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Abstract

1. Age-dependence of the demographic rates survival, fecundity and individual growth is a fundamental aspect of population biological theory. Knowledge 

about plant ageing can also be important for conservation and agriculture as it will improve the accuracy of population viability assessments and long-term 

performance assessments in perennial crops. Recent studies show age effects on demographic rates for several plant species, yet much remains to be learned 

about the patterns and mechanisms of plant ageing,  particularly about how age effects interact with the environment and with plant size. 

2. We collected age-and-size-based demographic data, as well as individual-based environmental data, for the perennial herb Plantago lanceolata in Denmark 

over three annual transitions (four years). We combined frequent field monitoring of carefully mapped individuals with the underused technique of root 

histology to determine age of herbaceous plants. We used generalized linear mixed effects models to assess how age, soil properties, and year influenced 

survival, growth, and reproduction. 

3. Our results show no strong evidence of consistent age declines, rather, we found mostly positive effects of age on vital rates. For all vital rates, i.e. survival, 

growth, flowering, and reproductive output, age effects also differed significantly among years. Additionally, we detected an interactive effect of age and size in 

the growth model. Size, and temporal and spatial environmental variation also affected vital rates independently of age.

4. Synthesis: Our study shows that age-dependence of demographic rates can depend both on individual size and environmental variation. These results 

suggest that a consideration of potential age-interactions may improve the accuracy of comparative studies of ageing and population projections. Moreover, 

this study shows that much is still unknown about how plant ageing can be affected by the environment. 
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1 | INTRODUCTION

Three main drivers of plant demographic, or “vital” rates have been identified: individual size, environment, and age. The size-dependency of vital rates for 

many plants, where bigger is typically better, is well understood, and we are beginning to learn more about environmental drivers (Crone et al., 2011; Ehrlén, 

Morris, von Euler, & Dahlgren, 2016). Some age-based demographic studies on plants suggest that age can also affect vital rates, either positively or negatively 

(Dahlgren & Roach, 2017). However, relatively little is known about plant ageing and even less is known about how age interacts with size and environment to 

shape the demography of plants. Still, recent studies have shown that the inclusion of both positive and negative age effects on vital rates can influence 

population projections (Chu & Adler; 2014; Colchero et al., 2019; Edelfeldt, Bengtsson, & Dahlgren, 2019a). Understanding age effects on plant vital rates may 

thus be critical for population ecological theory and projections used to estimate population viability of threatened species and to predict yield over time in 

crops (Cox et al., 2002; González-Paleo, Vilela, & Ravetta, 2016). 

Current evolutionary theories of “demographic senescence” predict that all organisms, with an early-life separation between somatic and germ cell lines, will 

face an increased risk of death, and possibly also a gradual decrease in fecundity, with advancing age after reaching sexual maturity (Hamilton, 1966; Kirkwood, 

1977). A clear understanding of diversity in timing of germ-soma separation in plants is, however, missing (Lanfear, 2018). Plants are capable of indeterminate 

growth, and have a modular architecture, both of which have been suggested to potentially allow them to evade demographic senescence (Watkinson & White, 

1985; Finch, 1990; Vaupel, Baudisch, Dölling, Roach, & Gampe, 2004; Thomas, 2013). Current empirical evidence suggests plants may age in several different 

ways. As for many animals, decreases in survival with age have been recorded in several field studies (Roach, Ridley, & Dudycha, 2009; Jones et al., 2014; 

Edelfeldt, Bengtsson, & Dahlgren, 2019a). Other studies have found evidence for a decreased risk of death with age, for example in the long-lived high-altitude 

plants Gentiana pneumonanthe and Borderea pyrenaica (Rose, Clarke, & Chapman, 1998; García, Dahlgren, & Ehrlén, 2011), and in several grassland graminoids 

(Lauenroth & Adler, 2008). Yet other studies have reported the risk of death to be constant as plants age (Harper, 1967; Law et al., 1977; Lauenroth & Adler, 

2008). Variation in plant demographic senescence has also been found not only for vital rates but also for physiological traits where some studies have reported 

no evidence for physiological declines with age (Lanner & Connor, 2001; Morales, Oñate, García, & Munné-Bosch, 2013; Wang et al., 2020), but others have 

detected lower physiological performance in older individuals (Quarles and Roach 2019). 

