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For restoration purposes nature conservation preferably requests the use of local seed 
sources based on the “local-is-best” (LIB) approach. However, counter-arguments against 
this usage are potential benefits by increased variation, which could be beneficial espe-
cially in times of global change. We here investigate intraspecific morphological variability 
of one of the most common herbaceous, insect pollinated and zoochorous plants from seed 
mixtures used for landscape restoration processes in central Europe, the wild carrot, Daucus 
carota L. (Apiaceae). Our results show that D. carota features no vegetative but two genera-
tive characters that significantly differed among plants originating from seeds of natural (I) 
and restored (R) sites. We could show that effects of mowing always overlay origin-specific 
characteristics. The earlier genetic analysis did not support a regional provenance concept 
for restoration purposes, while slight differences in phenological parameters related to 
fitness pinpoint to ‘mix and match-admixture provenancing’ as a compromise strategy.

Key words: Daucus carota, local-is-best approach, non-local genotypes, restoration, vegeta-
tive and generative fitness parameter

INTRODUCTION

An ever changing landscape due to building activities evokes the man-
agement of restoration processes. Particularly frequent restoration projects in 
Germany are the greening of edges after road construction. For these projects 
the use of mostly undefined or non-local seed sources of herbaceous species 
was and is common practice. Reasons for the common practice of using non 
local seed provenances are significantly lower prices compared to local prov-
enances and easy availability of large amounts of non-local seed compared 
to regional seed (Burton and Burton 2002, Kettenring et al. 2014). However, 
from 2020 onwards seed from regional provenances has to be used as part 
of the nature protection and landscape conservation act (BNatSchG §40-1, 
2010) to preserve the local genotypic diversity, hence, the local allelic rich-
ness (Hughes et al. 2008). This local-is-best approach (LIB) is justified to pre-
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serve the genetic legacy resulting from a history of natural selection in local 
environments (Johnson et al. 2010, Jones 2013, Montalvo et al. 1997, Sackville 
Hamilton 2001). From a genetic point of view there are four major arguments 
for the LIB approach: (1) Interbreeding between non-local and local prove-
nances can lead to the homogenisation of the genetic structure of populations 
(Hughes et al. 2008). (2) Genetic swamping can alter the genetic memory for 
this location, especially the genetic legacy resulting from a history of natural 
selection (Montalvo et al. 1997). (3) Maladaptation resulting from artificial se-
lection and the new introduced provenances could rather poorly perform in 
the new environmental conditions (Bischoff et al. 2010, Hufford and Mazer 
2003). (4) Outbreeding depression as a result from crossings among genetic 
distinct populations from different environments featuring reduced fitness 
(McKay et al. 2001). Adherence to the LIB theory resulted mostly in studies 
concerning better fitness and performance of the local plant material, as sum-
marised by Jones (2013). Thus, the four main arguments of the LIB approach 
mostly correlate with morphological differences. The research of restoration 
ecology has increased significantly in the recent years and the focus of many 
studies is mostly the choice of the seed sources (Bell and Hobbs 2007, Breed et 
al. 2018, Bucharova 2017, Bucharova et al. 2017, 2019, Durka et al. 2017, Harris 
et al. 2006, McKay et al. 2001, Stingemore and Krauss 2013). This recently led to 
the establishment of seed transfer zones and regions for grassland species in 
Germany (ErMiV 2011, Schröder and Prasse 2013). These seed transfer zones 
are defined based on geology, biogeography, climate, and other biophysical 
criteria. The basic assumption here is that the criteria for delineation also in-
fluence the spatial genetic structure of plant species subject to the condition 
that the patterns of genetic differentiation between species are largely similar 
(Durka et al. 2017).

We here investigate intraspecific morphological variability of one of the 
most common herbaceous, insect pollinated and zoochorous plants from seed 
mixtures used for landscape restoration processes, the wild carrot, Daucus 
carota L. (Apiaceae). Seeds were collected from populations that were former-
ly restored with non-local seed material (in the following R = restored) and 
from nature conservation areas or from natural sites which have not been 
modified or re-sown during the last 60 years (in the following I = indigenous; 
Posselt 2000). In a common garden approach we analysed the morphological 
variation between samples from I and R sites. Since plants in natural habitats, 
even in nature reserves, are subject either to grazing or mowing at least once 
a year, a part of the grown individuals per study site was cut to simulate the 
natural conditions of grassland habitats.

