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1  |  INTRODUC TION

Senescence, the progressive bodily deterioration associated with 
decreases in survival and reproductive output in older age classes 
(Kirkwood & Austad,  2000; Monaghan et al.,  2008; Munne-
Bosch,  2015; Nussey et al.,  2013), has been well documented in 

many species. For example, Jones et al.  (2014) compared taxa 
from across the tree of life and found humans to be the greatest 
outliers among natural populations, exhibiting a 22-fold increase 
in relative mortality (i.e., mortality measured using average life 
expectancy, rather than absolute time) when approaching the age 
of one average life expectancy. Mice (Monteforte et al.,  2016; 
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Abstract
Senescence is progressive bodily deterioration associated with declines in survival 
and fecundity in older age classes. There is great diversity in patterns of senescence 
across species, but these patterns can be difficult to compare formally due to var-
iation in the absolute time scales in which species live and die: members of some 
species live for a matter of days, others for millennia. To address this issue, the “pace-
shape” approach was developed to decouple absolute time from analyses and instead 
standardize life history traits in terms of average life expectancy, facilitating intra- and 
interspecific comparisons. Here, we use this approach to distinguish the generic form 
of demographic trajectories (shape) from the time scale on which the trajectories oc-
curred (pace) in three species of tiny, free-floating aquatic plants known as duckweeds 
(Lemna gibba L., L. minor L., and L. turionifera Landolt), which have mean lifespans of 
less than a month under typical lab conditions, and exhibit age-related declines in sur-
vivorship and reproduction. Using a randomized block design in which we tracked a 
final total of 430 individuals, we report differences in pace and shape among the three 
species. Specifically, the largest, least-fecund, and typically longest-lived species, L. 
gibba, tended to exhibit more rapid decreases in time-standardized survivorship and 
fecundity compared with the other two species. This study emphasizes variation in 
aging patterns that can be found among plant species, including those in the same 
genus, and provides further validation for the utility of applying the pace and shape 
approach in interspecific comparisons.
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Wang  et al.,  2009), fish (Hsu & Chiu,  2009; Reznick et al.,  2002), 
fruit flies (Archer et al.,  2018; Grotewiel et al.,  2005), honey 
bees (Remolina et al.,  2007), nematodes (Chen et al.,  2007; Lund 
et al.,  2002), plants (Barks & Laird,  2015; Edelfeldt et al.,  2019; 
Roach et al., 2009), and even bacteria (Ackermann et al., 2003) all 
experience senescence. Contrarily, certain species—typically those 
with an indeterminate growth form—instead demonstrate negligible 
or negative senescence (Baudisch et al., 2013; Vaupel et al., 2004). 
With so many patterns of senescence occurring throughout exper-
imental studies and the natural world, understanding variation in 
these patterns has become a topic of interest across multiple disci-
plines, including bio-gerontology and evolutionary biology (Hassall 
et al., 2017; Moorad & Promislow, 2009; Nussey et al., 2008, 2013). 
A key step is to develop and validate formal methods of comparing 
senescence patterns.

To this end, the diversity of aging patterns has spurred the de-
velopment of general approaches that facilitate the comparison 
of aging trajectories both within and among species (Bowler & 
Terblanche, 2008; Jones et al., 2014; Monaghan et al., 2008). One 
such approach (Baudisch, 2011) aims to measure aging trajectories 
(i.e., population-level patterns of survival and reproduction over 
time) by investigating two concepts that relate to mortality and fe-
cundity, known as “pace” and “shape.” Pace relates to the time scale 
in which organisms age and is typically given as the life expectancy of 
a cohort of organisms of interest. Shape then quantifies how trends 
in survival and fecundity change over age classes by using pace as a 
unit of time standardization, such that time is relative to an organ-
ism's average lifespan rather than absolute (i.e., minutes, days, and 
years) (Wrycza et al., 2015). This approach facilitates comparisons 
of organisms and species that age on different time scales, which 
can in turn provide insight into how and why differing patterns of 
senescence have evolved.

Plant senescence has received less attention compared with 
animal senescence (Baudisch et al.,  2013; Roach,  2004; Salguero-
Gomez et al., 2013). This may be due to common plant traits such as 
the presence of totipotent apical meristems, which may allow many 
plant species to escape senescence through indeterminate growth 
(Baudisch et al., 2013). For this reason, plant species that exhibit de-
terminate growth may make better model organisms when studying 
demographic senescence. Duckweeds, the subject of the current 
study, are predominantly clonal plant species exhibiting determinate 
growth, at least at the ramet level, thus fitting this criterion.