Vital rate tradeoffs determine the ecological strategy of species and optimal allocation to plant vital rates are expected to depend on the environment (Grime, 

2001; Obeso, 2002). High survival is expected to be favoured in resource-poor, stressful environments, at the expense of fecundity and growth. In addition, high 

fecundity and rapid growth is expected in unpredictable environments with high frequency of disturbance (Kirkwood & Austad, 2000; Ellis, Figueredo, 

Brumbach, & Schlomer, 2009). Analogously, we could expect tradeoffs to affect ageing patterns (Roach & Smith, 2020), and any possible negative effects of age 

on individual survival to be lower in resource-poor vs. resource-rich environments as well as being higher in unpredictable vs. predictable environments, while 

fecundity and growth would be affected in the opposite direction. Tendencies of such patterns in survival were detected by Dahlgren et al. (2016). Age-

dependence of environmental effects on vital rates has also been documented in, for example, Pinus nigra (Navarro-Cerrillo, Sánchez-Salguero, Manzanedo, 

Camarero, & Fernández-Cancio, 2014), and in our study species, Plantago lanceolata, signs of demographic senescence have been detected in “bad” years with 

high average mortality (Roach, Ridley, & Dudycha, 2009).   
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A larger size generally leads to higher vital rates (Obeso, 2002; Vaupel et al., 2004). Moreover, studies assessing effects of both age and size have found that 

size is more important than age (Mencuccini et al., 2005; García et al., 2011, but see Lauenroth and Adler, 2008), but Roach (2012) found that age, size, and 

growth can interact when the environment is stressful. Few studies have investigated interactive effects of age and size but if effects of being bigger are 

generally positive on vital rates, we would expect that larger plants would also be less adversely affected by age than smaller plants. Size may also be affected 

by age, with decreases in plant size potentially occurring as a consequence of senescence (Salguero-Gómez & Casper, 2010; Shefferson & Roach, 2013).   

In the present study, we collected age-based demographic data for a perennial herb on a coastal meadow on the island of Funen in Denmark by combining field 

monitoring with age determination via herb chronology (Schweingruber & Poschlod, 2005; Poschlod, Hoffmann, J., & Bernhardt-Roemermann, 2011; Crivellaro 

& Schweingruber, 2015). Most previous studies on demographic ageing have relied on long-term studies with plants of known ages (Dahlgren & Roach, 2017). A 

few studies also used rarely occurring morphological characters to determine ages, e.g., annual shoot scars on tubers (García, Dahlgren, & Ehrlén, 2011). The 

difficulty of determining the age of herbaceous plants is one of the reasons why little knowledge about plant ageing exists (Chu & Adler, 2014). However, age 

determination based on herb chronology has proven to be reliable in several species (Dietz and Ullmann, 1997; von Arx & Dietz, 2006; Roeder, Schweingruber, 

Fischer, & Roscher 2017) and this technique has potential to be employed in demographic studies. To date, only a few studies (Perkins, 2006) have used this 

method to address demographic questions, and the present study is to our knowledge the first to combine herb chronology with detailed demographic data on 

fecundity, growth, and survival. We use plant demographic data to investigate the interactive effects of age and size as well as age with spatially and temporally 

varying environmental factors. 

