transformed variance in 𝜆transient recorded for population comparison.
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1137

1138 Pooling temporal, spatial, and experimental comparisons did have a slight influence on

1139 patterns between life-history traits and sources of variance in demographic performance across

1140 growth forms. Again, we computed estimates of contribution ratio (Cratio) for each of our

1141 population comparisons, providing a measure of the balance between contributions from

1142 population structure vs. vital rates towards observed variance in demographic performance.

1143 Focusing only on temporal population comparisons, we observe how, although the relative patterns

1144 across Cratio estimates obtained for hemicryptophytes, chamaephytes, and phanerophytes are

1145 maintained, the difference between estimates observed for chamaephytes and phanerophytes is

1146 diminished slightly (Fig. S5) compared to when spatial, temporal, and experimental comparisons

1147 are pooled (Fig. 5). We also observe how, when focusing on only temporal comparisons of

1148 population performance, Cratio displays a negative relationship with the life cycle survival profile

1149 (𝛥𝜎) in both hemicryptophytes and chamaephytes (Fig. S6). This pattern is actually the reverse of

1150 the one obtained when temporal, spatial, and experimental comparisons are pooled (compare to

1151 Fig. 3). The pattern between 𝛥𝜎 and Cratio is, however, insensitive in phanerophytes across pooled

1152 and time-only comparisons. Finally, although stronger in time-only comparisons, the positive

1153 relationship observed between degree of iteroparity and Cratio is maintained across pooled and

1154 time-only comparisons (Figs. S7, compared to Fig. 4). Thus, the primary findings we report are

1155 largely insensitive to our choice to pool temporal, spatial, and experimental comparisons of

1156 population dynamics in our analyses.
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1157

1158 Figure S5. The relative importance of contributions of population structure vs. vital rates to observed

1159 temporal variation in realised growth rates (𝜆transient) across plant growth forms. Mean contribution

1160 ratio estimates (Cratio) obtained for populations of plants classified as epiphytes, phanerophytes,

1161 chamaephytes, and hemicryptophytes. The vertical dashed line indicates equal contributions from vital

1162 rates and population structure to realised growth rates, while Cratio< 1 implies a greater contribution from

1163 vital rates. Error bars display 95% CIs. Inset values indicate respective sample sizes used for each plant

1164 growth form.
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1165 Figure S6. Populations with life cycle survival profiles increasingly weighted to survival in later life

1166 experience greater contributions from their population structure towards temporal variation in

1167 realised growth rates (𝜆transient); a pattern that manifests consistently across plant growth strategies.

1168 (A) The relationship between 𝛥𝜎 (i.e., rate of change in stage-specific survival across the lifecycle) and

1169 contribution ratio estimates (Cratio) across 120 comparisons of plant population dynamics through time.

1170 Cratio estimates reflect the relative balance of contributions of population structure (n) and vital rates (A)

1171 toward observed variance in demographic performance, with the dashed line at Cratio = 1 indicating equal

1172 contributions. Error displayed using 95% CIs. (B) The relationship between 𝛥𝜎 and contribution ratio

1173 estimates (Cratio) shown separately for Hemicrypophytes, Chamaephytes, and Phanerophytes. Error is

1174 displayed as 95% CI with the horizontal dashed line indicating the 1:1 threshold between contributions
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1175 from vital rates and population structure.
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1176

1177 Figure S7. The relationship between degree of iteroparity and the relative value of contributions

1178 from population structure to temporal variation in realised growth rates (𝜆transient) varies across plant

1179 growth forms. (A) The relationship between degree of iteroparity (i.e., spread of reproduction through the
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1180 life cycle) and contribution ratio estimates (Cratio) across 120 comparisons of plant population dynamics

1181 through time. Cratio estimates reflect the relative balance of contributions of population structure (n) and

1182 vital rates (A) toward observed variance in demographic performance, with the dashed line at Cratio = 1

1183 indicating equal contributions. Error displayed using 95% CIs. (B) The relationship between degree of

1184 iteroparity and contribution ratio estimates (Cratio) is shown separately for Hemicrypophytes,

1185 Chamaephytes, and Phanerophytes. Error is displayed as 95% CI with the horizontal dashed line indicating

1186 the 1:1 threshold between contributions from vital rates and population structure.
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1187 S5. Testing sensitivity to data imputation.