This study implements the pace-shape approach to compare se-
nescence in three species of tiny, free-floating plants in the genus 
Lemna (i.e., duckweeds): Lemna gibba L., L. minor L., and L. turionif-
era Landolt. Individuals (i.e., ramets) are short-lived in these species 
(<1  month, on average, under our lab conditions). This study com-
plements an intraspecific comparison of duckweed, examining the 
patterns of aging of 27 strains of L. turionifera (Barks et al.,  2018), 
which argued that intraspecific survival and fecundity trajectories 
were highly consistent. Our goal was to investigate whether these 
findings occur among congeneric species as well. Based on previous 

studies that found variation in survival and/or fecundity trajectories 
at the species and genera levels, including in plants (e.g., Dahlgren & 
Roach, 2017; Silvertown et al., 2001), and on previous work in our lab-
oratory on L. gibba, L. minor, and L. turionifera investigated separately 
(Barks & Laird, 2015, 2016, 2018, Chmilar & Laird, 2019), we antic-
ipated that there would be clearer variation in aging patterns at the 
species level. Notwithstanding this very general prediction, we em-
phasize the prospective nature of this project. In particular, at the out-
set, it was unclear which of the three pairs of species would have the 
most similar senescence patterns, with plausible arguments in favor of 
the more closely related pair of L. gibba and L. minor (Bog et al., 2019; 
Tippery & Les, 2020; Wang et al., 2010), and the more ecologically and 
morphologically similar pair of L. minor and L. turionifera. We report 
interspecific differences, but the ranking of the three species was in-
consistent across the measures under examination (i.e., pace and the 
shapes of survival and fecundity trajectories). Nevertheless, the larg-
est, least-fecund, and typically longest-lived species, L. gibba, tended 
to exhibit more rapid decreases in time-standardized survivorship and 
fecundity compared with the other two species. More broadly, our 
work helps bring aquatic plants into the fold of comparative senes-
cence research, which has historically had greater representation from 
terrestrial plants (e.g., Shefferson et al., 2017).

2  |  MATERIAL S AND METHODS

2.1  |  Study species

Three duckweed species were used in this study: L. gibba, L. minor, 
and L. turionifera (family Araceae, subfamily Lemnoideae accord-
ing to some sources; family Lemnaceae according to others). 
Duckweeds are the smallest angiosperms, found free-floating on 
still or slow-moving fresh water bodies on all continents except 
Antarctica (Landolt,  1986). Each of our focal species' ramets con-
sists of a flattened “frond,” interpreted as a combination of leaf and 
stem tissue, with a single root protruding from the bottom surface 
(Lemon & Posluszny, 2000). The vegetative budding process through 
which duckweeds mainly reproduce occurs alternatingly at two lat-
eral meristematic pockets. With their rapid, clonal reproduction 
(Ziegler et al., 2015), small size, and determinate growth at the ramet 
level, Lemna spp. are model organisms for research relating to de-
mographic senescence, among other topics in ecology and evolu-
tion, and in other disciplines in biology (Acosta et al., 2021; Aliferis 
et al., 2009; Laird & Barks, 2018; Zhang et al., 2010).

Lemna turionifera plants used in this study were members of a 
colony founded from a single individual collected from a small wet-
land on the campus of the University of Lethbridge (strain Wat A; 
GenBank accession number MG000496). Lemna minor and L. gibba 
plants were members of lab colonies founded from plants obtained 
from the Canadian Phycological Culture Centre (CPCC 492, L. minor, 
GenBank accession number MG000447; CPCC 310, L. gibba, 
GenBank accession number MG000445).



    |  3 of 9PAIHA and LAIRD

2.2  |  Growth conditions and experimental design

Each frond was grown under axenic conditions in a separate 
60 × 15 mm petri dish containing 10 ml of half-strength Schenk–
Hildebrandt growth medium (Sigma Aldrich S6765) supplemented 
with sucrose (6.7  g/L), yeast extract (0.067 g/L), and tryptone 
(0.34 g/L). These supplements facilitated the detection of poten-
tial microbial contaminants in the growth medium. To ensure that 
growth conditions were consistent throughout the experiment, 
each frond was transferred to fresh growth medium once per 
week.

Focal individuals were grown on one of four shelves with each 
shelf housing a random spatial arrangement of 37 individuals from 
each species (initial n = 444, the maximum that would fit while re-
taining a balanced design). Growth rate and lifespan in duckweed 
are highly temperature- and light-dependent, so we chose a setup 
that would keep the duration of the experiment feasible. Each 
shelf had its own light fixture (AgroBrite FLT46), with six 122-cm 
high-output fluorescent grow bulbs (T5, 54 W, 6400 K) positioned 
23.5  cm above the plants. The photoperiod was 15:9 light–dark. 
During the light cycle, the average photosynthetic photon flux 
density at plant height was approximately 410 μmol m−2  s−1, as 
measured with a HOBO Micro Station data logger and PAR sen-
sor (Hoskin Scientific, Edmonton, AB). Each shelf was treated 
as a separate block to allow for easier division of workload (the 
blocks followed a staggered start) and to account for differences 
in environment during data analysis. The average air temperature 
for the light phase of each shelf was measured as: Block 1 (top 
shelf) = 31.2°C, Block 2 = 29.7°C, Block 3 = 27.4°C, and Block 4 
(bottom shelf) = 23.6°C (since the heating environment was not re-
circulated, heat rose, resulting in a gradient of temperature by shelf 
height). The temperature for the dark phase of the cycle ranged 
between 20°C and 22°C across all blocks.