Our three hypotheses are:  (1) vital rates will be affected by plant age, with positive effects early in life but negative effects later in life;  (2) vital rates will be 

positively affected by plant size and the interactive effects of age and size (because we expect small plants to be more adversely affected by age than large 

plants); and (3) vital rates will vary with the temporal and spatial variation of the environment. We expect sporadically "bad years" to have a greater negative 

effect on weaker plants, but in contrast, we also expect that chronically resource-poor conditions favour a life history strategy with reduced negative effects of 

age. Assuming the effect of age corresponds to hypothesis 1, we thus expect that (3a) there is variation among annual transitions due to weather effects, where 

dry years will affect vital rates of younger and older plants more adversely than middle-aged plants and (3b) there is variation over gradients of soil nutrient 

availability and acidity, such that any effect of ageing will be more pronounced in more resource rich environments. 
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2 | MATERIALS AND METHODS

2.1 | Study Species and Area

Ribwort plantain, or Narrow leaf plantain (Plantago lanceolata L., Plantaginaceae) is native to Europe, northern Africa, and temperate Asia, and is naturalized in 

other parts of Africa, Australasia, and throughout the Americas, including the Caribbean and Hawaii (Germplasm Resources Information Network, 2019). Its 

habitat in northern Europe encompasses semi-natural grasslands and coastal meadows, and as a ruderal species it is also found ubiquitously populating lawns 

or disturbed areas in early successional stages (van der Aart & Vulto, 1992). Lifespans of P. lanceolata have been observed to reach 15 years in favorable 

greenhouse conditions (D. A. Roach, unpublished), and up to 8 years (n=329) in a long-term outdoor experiment (Roeder et al., 2017). Its evergreen leaves 

make it possible to assess survival year-round. Phenotypes of P. lanceolata are known to exhibit large plasticity, with ecotypes differing substantially in size 

(Wolff, 1991; Woldendorp, 1992). We therefore selected a homogenous population from which we randomly laid out plots for monitoring individuals. 

Plantago lanceolata produces one to several acropetalous, gynodioecious (rarely gynomonoecious) spikes throughout the growing season (Knuth, 1898; Poot, 

Van den Broek, van Damme, & Lambers, 1997). Elongated stalks lift the spikes relatively high in the herb layer, allowing wind-pollination, but bees and syrphid 

flies of the genera Melanostoma and Platycheirus have been observed in similar habitats to systematically visit P. lanceolata to feed on pollen (Stelleman & 

Meeuse, 1976). Prevalence of wind- and insect pollination may vary, between localities and temporally (Darwin, 1877; Clifford, 1962; Sharma, Koul, & Koul, 

1997). We did not observe insects on flowers during this study. The self-incompatible P. lanceolata reproduces mainly by seed and only rarely asexually by 

producing additional rosettes that eventually are separated (Sagar & Harper, 1964; van Damme, 1992). Seed dispersal occurs through wind and grazing animals 

(de Nooij & Mook, 1992; RBG Kew, 2019) and establishment usually ocurrs on bare soil (Kuiper, 1992). 

The study site Flyvesandet, situated at the northern tip of the Danish island Funen (55.620 N, 10.294 E), is a sandy coastal meadow that was grazed until 1959 

but is now unmanaged (Naturstyrelsen, 2019). The Danish climate is temperate maritime with an average mean annual temperature of 7.7 °C and 855 mm of 

precipitation, humid winters, and cool summers (van Roosmalen, Christensen, & Butts, 2010).  P. lanceolata is abundant in the study area, which makes it a 

particularly suitable candidate for studies requiring destructive sampling. At our site, it grows intermixed with Galium verum, Achillea millefolium, Medicago 

lupulina, Anthoxanthum odoratum, Festuca rubra, Hieracium pilosella, Armeria maritima, Campanula rotundifolia, Rumex acetosella, and various mosses, of 

which Rhytidiadelphus squarrosus dominates .

