
Evolutionary Applications. 2020;00:1–8.     |  1wileyonlinelibrary.com/journal/eva

1  | INTRODUC TION

Range expansions driven by climate change, species invasions, and 
the restoration of degraded landscapes all result in populations colo-
nizing new areas where they may encounter novel abiotic and biotic 
conditions (Alexander, Diez, Hart, & Levine, 2016; LaRue, Chambers, 
& Emery, 2017; Mooney & Cleland, 2001). In each of these scenar-
ios, populations are likely to colonize environments to which they 
are not well-adapted. As a result, they may experience strong selec-
tion (Colautti & Lau, 2015; Kulpa & Leger, 2013; LaRue et al., 2017) 
and potentially rapidly adapt to conditions in their new habitats 
(Kinnison, Unwin, & Quinn, 2008; Rius & Darling, 2014; Sax et al., 
2007).

While we expect that strong selection on colonizing populations 
will result in adaptation and while there are numerous examples of 

rapid evolution occurring during colonization events, few studies 
differentiate between evolutionary changes due to adaptation and 
those caused by stochastic processes such as founder effects. Many 
examples of rapid evolution during colonization come from studies of 
invasive species where mean trait values differ between native and 
invasive populations in common gardens (reviewed in Bossdorf et al., 
2005; Colautti, Maron, & Barrett, 2009; Felker-Quinn, Schweitzer, 
& Bailey, 2013; van Kleunen, Bossdorf, & Dawson, 2018). Because 
often little is known about the initial size and origin of these popula-
tions, it can be difficult to determine whether evolutionary changes 
are due to selection or founder effects, although several studies of 
invasive species over well-sampled geographic clines provide strong 
evidence that colonizing populations can adapt to climatic factors 
(e.g., Colautti & Barrett, 2013; Huey, Gilchrist, Carlson, Berrigan, 
& Serra, 2000; Urbanski et al., 2012). Studies of range expansions 
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Abstract
Mismatches between the traits of a colonizing population and a novel habitat can 
generate strong selection, potentially resulting in rapid adaptation. However, for 
most colonization events, it can be difficult to detect rapid adaptation or distinguish 
it from nonadaptive evolutionary changes. Here, I take advantage of a replicated prai-
rie restoration experiment to compare recently established plant populations in two 
closely located restored prairies to each other and to their shared source population 
to test for rapid adaptation. Using a reciprocal transplant experiment six years after 
the populations were established, I found that one restored plant population showed 
evidence of adaptation, outperforming the other restored population when grown 
at its home site. In contrast, I detected no evidence for adaptation at the other site. 
These findings demonstrate that while rapid adaptation can occur in colonizing plant 
populations, it may not be the rule. Better understanding of when adaptation may or 
may not occur in these contexts may help us use evolution to our advantage, poten-
tially improving establishment of desirable species in restored habitats.
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in native species have similarly found evidence of rapid, potentially 
adaptive, evolution in colonizing populations (Macel et al., 2017), 
while experimental range expansions show that rapid evolution 
can accelerate population expansion (Williams, Hufbauer, & Miller, 
2019).

Here, I examine rapid adaptation in plant populations in recently 
established habitat restorations. Restorations present an ideal op-
portunity for studying rapid adaptation in colonizing populations, 
because unlike range expansions or invasions, we usually know ex-
actly where founding populations originated from and when they 
were established. In the case of plants, seeds can be saved to com-
pare established populations to their original source to test for ev-
idence of adaptation (Franks, Avise, Bradshaw, Conner, & Etterson, 
2008). A demographic boost due to rapid adaptation might also be 
particularly important to the success of restorations (LaRue et al., 
2017), especially because populations sown during restoration may 
be maladapted as they often come from nonlocal sources (Gallagher 
& Wagenius, 2016; Vander Mijnsbrugge, Bischoff, & Smith, 2010) 
and/or are sown into degraded, anthropogenically disturbed envi-
ronments (Lau, Magnoli, Zirbel, & Brudvig, 2019; Suding, 2011). To 
test for evidence of rapid adaptation in recently established plant 
populations in restorations, I capitalized on an experiment in which 
two former agricultural fields were restored to prairie using identical 
seed mixes. Six years after restoration, I used a field reciprocal trans-
plant experiment with populations of Chamaecrista fasciculata from 
these sites and seeds saved from their shared source population to 
determine whether rapid adaptation had occurred.