To keep track of focal fronds and to differentiate parental 
fronds from their daughters, a speck of diluted and autoclaved 
India ink was applied to each focal frond. To reduce the possibil-
ity of parental age effects, wherein birth order affects offspring 
quality (Barks & Laird, 2015, 2016), each focal frond was a descen-
dant of a progenitor frond that had been taken from the relevant 
species' stock culture. Specifically, each focal individual arose from 
the same immediate and ancestral birth order (i.e., successive first 
daughters) over four generations. Each focal frond began being 
observed once it was “born,” defined as the day it detached from 
its parent, and observations ended on the day the frond was con-
sidered “dead,” defined retroactively as the day the frond's final 
daughter detached. Thus, “death” in this study is tantamount to 
the cessation of ramet production, as physiological death in duck-
weeds is difficult to pinpoint with any precision based on visual 
cues (Barks & Laird, 2015). All plants were observed daily and the 
number of daughters detached since the previous day was re-
corded (typically zero or one, and much more rarely two). Recorded 
daughters were discarded.

2.3  |  Sample loss

Fourteen fronds (3%) were lost during the course of the experiment 
due to microbial contamination or fronds growing in a clumped man-
ner (i.e., multiple generations remaining attached and never separat-
ing, thus rendering the definition of birth inapplicable). These fronds 
were excluded from analysis. The final sample size was n = 430 (L. 
gibba: n = 142; L. minor: n = 147; L. turionifera: n = 141).

2.4  |  Survival and fecundity trajectories

Survival and reproduction trajectories were first analyzed sepa-
rately for each of the three species (following Barks & Laird, 2015). 
Four parametric mortality models (exponential, Weibull, Gompertz, 
and logistic) were fit to the survivorship data, pooled across blocks. 
Log-likelihood functions were optimized by using the optim function 
in R, and the best-fitting model was found by calculating the Akaike 
Information Criterion corrected for small sample sizes (AICc). This 
approach minimizes the mean square error of predictions for each 
model, with the best-fitting model represented by the lowest AICc 
value (Burnham & Anderson, 2002). The exponential model was the 
only model that implied no senescence, with the rate of mortality 
remaining unchanged with increasing age.

Generalized estimating equation (GEE) models were used to fit 
the proportion of individuals reproducing at a given age, again sep-
arately for each species and pooled across blocks. GEEs extend the 
more familiar generalized linear model approach to allow for the in-
clusion of longitudinal data where outcomes are correlated within 
subjects. This is relevant to our study, because we followed the 
reproduction of individuals longitudinally, and we anticipated that 
their daily binary reproduction scores (i.e., “reproduced” vs. “failed 
to reproduce”) would be correlated in time, because in duckweed, 
individuals may be less likely to reproduce the day after reproducing. 
To effect the GEE models, we used the geeglm function from the gee-
pack package in R (Halekoh et al., 2006). Due to a lag in reproduction 
experienced by all three species (low reproductive output for the 
first two days), the first two days of reproduction were omitted. To 
model the decreased probability of an individual frond reproducing 
on consecutive days (i.e., to account for temporal autocorrelation), a 
first-order autoregressive correlation structure was used on all three 
species. Fits were found for two other commonly used correlation 
structures (“exchangeable” and “independence”), but due to a very 
similar fit, these correlation structures are not included in the results.

2.5  |  Comparing pace and shape of senescence

The demographic traits compared across Lemna species were lifespan, 
shapemortality, total reproductive output, and shapefecundity. Lifespan 
(our pace measure) was measured as the reproductive lifespan of in-
dividual fronds, defined as the time (in days) between the day a frond 
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detached from its parent (birth) and the day of final reproduction 
(death). To quantify shapemortality, a previously established method 
was used (Wrycza et al., 2015). Specifically, shapemortality was meas-
ured as one minus the coefficient of variation in lifespan (1 − CVlifespan), 
where CVlifespan was calculated as the standard deviation of lifespan 
divided by mean lifespan. Quantifying shapemortality in this way allowed 
for straightforward categorization of aging trajectories: if mortality re-
mained constant with age, shapemortality would equal zero; if mortal-
ity increased with age, shapemortality would be between zero and one, 
approaching one in the limiting case where all individuals died at the 
same age; and if mortality decreased with age, shapemortality would be 
negative. One caveat to this approach, however, is that it cannot be 
applied to individual plants, as each plant only dies once (rendering 
the standard deviation of lifespan meaningless at the individual level). 
Therefore, fronds were analyzed at the cohort level to produce 12 
shapemortality values, one per block per species.

We note that other measures of shapemortality are available, for 
example, those based on the Gini coefficient of lifespan or life table 
entropy rather than CVlifespan (Wrycza et al., 2015). We chose the 
measure we did both because it is one of four measures deemed 
“suited best” according to the objective desirability criteria posited 
by Wrycza et al.  (2015), and because it relates shape to intuitive 
measures of characteristic lifespan and lifespan variability (i.e., mean 
and standard deviation, respectively). At any rate, the measures in-
vestigated by Wrycza et al.  (2015) were all highly correlated with 
one another when applied to empirical data.

Shapefecundity was measured as the slope of the relationship 
between pace-standardized age (explanatory variable) and mean-
standardized fecundity (response variable) and was based on 
ordinary least-squares linear regressions applied to each plant in-
dividually, beginning at the time of first reproduction to account 
for the initial latency to first reproduction in duckweeds (Barks 
et al.,  2018). Pace-standardized age was calculated as the age of 
each plant divided by the mean reproductive life expectancy of that 
plant's species within its block, while mean-standardized fecundity 
was calculated as each plant's age-specific fecundity divided by its 
mean fecundity (the latter in turn calculated as the plant's total fe-
cundity divided by its reproductive life span). Unlike shapemortality, 
shapefecundity can be applied to fronds at the individual level, and a 
value for shapefecundity was, therefore, calculated for each frond.