2.2 | Environmental Factors

Local weather during the study alternated between dry, warm summers and cool, wet summers. According to the weather archive of the Danish Meteorological 

Institute (2019), drier summers had mean maximum temperatures 1.8 °C to 2.1 °C higher than those during the 50 mm to 100 mm wetter summers (calculated 

from mean maximum temperatures and mean sums of precipitation in the periods from May through August) (Supporting Information Table S1). To analyse the 

concentrations of several important plant nutrients, we collected four soil samples of 100 ml each (cylinder of 5 cm diameter and 5 cm height) within each of 

the nine study plots on 22 Sept. 2017, sampling approximately two centimeters below the surface to exclude the dense root layer. Exchangeable ammonia 

(NH4
+) was extracted from fresh soil by a 2M KCl solution (Keeney & Nelson, 1982). Nitrate (NO3

-) and nitrite (NO2
-) was extracted from fresh soil by 

demineralized water, and analyzed on a  SKALAR SANplus analyzer. Plant available Phosphorus (P) (Olsen P) was extracted from fresh soil by a 0.5M NaHCO3 A
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solution at pH 8.5 (Olsen et al., 1954) and measured spectrofotometrically, according to Koroleff (1983). Soil pH was measured on a suspension of fresh soil and 

water (Supporting Information Table S2). An extremely low range of salinity of between 0.1 and 1 ‰ in the study area led us to treat this parameter as 

negligible throughout. Principal Component Analysis (PCA) was performed on the log-transformed soil environmental variables to reduce the number of 

variables included in our regression models. The first two axes, explaining 70% of total variation, were used in the multiple regressions of demographic rates. 

The first axis corresponded to – and is henceforth referred to as – nutrient availability, explaining 50.3% of the variation; the second corresponded to soil 

acidity, explaining 19.4 % of the variation (Supporting Information Table S3, Fig. S1). Soil environment was estimated per individual as a weighted average based 

on the Euclidean distance from the focal individual to the location of each soil sample (cf. Dahlgren & Ehrlén, 2009).

2.3.1 | Demographic data collection 

Nine monitoring plots were randomly laid out in July 2014 and followed until 2017, where adjacent square subplots of 50 cm2 were added until at least 20 non-

seedling individuals were included per plot. In total, a 680 cm2 area became part of our study and distances between plots within this area ranged from 30 to 60 

meters. Two hundred and thirty-four individuals were marked in 2014. All individual plants were mapped down to 0.5 cm2 accuracy. Newly germinated 

individuals were included when they emerged in the plots, resulting in a total of 586 individuals. 

Presence (0 or 1), number of leaves, length of the longest leaf (cm), number of inflorescences, and the length of the longest inflorescence (mm) for all plants 

were recorded. Some individuals (39%) had multiple rosettes with between two and five rosettes per taproot, in which case these measurements were made 

for the whole genet. Individuals were assumed to be dead if no above-ground photosynthetically-active tissue was visible and individual survival probability was 

based on presence in year t and year t + 1. Our site was visited 2-4 times per year (Supporting Information Table S1) to determine any mortality of previously 

recorded plants, and to excavate roots of dead plants as quickly as possible so that the root could be used for age determination. Plant size was estimated as 

the natural logarithm of the product of the maximum leaf length and the sum of all leaves (Noe & Blom, 1982; van Groenendael & Slim, 1988; cf. Quarles & 

Roach 2019). We defined growth as the differences in above-ground size of each individual between annual censuses. Fecundity was estimated as two 

components, the probability of flowering, and the reproductive output of flowering individuals. Because counting flowers or fruits in the field without damaging 

the plants is not logistically feasible, and the packing of seeds within an inflorescence is consistent across inflorescences regardless of the length of the 

inflorescence, we made the assumption that the length of the inflorescence is proportional to flower number. A flowering individual’s reproductive output was 

thus defined as the natural logarithm of the product of absolute inflorescence number and length of the largest inflorescence. 