2  | METHODS

2.1 | Study system

Chamaecrista fasciculata Michx. (hereafter Chamaecrista) is an an-
nual legume native to eastern North America commonly found in 
prairies and disturbed sites. It is self-compatible but predominantly 
outcrossing (Fenster, 1991a) and is pollinated exclusively by bees 
(Fenster, 1991b). It appears to have a limited seed bank, with >90% 
of viable seeds in a seed bank study germinating in the first year 
(Fenster, 1991a). Chamaecrista is often included in prairie restoration 
seed mixes (Grman, Bassett, Zirbel, & Brudvig, 2015), and its estab-
lishment may influence the composition of early successional plant 
communities (Keller, 2014). In 2010, two former agricultural fields in 
southwest Michigan, Lux Arbor (42°28′23″N, 85°26′50″W; 13 ha) 
and Marshall (42°26′37″N, 85°18′34″W; 11 ha), were sown with 
identical prairie seed mixes (containing 19 grass and forb species, 
including Chamaecrista). The Chamaecrista seeds in this mix came 
from a commercial restoration seed supplier and were a cultivated 
ecotype from Houston County, MN, USA (Shooting Star Native 
Seeds, pers. comm.), which is 1–2° higher in latitude than the resto-
ration sites in southwest MI, with slightly lower average rainfall. A 
portion of the seed mix was saved (hereafter referred to as the “orig-
inal source”). In 2015 (a maximum of six Chamaecrista generations 

since the original seeds were sown), I collected 5–20 seeds from 
each of 100 Chamaecrista individuals selected at 5-m intervals along 
five 100 m transects through the center of each site.

Despite being only 15 km apart, the Lux and Marshall restoration 
sites differ in both abiotic and biotic factors. The Lux site is less pro-
ductive and more grass-dominated than the Marshall site (Figure S1), 
but Chamaecrista biomass is consistently higher at the Lux site (2–12 
times greater, depending on year; Figure S2). The sites also differ in 
underlying abiotic factors (Stahlheber, Watson, Dickson, Disney, & 
Gross, 2016). Compared to the Marshall site, the Lux site has lower 
available soil nitrogen (1.3 g N/kg and 2.3 g N/kg at Lux and Marshall, 
respectively), lower soil phosphorus (23.78 ppm and 54.54 ppm, re-
spectively), and higher percent soil moisture. A previous study of 
these Chamaecrista populations found evidence of genetic differen-
tiation between populations in flowering time (the Lux population 
flowers earlier than the Marshall population, which flowers earlier 
than the original source population), root nodule formation, and spe-
cific leaf area (the Lux population is more likely to produce root nod-
ules than the Marshall population and has significantly lower SLA 
than the original population; Magnoli & Lau, 2019), suggesting that 
these populations have undergone evolutionary changes over the six 
years since they were established.

2.2 | Reciprocal transplant experiments

To determine whether Chamaecrista populations have rapidly 
adapted to local site conditions, I conducted a reciprocal transplant 
experiment, growing Lux, Marshall, and the original source plants 
at both the Lux and the Marshall sites. I grew seeds collected from 
each site in 2015, along with seeds from the original population, in 
the greenhouse for one generation to minimize maternal effects. For 
the Lux and Marshall populations, I grew one seed from each of 96 
of the 100 maternal plants. Each of these was randomly assigned 
to be a sire or a dam, and each sire was used to pollinate two dams, 
for a total of 64 full-sibling families (32 half-sibling families) per site.