To test for among-species differences in demographic traits, we 
used two-way ANOVA tests including the main effects of “Species” 
and “Block” and their interaction (with the exception that no inter-
action term was modeled in the case of shapemortality, which had a 
single replicate for each Species-Block combination). Assumptions 
of two-way ANOVA were assessed with residual-versus-fit plots and 
normal quantile-quantile plots. Log-transformations were applied 

F I G U R E  1 (a) Non-standardized 
and (b) pace-standardized survivorship 
for three species of duckweed: Lemna 
gibba = green, L. minor = blue, and L. 
turionifera = red (n = 430). Main panels 
show the four blocks pooled; insets show 
the blocks separately with lighter shades 
corresponding to higher-numbered blocks

F I G U R E  2 Predicted values for the best-fitting parametric 
mortality model for each species (lines) and empirical values of 
age-related declines in survivorship (symbols) for three species 
of duckweed (pooled across blocks). The best-fitting parametric 
mortality model for all three species was the logistic model (see 
Table 1)
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to remedy heteroscedasticity or non-normality where appropriate. 
Significant species effects were accompanied by Tukey–Kramer 
post hoc tests to identify the nature of interspecific differences.

2.6  |  Comparing size

In addition to the demographic traits, two plant size traits were meas-
ured: frond surface area and perimeter. Photographs of each frond were 
taken after their final reproduction event had been recorded using a 
microscope-mounted digital camera. Image analysis was conducted in 
MATLAB (version R2018b) using code developed by Ankutowicz and 
Laird (2018). We analyzed the plant size traits in the same manner as the 

demographic traits: with two-way ANOVAs with log-transformations 
where appropriate and with Tukey–Kramer post hoc tests.

All data were analyzed in R v. 3.6.0 (R Core Team, 2019). Data 
and code are archived at Dryad (Paiha & Laird, 2022).

3  |  RESULTS AND DISCUSSION

3.1  |  Survivorship and fecundity trajectories

Age-related declines in survivorship were observed for all three 
species of duckweed (Figures 1 and 2). In each case, only about 
20% of fronds lived beyond age 30 days. However, the shape of 

Species Model Parameters Deviance AICc ΔAICc

L. gibba Logistic 3 882 888 0.00

Weibull 2 894 898 9.48

Gompertz 2 924 928 39.85

Exponential 1 1218 1220 331.45

L. minor Logistic 3 976 982 0.0

Weibull 2 1068 1072 89.7

Gompertz 2 1129 1133 151.3

Exponential 1 1258 1260 278.2

L. turionifera Logistic 3 918 924 0.0

Weibull 2 980 984 60.1

Gompertz 2 1034 1038 114.1

Exponential 1 1188 1190 266.1

TA B L E  1 Fits of four parametric 
mortality models of survival (logistic, 
Weibull, Gompertz, and exponential) for 
three species of duckweed. The logistic 
model had the best fit for all three species 
(i.e., the lowest AICc)

F I G U R E  3 (a) Absolute fecundity versus age and (b) mean-standardized fecundity versus pace-standardized age: Lemna gibba = green, 
L. minor = blue, and L. turionifera = red (n = 430). Lines are ordinary least-squares regressions for individuals and extend from first to last 
reproduction along the horizontal axes (points and indicators of block omitted to reduce clutter)
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each species' survivorship trajectory was distinct with L. gibba 
showing the most abrupt drop in survivorship (Figures 1a and 2), a 
trend that remained apparent when comparing pace-standardized 
results (Figure 1b). Lemna minor and L. turionifera had more gradual 
decreases in survivorship and followed very similar survivorship 
trajectories when this measure was pace-standardized—at least 
until a relative age of 1.5 times the mean life expectancy when 
only about 10% of fronds survived (Figure 1b). Figure 2 shows the 
best-fitting parametric mortality model for each species, deter-
mined as the model with the lowest AICc value (Table 1). The lo-
gistic model was the best-fitting parametric mortality model for 
all three species (Figure 2). The fact that a best-fit model for log-
survivorship arcs downward is indicative of senescence (a lack of 
senescence would appear as a straight line).

In terms of fecundity, age-related declines were also observed 
for all three species (Figures 3 and 4). Lemna gibba exhibited a more 
abrupt drop in absolute fecundity, while the other two species ex-
hibited more gradual decreases. According to the fitted GEE models 
(Figure 4), the predicted decrease in probability of reproduction for 
L. gibba was from 0.557 at age 3 days, to 0.067 at age 46 days (maxi-
mum lifespan of longest-lived individual). For L. minor, the predicted 
decrease was from 0.579 at age 3 days, to 0.095 at age 62 days, 
and for L. turionifera was from 0.562 at age 3 days, to 0.187 at age 
55 days.