2.3.2 | Age determination

Age of individual plants was determined by herb chronological methods, which have been proven to function well in several perennial herbaceous species, 

including Plantago lanceolata. Established above-ground absence prompted careful excavation of the root, minimizing disturbance to adjacent plants. When 

the root was not found in the ground, but the individual had been recruited into the study period following the plot establishment date, ages were assigned 

according to the census date on which the appearance of the indiviual was first noted. On two occasions, the excavated individual was found to be alive 

(photosynthetically active tissue present) and hence excluded from the study. Individuals alive at the end of the study were harvested in 2017. In total, 80% of 

the individuals in this study had their roots recovered. A
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Herb chronology is the methodology of obtaining histological cross-sections of plant stems and roots and interpreting the anatomical features of the xylem. All 

roots were cross-sectioned at their root collar, which is defined as the root-stem transition zone of primary roots (Schweingruber & Poschlod, 2005), into less 

than 35 µm thick sections using a GSL1 sledge microtome (Gaertner et al., 2014). Sections were examined under polarized light, imaged, and annual ring 

boundaries (Supporting Information Fig. S2) determined by eye following Gaertner & Schweingruber (2013) and Crivellaro & Schweingruber (2015). Several cuts 

were made per individual, and age was determined by two independent observers. The highest age estimate was used per individual, because in some cases all 

growth rings were only visible in a subset of the cuts, and we expected observers to be equally reliable. Age estimates per observer were similar. Out of 1104 

cuts, 70% were estimated to be the same age, the average difference in estimates per observer for the 326 cuts where there was no agreement was 1.04 years, 

and the linear relationship between the complete two sets of estimates was AgeobsA = 0.35 + 0.96*AgeobsB (residual S.E. = 0.57, R2 = 0.89).
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2.4 | Statistical Analyses

We constructed generalized linear mixed effects models (GLMMs) to test the effects of age, size, and environment, as well as interactive effects with age, on 

survival, growth, probability of flowering, and reproductive output of flowering individuals (Bates, Mächler, Bolker, & Walker, 2015). All analyses were 

performed in R v. 3.6.2 (R core Team, 2017). In order to accurately assess non-monotonic effects of age, as we expected vital rates to first increase with age, 

and then decrease in older plants, we also fit generalized additive models (GAMMs) (Wood & Scheipl, 2017). However, GAMMs suggested similar effects as 

GLMMs with second-degree polynomial age terms, thus only GLMM results are presented. Effects on the probability of survival and flowering were analyzed 

with a logistic model. For growth from one year to the next and reproductive output of flowering individuals, we fit linear models. Data across years were 

pooled. Plot and Individual were initially included as random effects in all models, to account for the spatial structure of the data as well as the repeated 

measurements of individuals. However, the logistic models failed to converge when including the Individual random effect and it was thus omitted from these 

models (parameter estimates and their statistical significance were qualitatively similar in the nonconverging models; not presented). The predictor variables 

included in all full models were age, size, nutrient availability, soil acidity, and annual transition or year. We also included a quadratic age term as well as 

interactions of age with all other variables. The interactive effects of age and year provided yearly estimates of age effects. Size and age variables were 

centered around their respective means in the analyses, to improve model convergence. 

To simplify interpretation of the effects of predictor variables, we dropped non-significant (p > 0.05) interaction and quadratic terms from all vital rate models. 

To avoid potential overfitting, we performed no further model selection (Harrell 2001). There were no strong correlations among predictor variables (r < 0.7 for 

all bivariate correlations), so keeping the remaining non-significant terms did not result in any confounding effects. We used likelihood-ratio χ2 tests to estimate 

p-values for interaction and quadratic terms, as well as for total effects of predictor variables in the reduced models. Tests of total effects of variables 

corresponded to significance tests of either the linear term only, or if quadratic and/or interaction terms were significant and thus retained in the reduced 

models, tests of the combined significance of linear, quadratic and/or interaction terms (Harrell 2001). All likelihood-ratio χ2 tests were performed by 

comparing the log-likelihoods of models with and without the term or terms in question, using the ‘anova’ R function. 