1188 During data extraction, we used phylogenetic imputations to estimate missing values across our

1189 demographic and life-history variables (Fig. S8). This step was necessary to allow us to retain

1190 details from all population comparisons within our finalised data sample, to limit the effect of data

1191 gaps on our demographic inferences (5). As such, we imputed estimates for one or more variables

1192 across 85 population comparisons. Combined, just 2.5% of our demographic and life-history trait

1193 data required imputing (Fig. S8). The majority of this missing data comprised estimates of the life-

1194 history traits: generation time (T), age at reproductive maturity (L𝛼), mean life expectancy (𝜂e),

1195 reproductive window (L𝛼-𝜔) and degree of iteroparity (S) (Fig. S8).

1196

1197 Figure S8. Spread of missing data across our demographic and life-history trait variables. Inset

1198 percentages indicate the degree of missing data across each variable.

https://www.zotero.org/google-docs/?ggwLE4
https://www.zotero.org/google-docs/?tNVfLw
https://www.zotero.org/google-docs/?tNVfLw
https://www.zotero.org/google-docs/?tNVfLw
https://www.zotero.org/google-docs/?tNVfLw
https://www.zotero.org/google-docs/?tNVfLw
https://www.zotero.org/google-docs/?tNVfLw
https://www.zotero.org/google-docs/?tNVfLw
https://www.zotero.org/google-docs/?tNVfLw
https://www.zotero.org/google-docs/?tNVfLw
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1199

1200 To test the sensitivity of our findings to this imputation, we repeated the same

1201 methodological pipeline as described in the main manuscript, focusing on data sourced from

1202 population comparisons that required no imputation (183 population comparisons). Our brute-

1203 force sensitivity here also had no qualitative effect on our overall findings. First, contributions

1204 from changes in population structure (n) to observed variance in demographic performance

1205 remained comparable to those of changes in survival (𝜎) and fecundity (𝜙) (Fig. S9A). Second,

1206 contributions from changes in population structure (n) to observed variance in demographic

1207 performance were negatively correlated with generation time (T) (Fig. S9B). Instead, contributions

1208 from survival to demographic performance remained positively associated with generation time.

1209 Third, patterns in the relative balance between contributions from population structure vs vital

1210 rates towards observed variance in demographic performance (i.e., contribution ratios, Cratio)

1211 across hemicryptophytes, chamaephytes, and phanerophytes remained consistent between our

1212 non-imputed (Fig. S10) and full data samples (Fig. 5). Finally, the patterns we observed between

1213 life cycle survival profile (𝛥𝜎) and degree of iteroparity with Cratio across growth forms remain

1214 consistent across our non-imputed (Fig. S11 & S12) and full data samples (Figs. 3 & 4).
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1215 Figure S9. The relationship between the contribution of population structure to observed variation

1216 in realised growth rates (𝜆transient) and generation time remains intact even when focusing on the

1217 assessment of only non-imputed data. (A) The proportional effect distributions observed across different

1218 sources of temporal variance in 𝜆transient: Population structure (n), the interaction between population

1219 structure and vital rates (𝜎 : 𝛾 : 𝜙 : n), survival (𝜎), development (𝛾), fecundity (𝜙), and the interactions

1220 between these vital rates (𝜎 : 𝛾 : 𝜙). The inset values at the top illustrate the phylogenetic signal (Pagels 𝜆)

1221 associated with each contribution source, with error shown as 95% CIs. (B) Partial least squares biplot

1222 showing the relationship between sources of temporal variation in 𝜆transient and life-history traits: generation

1223 time (T), mean life expectancy (𝜂e), age at reproductive maturity (L𝛼), and reproductive window (L𝛼-𝜔). The

https://www.zotero.org/google-docs/?jCZAM5
https://www.zotero.org/google-docs/?jCZAM5
https://www.zotero.org/google-docs/?jCZAM5
https://www.zotero.org/google-docs/?jCZAM5
https://www.zotero.org/google-docs/?jCZAM5
https://www.zotero.org/google-docs/?jCZAM5
https://www.zotero.org/google-docs/?jCZAM5
https://www.zotero.org/google-docs/?jCZAM5
https://www.zotero.org/google-docs/?jCZAM5
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1224 colour scale depicts the log-transformed variance in 𝜆transient recorded for population comparison.
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1225 Figure S10. Variation in the relative importance of contributions of population structure vs. vital