3.2  |  Pace and shape of senescence

Even though L. gibba had the shortest maximum lifespan, it was on av-
erage the longest-lived species with an average lifespan of 26.8 days, 
followed by L. minor with an average lifespan of 26.6 days, and fi-
nally L. turionifera being the shortest-lived species with an average 
lifespan of 24.8 days. There was a significant difference between the 
lifespans of L. gibba and L. turionifera, but not between any other 
pairs of species (Figure 5a and Table 2). These general trends were 
reflected in the warmest three blocks; however, in the coolest block, 
L. minor and L. turionifera had longer lifespans than L. gibba, reflecting 
the significant interaction term (Figure 5a and Table 2). Temperature 
dependence in duckweed lifespan has been known for more than 
70 years (Wangermann & Ashby, 1951); whether, how, and why this 
differs among closely related duckweed species is worthy of further 
study.

Reflecting their respective survivorship curves (Figure 1), L. minor 
had the lowest shapemortality value, followed by L. turionifera and L. 
gibba; however, while L. minor was significantly different from the 
other two species, L. turionifera and L. gibba were not significantly 
different from each other with regard to shapemortality (Figure 5b and 
Table 2).

Lemna gibba produced significantly fewer total offspring, on 
average, compared with the similar offspring production of L. 
minor and L. turionifera (Figure 5c and Table 2). Shapefecundity values 
were significantly different among all three species (Figure 5d and 
Table 2), reflecting their respective fecundity trajectories, with L. 
turionifera exhibiting the largest average value for shapefecundity 

(i.e., the shallowest decline in offspring production), followed by 
L. minor, and finally L. gibba exhibiting the lowest average value 
for shapefecundity (i.e., the steepest decline in offspring production; 
Figure 3).

Overall, interspecific variation in pace and shape among 
three species of Lemna exceeded intraspecific variation among 
strains of L. turionifera (Barks et al.,  2018). This contributes to re-
search aimed at investigating phylogenetic patterns of senescence 
(Jones et al., 2014). However, it is clear that pace and shape do not 
strictly follow phylogenetic relatedness; for example, with regard 
to shapemortality, L. gibba was closer to L. turionifera than the more 
closely related L. minor.

While the pace-shape approach provides a means of objectively 
comparing demographic trends across populations or species, a no-
table drawback is that it does not suggest biological mechanisms for 
any differences that might emerge. A key line of future research will 
be to investigate how variation in both the immediate environment 
and past selection pressures affect the pace and especially the shape 
of plant senescence (Barks et al., 2018; Salguero-Gomez et al., 2013).

F I G U R E  4 Age-related declines in the proportion of individuals 
reproducing up until the maximum lifespan of each species. The 
best-fit curve was fitted using a GEE model fit to each species 
separately. The first two days of reproduction were omitted from 
the GEE models as a lag in reproduction was experienced by each 
species. The apparent increase in variation in the proportion 
reproducing with age is a by-product of the dwindling sample size 
caused by there being comparatively few individuals that survive to 
old age (see Figure 2)
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F I G U R E  5 Variation in life history and 
size traits among three duckweed species 
(LG = L. gibba (green), LM = L. minor 
(blue), and LT = L. turionifera (red)). Boxes 
(panels (a), (c), (d), (e), (f) only) show the 
first, second (median), and third quartiles, 
while the whiskers extend to the minimum 
and maximum values within 1.5 times the 
interquartile range of the first and third 
quartile, respectively. The four boxes for 
each species (points for panel (b) that 
had no replication at the block level) 
represent the four blocks with lighter 
shades corresponding to higher-numbered 
blocks. Letters on the right side of each 
panel depict the results of Tukey–Kramer 
post hoc tests; species with the same 
letter were not significantly different for 
the trait in question. Note the logarithmic 
horizontal axes in panels (a), (e), and (f), 
reflecting log-transformations necessary 
to reduce heteroscedasticity or non-
normality in the untransformed data

Response Source df SS MS F p

log(lifespan) Species 2 0.12 0.0611 5.58 .004
Block 3 0.58 0.1940 17.71 <.001
Species × Block 6 0.42 0.0701 6.40 <.001
Residual 418 4.58 0.0110
Total 429 5.70

shapemortality Species 2 0.0308 0.0154 52.9 <.001
Block 3 0.0175 0.0058 20.0 .002
Residual 6 0.00175 0.0003
Total 11 0.0500

Total offspring Species 2 353 176.3 28.3 <.001
Block 3 715 238.3 38.2 <.001
Species × Block 6 273 45.6 7.31 <.001
Residual 418 2605 6.2
Total 429 3946

shapefecundity Species 2 35.4 17.72 52.47 <.001
Block 3 2.8 0.94 2.77 .041
Species × Block 6 3.1 0.52 1.53 .166
Residual 418 141.1 0.34
Total 429 182.4

log(surface area) Species 2 16.40 8.20 3603.8 <.001
Block 3 0.05 0.02 7.65 <.001
Species × Block 6 0.12 0.02 8.98 <.001
Residual 418 0.95 0.00
Total 429 17.52

log(perimeter) Species 2 4.17 2.086 2317.8 <.001
Block 3 0.02 0.005 6.1 <.001
Species × Block 6 0.03 0.005 5.7 <.001
Residual 418 0.38 0.001
Total 429 4.60

TA B L E  2 Two-way ANOVAs comparing 
traits (“response”) among three duckweed 
species distributed among four blocks 
(note that shapemortality had no replication 
at the block level and, therefore, has 
no interaction term; see Materials and 
methods). Lifespan, frond surface area, 
and perimeter were log-transformed, 
as the untransformed data violated the 
assumptions of ANOVA
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3.3  |  Body size

The three species showed substantial differences in size (L. turionifera 
< L. minor < L. gibba), with significant differences in both frond surface 
area and perimeter (Figure 5e,f and Table 2).