3 | RESULTS 

The mean plant age over all years was 3.14 years. Maximum observed age was 12 years. Age affected all vital rates in our models (Figs 1 – 4; Supporting 

Information Figs S3 – S8), but the effect size and direction varied among vital rates and years. Size affected survival and fecundity positively, but growth was 

lower in bigger plants.  We could not detect any statistically significant effects of nutrient availability, but soil acidity was positively associated with 

reproductive output (Tables 1 – 4; Supporting Information Tables S4 – S7). All vital rates varied significantly among years. Mean number of leaves per individual 

during the entire study was 4. Mean length of the largest leaf per individual was 9.5 cm. Mean number of inflorescences per individual across all years was 2.2. 

The mean individual maximum inflorescence length across years was 10.2 mm. 

3.1 | Survival 

Average survival per transition was 90%, 77%, and 76%, for transitions to 2015, 2016, and 2017, respectively. The effect of age on the probability of survival 

varied among years (Table 1). In the first yearly transition (2014-2015), age had a negative effect, in the second (2015-2016) a weakly positive effect, and in the A
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final transition (2016-2017) a clear positive effect (Fig. 1). The age-slope in the final transition was significantly different from the first transition, corresponding 

to an effect in which 11-year-old plants were 44% more likely to survive than 1-year-old plants (Table 1; Fig. 1; Supporting Information Table S4; Fig. S3). 

3.2 | Growth

Age effects on growth depended on both year and individual size in our model (Table 2; Fig. 2). For plants of most sizes, age had negative effects in the first 

transition and positive effects in the last two transitions (Supporting Information Table S5; Figs S4; S5). Large plants grew less per transition than small plants, 

and in fact large plants often shrunk, but the age—size interaction was positive, resulting in that large plants tended to grow more if they were old, and vice 

versa. In the first transition, negative effects of age on growth were thus only evident in small and medium-sized plants, and overall, differences in growth 

among plants of different size were larger when comparing older plants.

3.3.1 | Probability of Flowering

Mean age at flowering was 4.13 years. With the exception of 2017, our model suggested an overall increase in probability of flowering with age (Table 3; Fig. 3). 

The effect of age differed among years, being substantially larger in 2015 (Supporting Information Table S6; Fig. S6) compared to all other years. The year 2015 

also showed the highest probability of flowering for all ages. Size had an overall positive effect on the probability of flowering. We did not detect any effect of 

soil nutrient availability or acidity. 

3.3.2 | Reproductive output of flowering individuals

Reproductive output of flowering individuals differed among years (Table 4) with highest output in 2015 (Fig. 4). The model indicated a concave effect of age 

with the lowest output in older individuals (Supporting Information Table S7; Figs S7; S8). We did not detect any statistically significant interactive effects of 

age. Plant size acted positively on reproductive output. Reproductive output was also positively associated with high soil acidity, but we did not detect any 

effect of nutrient availability. 

4 | DISCUSSION

Age affected survival, growth, flowering probability, and reproductive output of flowering plants in Plantago lanceolata, however, these age effects differed 

among vital rates and through time. Survival was significantly positively correlated with age in only one transition, growth was overall positively affected by age, 

but this depended on size, where increases in growth over age were less pronounced in smaller plants. Flowering probability increased with age in most years, 

but the reproductive output of flowering plants tended to decline at older ages. Thus, we found age to be an important factor determining demographic rates, A
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but the effect of age was dependent on temporal environmental variation. These results, showing that the time window within which data are collected can 

strongly influence observations of ageing patterns, have implications for comparative studies of plant ageing and for population projections.