Due to low germination of the original source seeds (only 7 
seeds germinated), I did not include family structure when polli-
nating these plants, but instead used one plant as a pollen donor 
on a given day, so that every plant was crossed with every other 
plant several times. There was a risk that these small number in-
dividuals did not accurately represent the original source popula-
tion, if long-term seed viability was correlated with traits relevant 
for adaptation or if the small sample size led to founder effects 
(Franks, Sekor, Davey, & Weis, 2019). In a related study comparing 
mean trait values of this population and the two restored popula-
tions (Magnoli & Lau, 2019), I estimated whether founder effects 
led to observed trait differences between these populations by 
bootstrapping trait distributions for each trait in the restored pop-
ulations by repeatedly drawing seven families at random from each 
population, to calculate a distribution of population mean trait 
values controlling for sample size. The original source trait means 
fell outside the 95% confidence intervals of the distributions, 
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indicating that trait differences were likely not the result of a 
founder effect in my sample of the source population. However, I 
cannot rule out bias in which seeds survived storage, meaning that 
fitness comparisons between the restored populations and the 
original source population should be interpreted cautiously. While 
this concern pertains to the comparisons with the original source 
population, a pattern of local adaptation or partial local adaptation 
in which the Lux population outperforms the Marshall population 
at the Lux site (or the Marshall population outperforms Lux at the 
Marshall site) would provide further support for rapid adaptation 
at least at the local scale, rather than founder effects or bias in 
which seeds survive storage.

In May 2016, I germinated seeds produced by the green-
house-reared plants and, one week later, transplanted seedlings into 
three 4 m × 4 m plots (each divided into 16 1 m × 1 m subplots with 
plants spaced 16 cm apart) at both restoration sites [(2 seedlings/
extant population full-sib family × 64 full-sib families × 2 extant pop-
ulations + 64 original source population seedlings) × 3 plots × 2 sites; 
N = 1,920 total seedlings]. I disturbed existing vegetation as little 
as possible while planting seedlings. I monitored survival over the 
course of the growing season and collected seeds produced by each 
plant at the end of the season in September 2016. As Chamaecrista is 
an annual, these fitness measures represent an estimate of lifetime 
fitness.

Because germination rate is an additional important fitness com-
ponent that I was not able to measure in the reciprocal transplant 
described above, I conducted an additional reciprocal transplant 
with seeds from each population the following year. In November 
2017, I sowed seeds from each of the three populations into twelve 
1 m × 1 m plots (seeds spaced 10 cm apart) at both the Lux and 
Marshall sites (3 populations × 2 sites × 375 replicates; N = 2,250 
seeds). To keep track of individual seeds, I glued them to plastic 
swizzle sticks (Soodhalter Plastics Inc.) with water-soluble Elmer's 
glue and placed the swizzle sticks in the ground so that the seeds 
were just below the soil surface. This way, the seeds detach from 
the swizzle stick in the moist soil, but germinate next to the stick for 
easy identification. In May 2018, I censused each plot for germina-
tion success.

2.3 | Statistical analyses

To test for differences in fitness among plant populations at each 
site, I used aster models (Geyer, Wagenius, & Shaw, 2007; Shaw, 
Geyer, Wagenius, Hangelbroek, & Etterson, 2008) in R v.3.5.1 (R 
Core Team, 2018), which allow for unified analysis of multiple life-
history stages with appropriate statistical distributions. The aster 
model integrated two life-history stages: survival and seed produc-
tion (I did not include germination because the germination data 
came from a separate transplant experiment), to estimate lifetime 
seed production (my measure of fitness) for each population. I used 
a Bernoulli distribution for survival and a Poisson distribution for 
seed production. I fit models using the reaster() function in the aster 

package (Geyer, 2018) with plant population, site, and their interac-
tion as fixed effects and plot and subplot as random effects. I tested 
whether the population × site interaction improved the fit of the 
model by using likelihood ratio tests to compare models with and 
without the interaction. Upon finding a significant population × site 
interaction, I separated the data by site and tested for differences 
between populations at each site using aster models with only popu-
lation as a fixed effect and plot and subplot as random effects. If 
population had a significant effect, I conducted pairwise compari-
sons between each population. For graphical display, I calculated 
expected values of lifetime seed production and its standard error 
from fixed-effect models.