We hypothesise, that individuals from I and R populations differ in their 
vegetative and generative morphology and that variation is stronger, if graz-
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ing or mowing is simulated. The results will show whether strict adherence to 
the local-is-best approach for D. carota can be recommended, hence non-local 
seed usage should be omitted.

MATERIAL AND METHODS

Plant species

Daucus carota is a biennial species with bristly hairy stems that reach 
heights up to 50 to 120 cm (Berger et al. 1975). D. carota forms a rosette in 
its first year and flowers usually in the second year from June to September 
(Düll and Kutzelnigg 1992). The inflorescence is a flat and dense umbel with 
small white flowers. Mostly a black-purple flower can be found in the cen-
tre of the umbel. This so-called sham bloom will probably mimic a fly and 
thus might serve as an “invitation” to other flies for a visit. Outcrossing is 
enforced by a pre-male flowering stage (protandry). D. carota is obligate cross-
pollinated with limited adaptations to species-specific pollinators (Berger et 
al. 1975). Pollinators are flies, bees or beetles (Düll and Kutzelnigg 1992). Es-
pecially Andrena spp. are frequent visitors to the flowers of wild carrot (Düll 
and Kutzelnigg 1992). Some of these pollinators fly distances up to 2 km (Düll 
and Kutzelnigg 1992). Additionally bees are among the pollinators and this 
species group can travel up to 10 km. The seeds are adapted to epizoochoric 
dispersal of mammals by featuring bristly hairs that protrude from the ribbed 
seed surface (Berger et al. 1975, Rong et al. 2010).

Typical habitats of D. carota in Germany are meadows, thickets, and areas 
along railroads and roadsides with some kind of disturbance, while the spe-
cies is also common in extensively managed grasslands (Düll and Kutzelnigg 
1992). The species’ native distribution covers large parts of Europe, eastern 
and central Asia, and the Mediterranean region (Berger et al. 1975). According 
to Berger et al. (1975) ten subspecies of D. carota are recognised throughout 
the species’ whole distribution range. In Germany, so far only D. carota subsp. 
carota, next to the garden cultivar D. carota subsp. sativa, has been reported 
(Düll and Kutzelnigg 1992). Since subsp. carota is widespread throughout Eu-
rope, North Africa, eastern and central Asia, the taxonomic affiliation does 
not provide any indication of the origin of the seeds of the restored sites.

Plant sampling

In autumn 2011 seeds of D. carota were sampled from 17 different popu-
lations and approximately 20 individuals per population in central Germany 
(Fig. 1). The distance between sampled individuals within populations was at 
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least two meters to optimise the coverage of site specific population diversity. 
Nine of the populations were indigenous (I), and eight were restored popula-
tions (R). The populations were not randomly spaced across the landscape. 
Road authorities provided information about the year of restoration for the R 
sites (Table 1) as well as the percentage of D. carota (0.1%) seeds in the applied 

Fig. 1. Map of sampled Daucus carota populations in the investigation area in central Ger-
many (Hesse, Thuringia and Bavaria). The red box in the top-left map shows the area in 
Germany. Indigenous sites (I) of the species are depicted in the map as orange circles and 
the restored sites (R) are pictured as yellow crosses. Labels correspond to those in Table 1. 

Map was prepared with ArcGIS Desktop (ArcGIS Desktop 10.2.2., ESRI)
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seed-mixtures. Although no information about the origin of the seed material 
was available, local seed providers as source of the seeds can be excluded. We 
cannot guarantee that the individuals from restored sites are identical to those 
introduced 10–20 years ago as gene flow from wild but also cultivated carrot 
all over the country from gardens cannot be excluded (Mandel et al. 2016, 
Shim and Jørgensen 2000). Furthermore, admixture of pollen and propagules 
between sites cannot be omitted. Therefore we do not know, where the seeds 
originated from, and under which climatic and ecological conditions the seed 
material has been produced.