The, mostly positive, age effects we observed on survival, growth and flowering probability could be caused by either within- or among-individual processes. It 

could be that older individuals have gradually become more efficient at taking up nutrients and resilient to effects of environmental extremes such as drought 

due to, for example, having developed a more extensive root system or having stored more resources in their roots. Alternatively, the observed increase in 

average vital rates with increasing age may be an effect of heterogeneity of individual frailty, meaning that it is the strongest plants that survive to high ages 

(Vaupel, Manton, & Stallard, 1979). Reproductive output was the only vital rate that consistently showed negative effects of age (in older plants); a pattern 

which may indicate reproductive senescence. It should be noted, however, that P. lanceolata produces flowers continuously during the growing season and, 

because we only measured inflorescence length once per year, any difference in flowering phenology across ages could also have contributed to the observed 

patterns. Regardless of the mechanisms behind these variable effects of age, and whether they reflect within- or among-individual differences, our results show 

that individual age is an important ecological variable. If age can be accounted for in demographic models, this may improve predictions of vital rates, their 

responses to environmental fluctuations, and the resulting outcomes for populations (Roach & Gampe, 2004; Edelfeldt et al. 2019). 

The dependence of age effects on temporally varying environmental conditions suggests that patterns found in short term studies may not be representative of 

patterns over longer time intervals, but the causes of differences between years in our study are not clear. The direction or strength of age effects did not seem 

to be driven by obvious weather patterns, because there were no systematic differences between wetter and drier years. We assume the variable effects of age 

are due to unknown aspects of the environment. A way to assess this in future long term studies could be to compare average yearly vital rates with the yearly 

effects of age on vital rates. Assuming average vital rates can be used as an indication of environmental impact, such comparisons would thus not require 

consideration of the wide array of potential factors influencing populations. In contrast to temporal variation, interactions of age and spatially varying soil 

properties had negligible effects, but this fact can likely be attributed to the relative homogeneity of the local soil environment and the general lack of effects of 

spatial environmental differences in this study. This lack of spatial environmental variation effects contrasts with previous studies which showed that 

environmental factors affect plant vital rates in several species (e.g., Dahlgren & Ehrlén, 2009), as well as in Plantago lanceolata in particular (van Groenendael 

& Slim, 1988). Other studies have also shown that age trajectories of vital rates can vary among similar populations (Chu & Adler, 2014; Dahlgren et al. 2016; 

Edelfeldt et al., 2019). This suggests ageing patterns documented in one study area cannot be assumed as general attributes of the species across its entire 

range (Tye, Menges, Weekley, Quintana-Ascencio, & Salguero-Gómez, 2016). Our results show it is plausible to even find opposite age trajectories in different 

environments. Taken together, these findings illustrate the need for spatially, temporally, and taxonomically replicated age-based demographic studies, for 

understanding aging in plants. 

Age-effects on growth depended on plant size as well as on the environment. Large plants were positively affected by age, and young large plants were more 

likely to grow less or to shrink in size than old large plants. Shrinkage in plants has been suggested as a general adaptive response of weak plants to survive 

adverse environmental conditions (Morris et al. 1998, Salguero-Gómez & Casper, 2010), and previous studies with Plantago lanceolata have shown such 

shrinkage to be more prevalent in plants in the few years before their death (Roach, 2012; Shefferson & Roach, 2013). We did not investigate whether 

shrinkage prior to death unrelated to age occurred. However, our growth model predicted that small plants were less positively, and one year even negatively, 

affected by age. Thus, our observations confirmed our expectation that bigger plants were less adversely affected by age than smaller plants, and again A
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illustrate that age effects on vital rates can depend on local environmental conditions. Our coastal site exhibits a combination of relatively low nutrient levels 

and strong winds driving excessive water loss, which may cause P. lanceolata to stay relatively small compared to more sheltered and resource-rich areas (H. M. 

Baden & J. P. Dahlgren, personal observation, March 2014) and may have influenced our finding of the general lack of negative age effects.