3.4  |  Conclusions

Cross-species comparisons have shed some light on the many dif-
ferent patterns of senescence present in nature (Dudycha,  2003; 
Sherratt et al.,  2011), and new generalized approaches have made 
it much easier for researchers to compare across taxonomic lines 
that previously were limited by differences in time scale (Baudisch 
et al., 2013; Jones et al., 2014). The realization that senescence is not 
a universal phenomenon has shifted the focus from developing theo-
ries that explain why senescence occurs toward theories explaining 
why there is such diversity in terms of natural patterns of senescence 
(Kirkwood & Austad, 2000; Wensink et al., 2017). Plants, as a specific 
example, have traditionally been underrepresented when it comes 
to research examining demographic trajectories of aging (Salguero-
Gomez et al., 2013). This study provides evidence that even closely 
related species can exhibit significant variation in patterns of senes-
cence. The pace and shape approach continues to be a useful tool in 
the characterization of senescence trajectories in comparative stud-
ies (Archer et al., 2018; Barks et al., 2018; Baudisch, 2011).

AUTHOR CONTRIBUTIONS
Austin Paiha: Conceptualization (equal); data curation (equal); formal 
analysis (equal); investigation (lead); methodology (equal); software 
(equal); validation (equal); visualization (equal); writing –  original 
draft (lead); writing – review and editing (supporting). Robert Laird: 
Conceptualization (equal); data curation (equal); formal analysis 
(equal); funding acquisition (lead); investigation (supporting); meth-
odology (equal); project administration (lead); resources (lead); 
software (equal); supervision (lead); validation (equal); visualization 
(equal); writing –  original draft (supporting); writing –  review and 
editing (lead).

ACKNOWLEDG MENTS
We thank Suzanne Chmilar and Priyanka Dutt for comments on an 
earlier draft of the manuscript. We thank our reviewers (Guillaume 
Péron and Anonymous) and Associate Editor (Owen Jones) for 
their constructive comments. We thank the Natural Sciences and 
Engineering Research Council (Canada) for funding (Discovery 
Grants RGPIN-2015-05486 and RGPIN 2021-02967 to RAL).

CONFLIC T OF INTERE S T
None declared.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are openly available 
in Dryad at https://doi.org/10.5061/dryad.qv9s4​mwhf.

ORCID
Robert A. Laird   https://orcid.org/0000-0001-9913-0208 

R E FE R E N C E S
Ackermann, M., Stearns, S. C., & Jenal, U. (2003). Senescence in bacte-

rium with asymmetric division. Science, 300, 1920.
Acosta, K., Appenroth, K. J., Borisjuk, L., Edelman, M., Heinig, U., Jansen, 

M. A. K., Oyama, T., Pasaribu, B., Schubert, I., Sorrels, S., Sree, K. 
S., Xu, S., Michael, T. P., & Lam, E. (2021). Return of the Lemnaceae: 
Duckweed as a model plant system in the genomics and postge-
nomics era. Plant Cell, 33, 3207–3234.

Aliferis, K. A., Materzok, S., Paziotou, G. N., & Chrysayi-Tokousbalides, 
M. (2009). Lemna minor L. as a model organism for ecotoxicolog-
ical studies performing 1H NMR fingerprinting. Chemosphere, 76, 
967–973.

Ankutowicz, E. J., & Laird, R. A. (2018). Offspring of older parents are 
smaller—But no less bilaterally symmetrical—Than offspring of 
younger parents in the aquatic plant Lemna turionifera. Ecology and 
Evolution, 8, 679–687.

Archer, C. R., Basellini, U., Hunt, J., Simpson, S. J., Lee, K. P., & Baudisch, 
A. (2018). Diet has independent effects on the pace and shape of 
aging in Drosophila melanogaster. Biogerontology, 19, 1–12.

Barks, P. M., Dempsey, Z. W., Burg, T. M., & Laird, R. A. (2018). Among-
strain consistency in the pace and shape of senescence in duck-
weed. Journal of Ecology, 106, 2132–2145.

Barks, P. M., & Laird, R. A. (2015). Senescence in duckweed: Age-related 
declines in survival, reproduction and offspring quality. Functional 
Ecology, 29, 540–548.

Barks, P. M., & Laird, R. A. (2016). A multigenerational effect of parental 
age on offspring size but not fitness in common duckweed (Lemna 
minor). Journal of Evolutionary Biology, 29, 748–756.

Barks, P. M., & Laird, R. A. (2018). Corrigendum: A multigenerational ef-
fect of parental age on offspring size but not fitness in common 
duckweed (Lemna minor). Journal of Evolutionary Biology, 31, 779.

Baudisch, A. (2011). The pace and shape of ageing. Methods in Ecology 
and Evolution, 2, 375–382.

Baudisch, A., Salguero-Gómez, R., Jones, O. R., Wrycza, T. F., Mbeau-
Ache, C., Franco, M., & Colchero, F. (2013). The pace and shape of 
senescence in angiosperms. Journal of Ecology, 101, 596–606.