Table 1
Surveyed Daucus carota populations. Abbreviations: ID = identification Number, DI = 
indigenous populations, DR = restored populations, location in accordance to the near-
est village or town, normal = number of non-mowed individuals and cut = number of 
mowed individuals, both of them (normal and cut) are for the elevation of generative 
fitness, vegetative = examined parameters of vegetative fitness, coordinates north (N) 
and east (E), management = Type of maintenance Daucus carota, Management/yr = Man-

agement / year of restoration
ID Location Nor-

mal
Cut Vege-

tative
N E Manage-

ment/yr
DI01 Pfungstadt 19 18 18 49° 50’ 02.0” 8° 34’ 56.5” extensive
DI02 Kirchvers 20 10 17 50° 41’ 26.4” 8° 34’ 45.1” extensive
DI03 Niederkleen 20 19 19 50° 28’ 50.8” 8° 36’ 59.2” sheep
DI04 Eichsfeld 17 17 17 51° 13’ 14.6” 10° 21’ 30.1” sheep
DI05 Berka v. d. H. 17 17 19 51° 02’ 22.5” 10° 24’57.2” sheep
DI06 Schwarzer Berg 18 17 18 50° 17’ 34.5” 9° 55’ 13.7” extensive
DI07 Lauterbach 19 19 19 50° 41’ 46.6” 9° 21’ 34.8” sheep
DI08 Daubringen 13 13 15 50° 38’ 24.9” 8° 44’ 20.6” intensive
DI09 Hungen 17 16 18 50° 28’ 03.7” 8° 52’ 39.6” sheep
DR01 Erlenbach 1a 20 20 20 50° 13’ 08.5” 8° 40’ 45.6” 2004
DR03 Erlenbach 2a 15 14 17 50° 13’ 34.6” 8° 42’ 05.5” 2004
DR04 Steinau 14 14 14 50° 19’ 24.1” 9° 26’ 45.6” 1994
DR05 Griedel 20 20 20 50° 26’ 50.3” 8° 44’ 42.9” 1996
DR06 Herleshausen 20 19 20 51° 00’ 08.1” 10° 07’ 49.5” 2003
DR07 Fernwald 16 16 20 50° 33’ 40.7” 8° 45’ 27.9” 2003
DR08 Bad Nauheim 20 19 20 50° 24’ 09.7” 8° 43’ 15.1” 1996
DR09 Bad Nauheim 20 20 20 50° 23’ 33.0” 8° 43’ 32.4” 1996
Total I 160 146 160
Total R 145 142 151
Total 305 288 311
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Indigenous sites were selected with 
support of the “Association of German wild 
plants and seeds producers e. V.”. To mini-
mise biases or crossbreeding with a differ-
ent intraspecific genotype, a distance of at 
least nine kilometre to adjacent popula-
tions with non-local seed sources was kept 
(Posselt 2000, Schröder and Prasse 2013).

Common garden approach

Of each individual of each study site 
60 seeds were sown in spring 2012. Germi-
nated seedlings were cultivated in single 
pots with uniform nutrient-poor soil and 
regular watering and weeding. The com-
mon garden experiment allowed for taxo-
nomic verification. We could not detect 
other than D. carota subsp. carota among 
our samples.

The randomly selected seedlings of 
each population were arranged without 
grouping. One third per study site grew 
up without treatment and another third 
was cut to 15 cm on 31.07.2013 to simu-
late grazing or mowing as natural condi-
tions of grassland habitat. All main shoots 
were cut, no matter if they were already in 
flower or not. The last third was harvested 
on 20.06.2013 to count and measure the 
vegetative morphological variation. The 
data collection took place in 2013 in and 
throughout the growing season.

We tested two models of influence on 
morphological variation: (1) the effect of 
origin (I, R) for 311 individuals (vegetative 
characters only, Table S1), and (2) treatment 
(mowed, not-mowed) and origin (I, R) for 
305 and 288 individuals respectively (gen-
erative characters only, Fig. 2, Table 2 and 
Table S2).
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Examined parameters of vegetative morphological variation were (1) 
number and (2) size of the leaves, (3) length and (4) diameter of the root, and 
the weight of the leaves as (5) fresh and (6) dry matter, and of the root (7 and 
8), respectively. They were quantified once, when one third of the plants were 
harvested.