To examine differences between populations in individual fitness 
components, I analyzed germination, survival, and seed production 
of surviving individuals separately using generalized linear mixed 
models in the lme4 and glmmTMB packages in R (Bates, Maechler, 
Bolker, & Walker, 2015; Brooks et al., 2017). Models included plant 
population, site, and their interaction as fixed effects and plot and 
subplot as random effects (except for the germination model, where 
there was no subplot). For seed production, I included only plants 
that survived in the analysis to avoid confounding the two fitness 
components. I used a binomial family distribution for germination 
and survival, and a zero-inflated Poisson distribution for seed pro-
duction. I validated model fit by inspection of simulated residuals 
using the DHARMa package (Hartig, 2019). I tested significance 
using type III sums of squares in the ANOVA function in the car 
package (Fox & Weisberg, 2011) with sum contrasts and calculated 
estimated marginal means and conducted Tukey's post hoc multiple 
comparisons tests using the emmeans package (Lenth, 2018).

F I G U R E  1   Results from a reciprocal transplant of seedlings 
in prairie restorations show evidence of rapid adaptation in 
one population but not another. Points show predicted values 
(mean ± SE) of overall lifetime seed production per plant, based 
on survival and seed production. Some error bars are obscured 
by data points. Planting sites are two nearby prairie restorations 
in southwest Michigan, and source populations are the original 
population used to seed both sites and the two populations 
collected from each site 6 years after restoration. Values were 
predicted using a fixed-effect aster model, rather than the random-
effect model used to test significance of fixed effects, as parameter 
estimates from random-effects models are difficult to interpret
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As a way of integrating all three fitness components together, I 
calculated a rough estimate of population growth rate (λ) for each 
population at each site by multiplying mean fitness component val-
ues from the individual fitness component models described above. 
I calculated standard errors via error propagation, as the square root 
of the sum of the squared relative errors on each fitness component.

3  | RESULTS

Aster models showed evidence of rapid adaptation in one population 
but not the other. Populations differed in lifetime seed production, 
although the magnitude and direction of this effect depended on site 
(the addition of the population × site interaction term significantly 
improved model fit; test deviance = 7.15, p = .03). Specifically, the 
Lux population performed better at its home site than the Marshall 
or original source populations, producing 34% more seeds on av-
erage (Figure 1), suggesting rapid adaptation has occurred within 
6 years of colonization. In contrast, the Marshall population did not 
perform best at its home site, where all populations had very low 
fitness (Figure 1).

Analyses of individual fitness components showed no signifi-
cant site x population effects (Tables S1–S3; Figure 2), but the Lux 
population had higher seed production than the Marshall popula-
tion, regardless of site (χ2 = 8.23, p = .02; Table S3). Although the 
site × population interaction was not significant, the greater seed 
production of the Lux population was especially notable at the Lux 
site (Figure 2c), suggesting that the adaptation I detect at Lux is likely 
driven by increased seed production rather than changes in survival.

Estimates of population growth rates showed that while the Lux 
population had a slightly higher growth rate than the other popu-
lations when grown at the Lux site (Lux site: Lux λ = 0.47 ± 0.12, 
Marshall λ = 0.42 ± 0.11, original λ = 0.40 ± 0.11; Marshall site: Lux 
λ = 0.02 ± 0.007, Marshall λ = 0.01 ± 0.004, original λ = 0.05 ± 0.019), 
growth rates appear to not differ dramatically between populations. 
Difference between populations was minimal because the higher 
Lux seed production was counteracted by higher Marshall seed 
germination.

4  | DISCUSSION

In a study of two recently established plant populations and their 
shared original source population, I found evidence of rapid adapta-
tion in one population but not the other. Given that both restored 
plant populations in this experiment originated from the same 
source population and were planted using the same restoration 
methods at each site (identical seed mix and seed density, timing of 
seed sowing, and prerestoration site preparation), this finding begs 
the question of what factors promote and limit adaptation in coloniz-
ing populations.

Adaptation can be limited by several factors. In Antonovics' 
classic paper (1976), he discussed these factors as constraints to 

adaptation in marginal populations, but they are likely applicable 
to colonizing populations as well. Lack of genetic variation can in-
hibit adaptation (Bradshaw, 1991; Connallon & Hall, 2018), as can 
small population sizes, which makes populations more susceptible to 
swamping effects of gene flow and more likely to experience strong 
genetic drift. Adaptation can also be limited by trade-offs, if the di-
rection of selection on traits is opposed by the genetic covariance 