In conclusion, our results show age-dependence of vital rates that also varies among years and across sizes of plants. Based on previous studies, incorporating 

these interactive age effects may be informative in life history theory and in ecological applications, such as population viability assessments and the 

forecasting of population growth during long-term environmental changes (Chu & Adler, 2014; Edelfeldt et al., 2019). Our findings also suggest that it may be 

difficult to use detailed information to make predictions for populations or time periods other than the one studied, due to interactive age—environment 

effects. Importantly, the results presented here illustrate the poor knowledge of how effects of age on vital rates change over environmental gradients, and we 

call for more studies allowing assessments of these effects. Moreover, our study illustrates how age determination using herb chronology provides an 

opportunity to increase our knowledge about ageing in herbaceous plants. Root anatomy makes age determination possible in a wide range of species. This 

allows differentiation between age and size effects, and thus a disentanglement of interactions between age, size, and the environment, needed for 

understanding general patterns of ageing in plants.
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Tables and Figures

Table 1. Summary statistics from likelihood-ratio χ2 tests of the statistical significance of terms in the survival regression model. Tests for variables that also are 

included in interactions are for the total effect, based on the difference in log-likelihood (LL) between models with and without the variable.  

Model parameter LL χ2 DF p

Age (total) 15.94 3 0.001

Year (total) 21.31 4 < 0.001

Age × Year 9.13      2 0.010

Size 4.87 1 0.027

Nutrient availability 0.10 1 0.756

Soil acidity 2.75 1 0.097

Table 2. Summary statistics from likelihood-ratio χ2 tests of the statistical significance of terms in the growth regression model. Growth was estimated as the 

difference between ln (Size next year) and ln (Size). Tests for variables that also are included in interactions are for the total effect, based on the difference in 

log-likelihood (LL) between models with and without the variable.   

Model parameter LL χ2 DF p

Age (total) 40.52 4 < 0.001

Year (total) 34.12 4 < 0.001

Size (total) 140.3       2 < 0.001

Age × Year 15.27      2 < 0.001

Age × Size 5.39 1 0.020

Nutrient availability 0.17 1 0.676

Soil acidity 1.03 1 0.310
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Table 3. Summary statistics from likelihood-ratio χ2 tests of the statistical significance of terms in the regression model of probability of flowering. Tests for 

variables that also are included in interactions are for the total effect, based on the difference in log-likelihood (LL) between models with and without the 

variable. 

Model parameter LL χ2 DF p

Age (total) 23.63     4 < 0.001

Year (total) 214.0 6 < 0.001

Age × Year 9.71         3 0.021

Size 25.13 1 < 0.001

Nutrient availability 0.02     1 0.880

Soil acidity 0.10      1 0.754

Table 4. Summary statistics from likelihood-ratio χ2 tests of the statistical significance of terms in the regression model of reproductive output of flowering 

individuals. Reproductive output was estimated from ln (maximum inflorescence length [mm]  × number of inflorescences per individual). Tests for variables 

that also are included in interactions are for the total effect, based on the difference in log-likelihood (LL) between models with and without the variable. 

Model parameter LL χ2 DF p

Age (total) 14.92    6 0.021

Year (total) 48.49      6 < 0.001

Size (total) 31.19              2 < 0.001

Age2 5.38 1 0.020

Age × Year 7.10            3 0.069

Age × Size 2.49    1 0.114

Nutrient availability 2.02     1 0.156

Soil acidity 9.22     1 0.002
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Figure 1: Survival probability over age (years) in the three observed transitions, with 95% confidence intervals. 
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Figure 2: Growth over age (years) in the three yearly transitions (the three lines per panel), with 95% confidence intervals and for small (Panel A, 10th 

percentile of observed sizes), mean (Panel B), and large (Panel C, 90th percentile of observed sizes) plants. Size was defined as (ln (maximum leaf length [cm] 

× number of leaves)). Growth was quantified as the difference in size across two transitions. 

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Figure 3: Probability of flowering in the four years (in July) over age (years), with 95% confidence intervals. 
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Figure 4: Reproductive output (ln (maximum inflorescence length [mm] × number of inflorescences)) of flowering individuals over age, with 95% confidence 

intervals. 
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