1226 rates to temporal variation in realised growth rates (𝜆transient) across plant growth forms is maintained

1227 when focusing on only non-imputed data. Mean contribution ratio estimates (Cratio) obtained for

1228 populations of plants classified as epiphytes, phanerophytes, chamaephytes, and hemicryptophytes. The

1229 vertical dashed line indicates equal contributions from vital rates and population structure to realised growth

1230 rates, while Cratio< 1 implies a greater contribution from vital rates. Error bars display 95% CIs. Inset values

1231 indicate respective sample sizes used for each plant growth form.
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1232 Figure S11. The relationships between life cycle survival profile (𝜟𝝈) and the relative contributions

1233 of population structure to variation in realised growth rates (𝜆transient) across growth forms are

1234 maintained even when assessing only non-imputed data. (A) The relationship between 𝛥𝜎 (i.e., rate of

1235 change in stage-specific survival across the lifecycle) and contribution ratio estimates (Cratio) across 183

1236 comparisons of plant population dynamics for which no data required imputing. Cratio estimates reflect the

1237 relative balance of contributions of population structure (n) and vital rates (A) toward observed variance in

1238 demographic performance, with the dashed line at Cratio = 1 indicating equal contributions. Error displayed

1239 using 95% CIs. (B) The relationship between 𝛥𝜎 and contribution ratio estimates (Cratio) shown separately

1240 for Hemicrypophytes, Chamaephytes, and Phanerophytes. Error is displayed as 95% CI with the horizontal
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1241 dashed line indicating the 1:1 threshold between contributions from vital rates and population structure.
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1242 Figure S12. The relationships between degree of iteroparity and the relative contributions of

1243 population structure to variation in realised growth rates (𝜆transient) across growth forms are

1244 maintained even when assessing only non-imputed data. (A) The relationship between degree of

1245 iteroparity (i.e., spread of reproduction through the life cycle) and contribution ratio estimates (Cratio) across

1246 183 comparisons of plant population dynamics for which no data required imputing. Cratio estimates reflect

1247 the relative balance of contributions of population structure (n) and vital rates (A) toward observed variance

1248 in demographic performance, with the dashed line at Cratio = 1 indicating equal contributions. Error

1249 displayed using 95% CIs. (B) The relationship between degree of iteroparity and contribution ratio

1250 estimates (Cratio) shown separately for Hemicrypophytes, Chamaephytes, and Phanerophytes. Error is

1251 displayed as 95% CI with the horizontal dashed line indicating the 1:1 threshold between contributions
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1252 from vital rates and population structure.
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1253 Table S1. A summary of the 268 population comparisons used in this study. This table shows the

1254 number of matrix population models (MPMs) included for each comparison (# MPM), the number of life

1255 cycle stages represented by each model (# stages), whether the sets of MPMs describe comparisons across

1256 time, space, or experimental treatments, or combinations of these cases (LTRE comparison), and the

1257 Raunkiær growth form classification (6) assigned to the plant species associated with each comparison.

Species # MPM # stages LTRE

comparison

Raunkiær growth

form

Acer saccharum 2 3 Time Megaphanerophyte

Actaea elata 2 6 Time Hemicryptophyte

Actinostemon concolor 2 3 Time Nanophanerophyte

Agrimonia eupatoria 2 4 Space Hemicryptophyte

Agrimonia eupatoria 2 4 Space Hemicryptophyte

Artemisia genipi 2 5 Treatment Chamaephyte

Artemisia genipi 2 5 Time Chamaephyte

Attalea humilis 2 5 Treatment Nanophanerophyte

Boswellia papyrifera 2 12 Treatment Mesophanerophyte

Bursera glabrifolia 2 5 Time Nanophanerophyte

Chamaedorea elegans 2 6 Treatment Nanophanerophyte

Chamaedorea elegans 2 6 Treatment Nanophanerophyte

Chamaedorea elegans 2 6 Treatment Nanophanerophyte

Chamaedorea elegans 2 6 Time Nanophanerophyte

Chamaedorea elegans 2 6 Time Nanophanerophyte

Clidemia hirta 2 5 Space Epiphyte

https://www.zotero.org/google-docs/?qT2Ony
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Coryphantha werdermannii 2 6 Multiple Chamaephyte