F I G U R E  2   Results from reciprocal transplants of seedlings and 
seeds in prairies restorations, shown as mean (estimated marginal 
mean ± SE) proportion of seeds that germinated (a), plants that 
survived to flower (b), and number of seeds produced given the 
plant survived to flower (c). In (c), some error bars are obscured 
by data points. Populations differed in seed production but not 
germination or survival. Models included source population, site, 
and their interactions as fixed effects and plot as a random effect. 
Different letters indicate statistically significant differences at 
p < .05
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between those traits (Connallon & Hall, 2018; Etterson & Shaw, 
2001; Walsh & Blows, 2009). Coevolving species interactions may 
slow adaptation (coevolutionary constraint), if there are negative 
correlations between traits mediating interactions with multiple 
other species (e.g., Wise & Rausher, 2013). Finally, time can be a 
constraint if populations cannot adapt rapidly enough before going 
extinct (Bradshaw, 1991; Jump & Peñuelas, 2005; Shaw & Etterson, 
2012).

Of the many factors that can constrain adaptation, some are 
more likely to influence adaptation in my system than others, espe-
cially considering the differences between the two restoration sites. 
First, lack of genetic variation could potentially be a constraining fac-
tor. The traits that contribute to adaptation may differ across sites, 
so while there was clearly enough genetic variation present in the 
original source population to allow adaptation to occur in the Lux 
population, if there was a lack of variation in the particular traits that 
would contribute to adaptation at the Marshall site, this could poten-
tially constrain adaptation. Second, differences between the sites 
in several biotic factors (including plant community composition 
[Stahlheber et al., 2016] and rhizobia quality [Magnoli & Lau, 2020]) 
suggest that coevolutionary interactions between Chamaecrista 
populations and other species could differ between sites. These dif-
ferences in biotic interactions between sites could potentially lead to 
coevolutionary constraints that limit adaptation at the Marshall site 
but not the Lux site.

Population size could also potentially contribute to differences 
in adaptation between the two restoration sites. The Marshall 
population has been consistently smaller than the Lux population, 
based on yearly biomass sampling (Figure S2). If smaller popula-
tion size resulted in lower genetic diversity (Leimu, Mutikainen, 
Koricheva, & Fischer, 2006) in the Marshall population, the 
Marshall population may have been less able to respond to se-
lection than the larger, more genetically diverse Lux population. 
However, without accurate estimates of population size at these 
sites, conclusions about the influence of population size on adap-
tation are limited. It is less likely that trade-offs limit adaptation in 
this system. Correlation tests between family mean survival and 
fecundity for each population grown at its home site show little 
correlation between these two fitness components (Marshall: 
r = −.04, p = .76; Lux r = −.006, p = .96), suggesting trade-offs 
might not explain the lack of adaptation. However, there could be 
trade-offs between germination and these traits that I could not 
assess with this experimental design. Trade-offs between other 
traits also could limit adaptation in Marshall but not Lux if selec-
tion favors different traits at the two sites or if the expression of 
genetic covariances differs across sites (environmental effects on 
the G-matrix, Wood & Brodie, 2015). While previously observed 
differences in trait values between the Lux and Marshall popula-
tions suggest that selection differed between populations in the 
past, an earlier study detected little evidence that current selec-
tion differs across site (Magnoli & Lau, 2019) or that G-matrices 
vary across populations (unpublished data, S.M.M.). Swamping 
effects of gene flow are also unlikely to limit adaptation, because 

there are no other known naturally occurring Chamaecrista popu-
lations in the surrounding landscape.

The scale of the adaptation I found in the Lux population appears 
to be very local, with this population performing better than its orig-
inal source population and the Marshall population at its home site 
but not at the other nearby site. While I found no evidence of local 
adaptation in this system in the strict sense (as the Marshall popula-
tion did not outperform the others at its home site), local adaptation 
studies that focus on the scale of adaptation can provide context for 
my results. In a review of local adaptation studies in plants, Leimu 
and Fischer (2008) found that the strength of local adaptation was 
not tightly associated with geographic distance between popula-
tions, suggesting that adaptation over small geographic scales is not 
uncommon. Further supporting the idea that adaptation can occur 
at small scales, studies of selection over small geographic distances 
have found that selection can differ in both strength and direction 
over very small (<100 m) distances (e.g., Kalisz, 1986). In contrast, 
in a reciprocal transplant study of naturally occurring Chamaecrista 
fasciculata populations, Galloway and Fenster (2000) found local ad-
aptation only at large spatial scales (populations >1,000 km apart) 
and suggest that local adaptation may be limited by metapopulation 
dynamics (gene flow) or small population sizes in these naturally oc-
curring early successional populations (factors that are likely not an 
issue in the restored populations in this study).