Bog, M., Appenroth, K.-J., & Sree, K. S. (2019). Duckweed (Lemnaceae): 
Its molecular taxonomy. Frontiers in Sustainable Food Systems, 3, 1–7.

Bowler, K., & Terblanche, J. S. (2008). Insect thermal tolerance: What 
is the role of ontogeny, ageing and senescence? Biological Reviews, 
83, 339–355.

Burnham, K. P., & Anderson, D. R. (2002). Model selection and multimodel 
inference—A practical information-theoretic approach. Springer.

Chen, J., Senturk, D., Wang, J., Muller, H., Carey, J. R., Caswell, H., & 
Caswell-Chen, E. P. (2007). A demographic analysis of the fitness 
cost of extended longevity in Caenorhabditis elegans. Journal of 
Gerontology, 62A, 126–135.

Chmilar, S. L., & Laird, R. A. (2019). Demographic senescence in the 
aquatic plant Lemna gibba L. (Araceae). Aquatic Botany, 153, 29–32.

Dahlgren, J. P., & Roach, D. A. (2017). Demographic senescence in herba-
ceous plants. In R. P. Shefferson, O. R. Jones, & R. Salguero-Gómez 
(Eds.), The evolution of senescence in the tree of life (pp. 303–319). 
Cambridge University Press.

Dudycha, J. L. (2003). A multi-environment comparison of senescence 
between sister species of Daphnia. Oecologia, 135, 555–563.

Edelfeldt, S., Bengtsson, K., & Dahlgren, J. P. (2019). Demographic se-
nescence and effects on population dynamics of a perennial plant. 
Ecology, 100, e02742.

Grotewiel, M. S., Martin, I., Bhandari, P., & Cook-Wiens, E. (2005). 
Functional senescence in Drosophila melanogaster. Ageing Research 
Reviews, 4, 372–397.

https://doi.org/10.5061/dryad.qv9s4mwhf
https://orcid.org/0000-0001-9913-0208
https://orcid.org/0000-0001-9913-0208


    |  9 of 9PAIHA and LAIRD

Halekoh, U., Højsgaard, S., & Yan, J. (2006). The R package geepack for gen-
eralized estimating equations. Journal of Statistical Software, 15, 1–11.

Hassall, C., Amaro, R., Ondina, P., Outeiro, A., Cordero-Rivera, A., & San 
Miguel, E. (2017). Population-level variation in senescence sug-
gests an important role for temperature in an endangered mollusc. 
Journal of Zoology, 301, 32–40.

Hsu, C. Y., & Chiu, Y. C. (2009). Ambient temperature influences aging 
in an annual fish (Nothobranchius rachovii). Aging Cell, 8, 726–737.

Jones, O. R., Scheuerlein, A., Salguero-Gomez, R., Camarda, C. G., 
Schaible, R., Casper, B. B., Dahlgren, J. P., Ehrlen, J., Garcia, M. B., 
Menges, E. S., Quintana-Ascencio, P. F., Caswell, H., Baudisch, A., 
& Vaupel, J. W. (2014). Diversity of ageing across the tree of life. 
Nature, 505, 169–173.

Kirkwood, T. B. L., & Austad, S. N. (2000). Why do we age? Nature, 408, 
233–238.

Laird, R. A., & Barks, P. M. (2018). Skimming the surface: Duckweed as a 
model system in ecology and evolution. American Journal of Botany, 
105, 1962–1966.

Landolt, E. (1986). The family of Lemnaceae—A monographic study, vol. 1. 
Biosystematic investigations in the family of duckweeds (Lemnaceae). 
Veröffentlichungen des Geobotanischen Institutes der ETH, 
Stiftung Rübel.

Lemon, G. D., & Posluszny, U. (2000). Comparative shoot development 
and evolution in the Lemnaceae. International Journal of Plant 
Sciences, 161, 733–748.

Lund, J., Tedesco, P., Duke, K., Wang, J., Kim, S. K., & Johnson, T. E. 
(2002). Transcriptional profile of aging in C. elegans. Current Biology, 
12, 1566–1573.

Monaghan, P., Charmantier, A., Nussey, D. H., & Ricklefs, R. E. (2008). 
The evolutionary ecology of senescence. Functional Ecology, 22, 
371–378.

Monteforte, R., Beilhack, G. F., Grausenburger, R., Mayerhofer, B., 
Bittner, R., Grillari-Voglauer, R., Sibilia, M., Dellago, H., Tschachler, 
E., Gruber, F., & Grillari, J. (2016). SNEV(Prp19/PSO4) deficiency 
increases PUVA-induced senescence in mouse skin. Experimental 
Dermatology, 25, 212–217.

Moorad, J. A., & Promislow, D. E. (2009). What can genetic variation 
tell us about the evolution of senescence? Proceedings of the Royal 
Society B: Biological Sciences, 276, 2271–2278.

Munne-Bosch, S. (2015). Senescence: Is it universal or not? Trends in 
Plant Science, 20, 713–720.

Nussey, D. H., Coulson, T., Festa-Bianchet, M., & Gaillard, J. M. (2008). 
Measuring senescence in wild animal populations: Towards a longi-
tudinal approach. Functional Ecology, 22, 393–406.