Coryphantha werdermannii 2 6 Multiple Chamaephyte

Coryphantha werdermannii 2 6 Multiple Chamaephyte

Danthonia sericea 2 6 Time Hemicryptophyte

Danthonia sericea 2 6 Time Hemicryptophyte

Danthonia sericea 2 6 Time Hemicryptophyte

Dicerandra frutescens 2 6 Treatment Nanophanerophyte

Eryngium cuneifolium 2 6 Space Hemicryptophyte

Eryngium cuneifolium 2 6 Multiple Hemicryptophyte

Eryngium cuneifolium 2 6 Space Hemicryptophyte

Eryngium cuneifolium 2 6 Multiple Hemicryptophyte

Fagus grandifolia 2 9 Treatment Megaphanerophyte

Heliconia acuminata 2 6 Treatment Geophyte

Heliconia acuminata 2 6 Treatment Geophyte

Liatris scariosa 2 5 Multiple Hemicryptophyte

Liatris scariosa 2 5 Multiple Hemicryptophyte

Liatris scariosa 2 5 Multiple Hemicryptophyte

Liatris scariosa 2 5 Multiple Hemicryptophyte

Liatris scariosa 2 5 Time Hemicryptophyte

Lomatium cookii 2 6 Space Hemicryptophyte

Lomatium cookii 2 6 Space Hemicryptophyte

Lomatium cookii 2 6 Space Hemicryptophyte
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Lomatium cookii 2 6 Space Hemicryptophyte

Mammillaria crucigera 2 8 Time Chamaephyte

Mammillaria huitzilopochtli 2 5 Multiple Chamaephyte

Mammillaria huitzilopochtli 2 5 Multiple Chamaephyte

Mammillaria huitzilopochtli 2 5 Multiple Chamaephyte

Mammillaria huitzilopochtli 2 5 Multiple Chamaephyte

Mammillaria huitzilopochtli 2 5 Multiple Chamaephyte

Mammillaria magnimamma 2 7 Multiple Chamaephyte

Mammillaria magnimamma 2 7 Time Chamaephyte

Manilkara zapota 2 9 Time Mesophanerophyte

Nardostachys jatamansi 2 6 Treatment Hemicryptophyte

Nardostachys jatamansi 2 6 Treatment Hemicryptophyte

Nardostachys jatamansi 2 6 Treatment Hemicryptophyte

Nardostachys jatamansi 2 6 Treatment Hemicryptophyte

Neobuxbaumia tetetzo 2 10 Time Mesophanerophyte

Pachycereus pecten-

aboriginum 2 9 Time Mesophanerophyte

Primula veris 2 6 Time Hemicryptophyte

Primula vulgaris 2 5 Time Hemicryptophyte

Primula vulgaris 2 5 Time Hemicryptophyte

Primula vulgaris 2 5 Time Hemicryptophyte

Primula vulgaris 2 5 Time Hemicryptophyte
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Primula vulgaris 2 5 Time Hemicryptophyte

Primula vulgaris 2 5 Time Hemicryptophyte

Pseudophoenix sargentii 2 5 Treatment Mesophanerophyte

Pterocereus gaumeri 2 10 Space Mesophanerophyte

Pterocereus gaumeri 2 10 Time Mesophanerophyte

Sanicula europaea 2 5 Treatment Hemicryptophyte

Sanicula europaea 2 5 Treatment Hemicryptophyte

Sanicula europaea 2 5 Treatment Hemicryptophyte

Sanicula europaea 2 5 Treatment Hemicryptophyte

Sanicula europaea 2 5 Treatment Hemicryptophyte

Sanicula europaea 2 5 Treatment Hemicryptophyte

Tillandsia recurvata 2 4 Multiple Epiphyte

Tillandsia recurvata 2 4 Multiple Epiphyte

Tillandsia recurvata 2 4 Multiple Epiphyte

Tillandsia recurvata 2 4 Time Epiphyte

Trollius europaeus 2 6 Space Hemicryptophyte

Trollius europaeus 2 6 Time Hemicryptophyte

Viola elatior 2 5 Space Hemicryptophyte

Viola pumila 2 5 Space Hemicryptophyte

Viola stagnina 2 5 Space Hemicryptophyte

Vriesea sanguinolenta 2 7 Space Epiphyte

Vriesea sanguinolenta 2 7 Space Epiphyte
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Vriesea sanguinolenta 2 7 Space Epiphyte