The parameters of generative morphological variation were measured 
two times per week. They were: (9) day of first flowering, (10) day of maxi-
mum number of flowering umbels, (11) day of maximum number of fruiting 
umbels (12) number of flowering umbels, (13) number of fruiting umbels, (14) 
number of umbels with ripe fruits only and (15) the weight of ripe umbels, 
(16) day of death (after seed set, the plants turn brown and die off). Addition-
ally the following derivatives of the former generative parameters were calcu-
lated: (17) duration from first flowering to highest amount of fruiting umbels, 
(18) number of simultaneously flowering and fruiting umbels, (19) and the 
date of this, (20) duration from first flowering to the first ripe umbel and (21) 
duration from first flowering to the end of the growing season.

Data analysis

All statistical analyses were carried out using the program STATISTICA 
(v. 10.0, Statsoft Inc., Tulsa, Oklahoma, USA) by using the raw data. Effects 
of the single factors origin (k = 2, restored vs. indigenous) and mowing (k = 
2, mowed vs. not mowed) and the factor combinations were assessed with a 
multi-factorial analysis of variance (ANOVA). Subsequently, significance of 
differences between treatments was assessed with a Tukey Test (Table 2 and 
Fig. 2 a-c).

RESULTS

In total 904 individuals were examined with the ANOVA (Table 1). 311 
individuals were examined only for vegetative characters (traits 1–8), 160 in-
dividuals from I and 151 from R sites (Table S1). All of the analysed vegetative 
characters showed no significant differences between sites. 305 individuals 
were not mowed and 288 were cut to simulate mowing. The first group con-
sisted of 160 indigenous and 145 restored individuals and the second group 
of 146 indigenous and 142 restored individuals, respectively.

Only two of the 13 analysed generative fitness parameters (traits 9–21) 
featured significant effects between R and I populations (significant traits in 
Table 2 and Fig. 2 and some exemplary non-significant traits in supplements 
Table S2). Comparing the total number of flowers per individuals and the 
date of this (trait 10 and 12) we see in the dataset that the indigenous plants 
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had the maximum number of flowering umbels earlier in the summer than 
the restored provenances (Table 2 and Fig. 2a); the indigenous provenances 
had reached their highest amount on 11.09.2013. The restored provenances, 
however, had their highest amount of flowering umbels one week later on 
18.09.2013. At the same time the indigenous plants also had fewer flowering 
umbels (on average 7.2 per individual, trait 12) than the restored provenances 
(on average 8 per individual, Table 2, Fig. 2b). Nevertheless, at the end of the 
growing season both provenances had surprisingly similar numbers of ma-
ture umbels (trait 14) and the overall difference of the provenances were not 
significant (Table 2 and Fig. 2c).

ANOVA showed that cutting always had a significant influence on all 
analysed generative fitness parameters, regardless of the origin of the sam-
ples. Thus, effects of mowing always mask origin-specific characteristics, 
which than disappear.

DISCUSSION

Despite knowing that semi-natural, extensively used species rich grass-
land in Europe is threatened by land-use intensification, climate change and 
habitat destruction (Reid 2005), only few studies investigating fitness param-
eters of common and widely distributed herbaceous plants exist (Dolan et al. 
2008, Miller et al. 2011, Ritchie and Krauss 2012). Fitness analyses of arable 
weeds and meadow species are rare, although it is assumed that plants of 
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local genotypes and origin generally have better fitness (Jones 2013, Kawecki 
and Ebert 2004, Keller and Kollmann 1999, Leimu and Fischer 2008, Linhart 
and Grant 1996). In most grassland restoration studies the identity of the seed 
sources is an important issue (Durka et al. 2017).