Nussey, D. H., Froy, H., Lemaitre, J. F., Gaillard, J. M., & Austad, S. N. 
(2013). Senescence in natural populations of animals: Widespread 
evidence and its implications for bio-gerontology. Ageing Research 
Reviews, 12, 214–225.

Paiha, A., & Laird, R. (2022). Data from: Pace and shape of senes-
cence in three species of duckweed. Dryad Digital Repository. 
https://doi.org/10.5061/dryad.qv9s4​mwhf

R Core Team. (2019). R: A language and environment for statistical computing. 
R Foundation for Statistical Computing. https://www.R-proje​ct.org/

Remolina, S. C., Hafez, D. M., Robinson, G. E., & Hughes, K. A. (2007). 
Senescence in the worker honey bee Apis mellifera. Journal of Insect 
Physiology, 53, 1027–1033.

Reznick, D., Ghalambor, C., & Nunney, L. (2002). The evolution of senes-
cence in fish. Mechanisms of Ageing and Development, 123, 773–789.

Roach, D. A. (2004). Evolutionary and demographic approaches to the 
study of whole plant senescence. In L. D. Nooden (Ed.), Programmed 
cell death and related processes in plants (pp. 331–347). Academic 
Press.

Roach, D. A., Ridley, C. E., & Dudycha, J. L. (2009). Longitudinal analysis 
of Plantago: Age-by-environment interactions reveal aging. Ecology, 
90, 1427–1433.

Salguero-Gomez, R., Shefferson, R. P., & Hutchings, M. J. (2013). Plants 
do not count… or do they? New perspectives on the universality of 
senescence. Journal of Ecology, 101, 545–554.

Shefferson, R. P., Jones, O. R., & Salguero-Gómez, R. (2017). The evo-
lution of senescence in the tree of life. Cambridge University Press.

Sherratt, T. N., Hassall, C., Laird, R. A., Thompson, D. J., & Cordero-Rivera, A. 
(2011). A comparative analysis of senescence in adult damselflies and 
dragonflies (Odonata). Journal of Evoluntionary Biology, 24, 810–822.

Silvertown, J., Franco, M., & Perez-Ishiwara, R. (2001). Evolution of 
senescence in iteroparous perennial plants. Evolutionary Ecology 
Research, 3, 393–412.

Tippery, N. P., & Les, D. H. (2020). Tiny plants with enormous potential: 
Phylogeny and evolution od duckweeds. In X. Cao, P. Fourounjian, 
& W. Wang (Eds.), The duckweed genomes. Compendium of plant ge-
nomes. Springer Nature Switzerland.

Vaupel, J. W., Baudisch, A., Dolling, M., Roach, D. A., & Gampe, J. (2004). 
The case for negative senescence. Theoretical Population Biology, 
65, 339–351.

Wang, C., Jurk, D., Maddick, M., Nelson, G., Martin-Ruiz, C., & von 
Zglinicki, T. (2009). DNA damage response and cellular senescence 
in tissues of aging mice. Aging Cell, 8, 311–323.

Wang, W., Wu, Y., Yan, Y., Ermakova, M., Kerstetter, R., & Messing, J. 
(2010). DNA barcoding of the Lemnaceae, a family of aquatic 
monocots. BMC Plant Biology, 10, 205.

Wangermann, E., & Ashby, E. (1951). Studies in the morphogenesis of 
leaves. VII Part I. Effects of light intensity and temperature on the 
cycle of ageing and rejuvenation in the vegetation life history of 
Lemna minor. New Phytologist, 50, 186–199.

Wensink, M. J., Caswell, H., & Baudisch, A. (2017). The rarity of survival 
to old age does not drive the evolution of senescence. Evolutionary 
Biology, 44, 5–10.

Wrycza, T. F., Missov, T. I., & Baudisch, A. (2015). Quantifying the shape 
of aging. PLoS One, 10, e0119163.

Zhang, Y., Hu, Y., Yang, B., Ma, F., Lu, P., Li, L., Wan, C., Rayner, S., & Chen, 
S. (2010). Duckweed (Lemna minor) as a model plant system for the 
study of human microbial pathogenesis. PLoS One, 5, e13527.

Ziegler, P., Adelmann, K., Zimmer, S., Schmidt, C., & Appenroth, K. J. 
(2015). Relative in vitro growth rates of duckweeds (Lemnaceae)—
The most rapidly growing higher plants. Plant Biology, 17, 33–41.

How to cite this article: Paiha, A. P., & Laird, R. A. (2022). 
Pace and shape of senescence in three species of duckweed. 
Ecology and Evolution, 12, e9038. https://doi.org/10.1002/
ece3.9038

https://doi.org/10.5061/dryad.qv9s4mwhf
https://www.R-project.org/
https://doi.org/10.1002/ece3.9038
https://doi.org/10.1002/ece3.9038

	Pace and shape of senescence in three species of duckweed
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study species
	2.2|Growth conditions and experimental design
	2.3|Sample loss
	2.4|Survival and fecundity trajectories
	2.5|Comparing pace and shape of senescence
	2.6|Comparing size

	3|RESULTS AND DISCUSSION
	3.1|Survivorship and fecundity trajectories
	3.2|Pace and shape of senescence
	3.3|Body size
	3.4|Conclusions

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