Acer saccharum 2 3 Time Megaphanerophyte

Acer saccharum 3 3 Space Megaphanerophyte

Actaea elata 2 6 Time Hemicryptophyte

Actinostemon concolor 2 3 Time Nanophanerophyte

Agrimonia eupatoria 2 4 Time Hemicryptophyte

Agrimonia eupatoria 2 4 Space Hemicryptophyte

Agrimonia eupatoria 2 4 Space Hemicryptophyte

Agrimonia eupatoria 4 4 Time Hemicryptophyte

Ambrosia dumosa 4 6 Treatment Chamaephyte

Ambrosia dumosa 4 6 Treatment Chamaephyte

Boechera fecunda 3 4 Space Hemicryptophyte

Boechera fecunda 3 4 Space Hemicryptophyte

Boechera fecunda 3 4 Space Hemicryptophyte

Boechera fecunda 3 4 Space Hemicryptophyte

Boechera fecunda 6 4 Time Hemicryptophyte

Boechera fecunda 4 4 Time Hemicryptophyte

Boechera fecunda 4 4 Time Hemicryptophyte

Araucaria laubenfelsii 3 4 Treatment Megaphanerophyte

Artemisia genipi 2 5 Treatment Chamaephyte

Artemisia genipi 2 5 Time Chamaephyte

Astragalus scaphoides 10 5 Time Hemicryptophyte



83

Astragalus scaphoides 9 5 Time Hemicryptophyte

Astragalus scaphoides 8 5 Time Hemicryptophyte

Astragalus tyghensis 6 5 Time Hemicryptophyte

Astragalus tyghensis 6 5 Time Hemicryptophyte

Astragalus tyghensis 7 5 Time Hemicryptophyte

Astragalus tyghensis 5 5 Time Hemicryptophyte

Astragalus tyghensis 6 5 Time Hemicryptophyte

Attalea humilis 2 5 Treatment Nanophanerophyte

Boswellia papyrifera 2 12 Treatment Mesophanerophyte

Brassica insularis 3 3 Space Chamaephyte

Brassica insularis 4 3 Space Chamaephyte

Brassica insularis 4 3 Space Chamaephyte

Brassica insularis 3 3 Space Chamaephyte

Brassica insularis 4 3 Space Chamaephyte

Brassica insularis 4 3 Space Chamaephyte

Brassica insularis 3 3 Space Chamaephyte

Brassica insularis 3 3 Space Chamaephyte

Brassica insularis 3 3 Space Chamaephyte

Brassica insularis 8 3 Time Chamaephyte

Brassica insularis 5 3 Time Chamaephyte

Brassica insularis 9 3 Time Chamaephyte

Brassica insularis 9 3 Time Chamaephyte
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Bursera glabrifolia 2 5 Time Nanophanerophyte

Castanea dentata 6 8 Multiple Mesophanerophyte

Castanea dentata 6 8 Multiple Mesophanerophyte

Castanea dentata 6 8 Multiple Mesophanerophyte

Castanea dentata 5 8 Multiple Mesophanerophyte

Castanea dentata 4 8 Time Mesophanerophyte

Castanea dentata 4 8 Time Mesophanerophyte

Castanea dentata 4 8 Time Mesophanerophyte

Castanea dentata 3 8 Time Mesophanerophyte

Castanea dentata 4 8 Time Mesophanerophyte

Castanea dentata 4 8 Time Mesophanerophyte

Centaurea horrida 3 5 Space Nanophanerophyte

Chamaedorea elegans 3 6 Treatment Nanophanerophyte

Clidemia hirta 2 5 Space Epiphyte

Clidemia hirta 2 5 Time Epiphyte

Coryphantha werdermannii 3 6 Multiple Chamaephyte

Danthonia sericea 2 6 Time Hemicryptophyte

Danthonia sericea 2 6 Time Hemicryptophyte

Danthonia sericea 2 6 Time Hemicryptophyte

Danthonia sericea 3 6 Space Hemicryptophyte

Danthonia sericea 5 6 Space Hemicryptophyte

Dicerandra frutescens 2 6 Multiple Nanophanerophyte
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Dicerandra frutescens 3 6 Multiple Nanophanerophyte