While the Lux population appears to have undergone rapid ad-
aptation based on an integrated metric of survival and seed pro-
duction, this metric does not include germination rate, which could 
affect fitness estimates and change the assessment of adaptation in 
these populations. I was unable to include germination data in aster 
models with the survival and seed data, as germination data came 
from a separate experiment in a different year. Rough estimates of 
λ, which include germination rate, were very low and showed few 
differences between populations, suggesting that despite the fact 
that germination rates did not significantly differ between popula-
tions (Figure 2a), germination can affect integrated fitness metrics. 
However, I interpret these λ estimates cautiously for two reasons. 
First, the germination rates in this study are surprisingly low com-
pared to other field studies of Chamaecrista (e.g., Galloway & Fenster, 
1999; Fenster & Galloway, 2000; Stanton-Geddes, Shaw, & Tiffin, 
2012; but see Sheth, Kulbaba, Pain, & Shaw, 2018), suggesting that 
there may have been an issue with the methods in the germination 
experiment or that germination rates in the particular year of the 
study are unlikely to represent long-term patterns. Second, the very 
low growth rates suggest population decline, which may be the case 
for the Marshall population, but biomass estimates show no con-
sistent decline in the Lux population (Figure S2). This suggests that 
these λ estimates may not accurately reflect population dynamics, at 
least for the Lux population, which we might expect given that it can 
be difficult to draw conclusions about population dynamics using 
demographic models parameterized with data collected over short 
time scales (Crone et al., 2011). Longer-term demographic studies 
following both populations in this system, including all possible 
fitness components, would be needed to track population growth 
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rates over time and determine not just whether rapid adaptation 
occurred in these populations, but whether it actually matters for 
population persistence.

If two closely located restored populations have different evo-
lutionary outcomes, it suggests that the spatial scale of adaptation 
may inform restoration practice (McKay, Christian, Harrison, & Rice, 
2005). Local seed sources are often assumed to be the most likely 
to be adapted to a restoration site (Johnson et al., 2010), given the 
prevalence of local adaptation in plants (Hereford, 2009; Leimu & 
Fischer, 2008; Oduor, Leimu, & Kleunen, 2016). However, recent 
studies have made the case for using multiple regional seed sources 
(Bucharova et al., 2019) or multiple local seed sources supplemented 
with nonlocal sources (Breed et al., 2018; Breed, Stead, Ottewell, 
Gardner, & Lowe, 2013), to maintain any regional adaptation while 
also increasing genetic diversity and therefore evolutionary po-
tential. My study demonstrates that even closely located, similarly 
restored sites can vary enough to generate different evolutionary 
outcomes in the same source population. Give this fine-scale envi-
ronmental heterogeneity, using seed sources that increase adaptive 
potential may be the best approach to successfully establish popu-
lations in restorations. Increasing the genetic variation of restored 
populations in this way may also help populations adapt to changing 
climates (Breed et al., 2018; Harris, Hobbs, Higgs, & Aronson, 2006).

5  | CONCLUSION

Although we often assume that adaptation will occur in populations 
colonizing novel habitats, this may not be the case, as adaptation 
can be constrained by a number of different variables that can be 
influenced by the nature of a colonization event. This study demon-
strates that rapid adaptation may occur in ecological restorations, 
but that even geographically close populations restored under the 
same conditions can have different evolutionary outcomes. What 
remains to be seen is how commonly adaptation influences popula-
tion establishment in restored habitats and other colonizing popula-
tions like range expansions and biological invasions. Although we are 
beginning to understand constraints to rapid adaptation and factors 
influencing evolutionary rescue in the laboratory (Bell, 2017), un-
derstanding what constrains rapid adaptation in nature is a key next 
step to overcoming these constraints to promote the establishment 
and persistence of restored populations.
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