Dicerandra frutescens 3 6 Multiple Nanophanerophyte

Dicerandra frutescens 3 6 Multiple Nanophanerophyte

Dicerandra frutescens 3 6 Multiple Nanophanerophyte

Dicerandra frutescens 2 6 Multiple Nanophanerophyte

Dicerandra frutescens 3 6 Multiple Nanophanerophyte

Dicerandra frutescens 2 6 Multiple Nanophanerophyte

Dicerandra frutescens 2 6 Multiple Nanophanerophyte

Dicerandra frutescens 5 6 Time Nanophanerophyte

Dicerandra frutescens 3 6 Time Nanophanerophyte

Dicerandra frutescens 3 6 Time Nanophanerophyte

Dicerandra frutescens 5 6 Time Nanophanerophyte

Dicerandra frutescens 11 6 Time Nanophanerophyte

Eriogonum longifolium 4 5 Time Hemicryptophyte

Eriogonum longifolium 4 5 Time Hemicryptophyte

Eriogonum longifolium 8 5 Time Hemicryptophyte

Eryngium alpinum 2 4 Multiple Hemicryptophyte

Eryngium alpinum 3 4 Time Hemicryptophyte

Eryngium cuneifolium 4 6 Time Hemicryptophyte

Eryngium cuneifolium 3 6 Time Hemicryptophyte

Eryngium cuneifolium 7 6 Time Hemicryptophyte

Eryngium cuneifolium 8 6 Time Hemicryptophyte
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Eryngium cuneifolium 7 6 Time Hemicryptophyte

Eryngium cuneifolium 2 6 Multiple Hemicryptophyte

Eryngium cuneifolium 2 6 Space Hemicryptophyte

Eryngium cuneifolium 5 6 Multiple Hemicryptophyte

Eryngium cuneifolium 3 6 Space Hemicryptophyte

Eryngium cuneifolium 5 6 Multiple Hemicryptophyte

Eryngium cuneifolium 3 6 Space Hemicryptophyte

Eryngium cuneifolium 4 6 Multiple Hemicryptophyte

Eryngium cuneifolium 3 6 Space Hemicryptophyte

Eryngium cuneifolium 4 6 Multiple Hemicryptophyte

Eryngium cuneifolium 3 6 Space Hemicryptophyte

Eryngium cuneifolium 2 6 Multiple Hemicryptophyte

Eryngium cuneifolium 2 6 Space Hemicryptophyte

Eryngium cuneifolium 2 6 Multiple Hemicryptophyte

Euterpe edulis 3 7 Time Mesophanerophyte

Fagus grandifolia 2 9 Treatment Megaphanerophyte

Guarianthe aurantiaca 2 5 Time Epiphyte

Pyrrocoma radiata 7 4 Time Hemicryptophyte

Pyrrocoma radiata 7 4 Time Hemicryptophyte

Pyrrocoma radiata 7 4 Time Hemicryptophyte

Pyrrocoma radiata 6 4 Time Hemicryptophyte

Pyrrocoma radiata 6 4 Time Hemicryptophyte
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Pyrrocoma radiata 6 4 Time Hemicryptophyte

Pyrrocoma radiata 5 4 Time Hemicryptophyte

Pyrrocoma radiata 5 4 Time Hemicryptophyte

Heliconia acuminata 2 6 Treatment Geophyte

Heliconia acuminata 2 6 Treatment Geophyte

Hypericum cumulicola 4 6 Space Hemicryptophyte

Hypericum cumulicola 4 6 Space Hemicryptophyte

Hypericum cumulicola 3 6 Space Hemicryptophyte

Hypericum cumulicola 3 6 Space Hemicryptophyte

Hypericum cumulicola 4 6 Space Hemicryptophyte

Hypericum cumulicola 4 6 Time Hemicryptophyte

Hypericum cumulicola 3 6 Time Hemicryptophyte

Hypericum cumulicola 3 6 Time Hemicryptophyte

Hypericum cumulicola 4 6 Time Hemicryptophyte

Hypericum cumulicola 4 6 Time Hemicryptophyte

Hypericum cumulicola 4 6 Time Hemicryptophyte

Liatris scariosa 2 5 Multiple Hemicryptophyte

Liatris scariosa 3 5 Multiple Hemicryptophyte

Liatris scariosa 3 5 Time Hemicryptophyte

Liatris scariosa 2 5 Time Hemicryptophyte

Lomatium cookii 4 6 Time Hemicryptophyte

Lomatium cookii 4 6 Time Hemicryptophyte
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Lomatium cookii 2 6 Space Hemicryptophyte

Lomatium cookii 2 6 Space Hemicryptophyte

Lomatium cookii 2 6 Space Hemicryptophyte

Lomatium cookii 2 6 Space Hemicryptophyte

Lomatium cookii 4 6 Time Hemicryptophyte

Lomatium cookii 4 6 Time Hemicryptophyte

Mammillaria crucigera 2 8 Time Chamaephyte

Mammillaria huitzilopochtli 5 5 Time Chamaephyte

Mammillaria huitzilopochtli 2 5 Multiple Chamaephyte

Mammillaria huitzilopochtli 2 5 Multiple Chamaephyte

Mammillaria huitzilopochtli 2 5 Multiple Chamaephyte

Mammillaria huitzilopochtli 2 5 Multiple Chamaephyte

Mammillaria huitzilopochtli 2 5 Multiple Chamaephyte

Mammillaria huitzilopochtli 5 5 Time Chamaephyte

Mammillaria magnimamma 2 7 Multiple Chamaephyte

Mammillaria magnimamma 2 7 Time Chamaephyte

Manilkara zapota 2 9 Time Mesophanerophyte

Nardostachys jatamansi 5 6 Treatment Hemicryptophyte

Neobuxbaumia

macrocephala 3 10 Time Mesophanerophyte

Neobuxbaumia mezcalaensis 3 10 Time Mesophanerophyte

Neobuxbaumia tetetzo 2 10 Time Mesophanerophyte
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Pachycereus pecten-

aboriginum 2 9 Time Mesophanerophyte

Pediocactus bradyi 4 3 Time Chamaephyte

Pediocactus bradyi 5 3 Time Chamaephyte

Pediocactus bradyi 4 3 Time Chamaephyte

Pediocactus bradyi 13 3 Time Chamaephyte

Phyllanthus indofischeri 5 7 Time Mesophanerophyte

Plantago media 3 5 Time Hemicryptophyte

Plantago media 2 5 Time Hemicryptophyte

Primula veris 2 6 Time Hemicryptophyte

Primula vulgaris 7 5 Space Hemicryptophyte

Primula vulgaris 7 5 Space Hemicryptophyte

Primula vulgaris 2 5 Time Hemicryptophyte

Primula vulgaris 2 5 Time Hemicryptophyte

Primula vulgaris 2 5 Time Hemicryptophyte

Primula vulgaris 2 5 Time Hemicryptophyte

Primula vulgaris 2 5 Time Hemicryptophyte

Primula vulgaris 2 5 Time Hemicryptophyte

Pseudophoenix sargentii 2 5 Treatment Mesophanerophyte

Pterocereus gaumeri 2 10 Space Mesophanerophyte

Pterocereus gaumeri 2 10 Time Mesophanerophyte

Ramonda myconi 2 5 Space Hemicryptophyte
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Sanicula europaea 4 5 Treatment Hemicryptophyte

Tillandsia recurvata 2 4 Multiple Epiphyte

Tillandsia recurvata 2 4 Multiple Epiphyte

Tillandsia recurvata 2 4 Multiple Epiphyte

Tillandsia recurvata 6 4 Space Epiphyte

Tillandsia recurvata 2 4 Time Epiphyte

Trollius europaeus 3 6 Space Hemicryptophyte

Trollius europaeus 2 6 Space Hemicryptophyte

Trollius europaeus 2 6 Time Hemicryptophyte

Viola elatior 2 5 Space Hemicryptophyte

Viola pumila 2 5 Space Hemicryptophyte

Viola stagnina 2 5 Space Hemicryptophyte

Vriesea sanguinolenta 3 7 Space Epiphyte
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