In our analysis, in the herbaceous meadow species D. carota, only three 
of all tested generative and vegetative fitness parameters differed between 
individuals of R and I sites. Our result supports earlier findings by Bucharova 
et al. (2017), who analysed biomass differences in a reciprocal transplant ex-
periment of D. carota at four different sites in Germany and also discovered 
mostly insignificant vegetative fitness differences. However, our data support 
the hypothesis that fitness-related traits are generally less differentiated than 
phenological traits (Durka et al. 2017). The phenological differences between 
individuals at I and R sites in our analysis indicate genotypic integrity. It is 
well known that flowering time is often strongly differentiated along geo-
graphical gradients, even within perennial plants (e.g. Kawakami et al. 2011, 
Montague et al. 2008) and differences in phenology-related traits likely re-
flect plant adaptation to different latitudes, climate and seasonality, or dif-
ferent plant strategies in different environments (Durka et al. 2017). Although 
we could not guarantee that the genotypes from restored sites are identical 
to those introduced 10–20 years ago, we detected phenological differences, 
which potentially are indicative for non-local adaptation processes.

An earlier flowering of a common herbaceous species (trait 10) may in-
fluence the activity of pollinators and therefore influences the competition be-
tween flowering plants. Moreover early flowering plants support ecosystem 
services in form of nutrition for flower visiting insects. This was confirmed in 
previous studies by Ladizinsky (1985) and Ellstrand and Elam (1993) and is 
supported here. At the end of the growing season, however, both provenances 
had surprisingly similar numbers of mature umbels (trait 14) despite the fact 
that the indigenous provenance bloom earlier. The plants of restored prov-
enances produced more umbels in total (trait 12) and thus had their maxi-
mum number of flowering umbels later (trait 10 and 12). But at the end of the 
vegetation period not all of their umbels ripened, because autumn began with 
its cold and moist days. If climate change leads to a longer period of hot and 
dry summer days, the character of longer seed ripening, however, may be-
come beneficial in the future. Seed production is probably the most common 
aspect to evaluate fitness, but the establishment of seedlings is nature’s proof 
and we have not checked this in this study. We analysed only the measur-
able number of umbels with ripe fruits only (trait 14). Therefore, population 
recruitment and establishment in nature is limited by seedling survival rather 
than seed production. Additionally, it depends on the competitors in the field. 
In Pulsatilla patens, Silene otites and S. chlorantha (Lauterbach et al. 2011, 2012, 
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Röder and Kiehl 2006) the authors mentioned a negative effect of cover by 
herbaceous plants and litter on seedlings. Seedling emergence and survival 
sometimes differ between species of the same habitat (Jakobsson and Eriks-
son 2000, Ryser 1993).

In a previous study, we tested the population genetic structures between 
indigenous and restored populations of D. carota in the same sites as studied 
here (Reiker et al. 2015). There we detected negligible genetic differentiation 
between indigenous populations and populations restored with non-local 
seed material. No negative effects on allelic richness, selective sweeps, or re-
duced genetic diversity within populations were observed, with only one ex-
ception in a study site, where inbreeding effects were presumed. However, 
there is a controversial discussion on quantitative genetics and fitness correla-
tion, e.g. Lammi et al. (1999) could not detect any correlation between genetic 
diversity and reproductive fitness. These results are in contrast to the posi-
tive correlations between fitness and genetic diversity of Gentianella germanica 
(Fischer and Matthies 1998), Cochlearia bavarica (Paschke et al. 2002) and Suc-
cisa pratensis (Vergeer et al. 2003).

By testing several generative fitness parameters of D. carota we see an 
ambivalent outcome. The earlier genetic analysis (Reiker et al. 2015) did not 
support a regional provenance concept for restoration purposes, while slight 
differences in phenological parameters related to fitness pinpoint to ‘mix and 
match-admixture provenancing’ as a compromise strategy.

*

Acknowledgements – We are grateful for the financial support from the Deutsche Bundes-
stiftung Umwelt (DBU), and the Heidehofstiftung. Sampling was conducted with support 
from the Association of German Wild Seeds and Wild Plants Producer Association (Markus 
Wieden), as well as the road authorities Frankfurt (Gerd Ledergerber), Schotten (Alexander 
Greb), and Herleshausen (Helmut Byczysko). For permits to collect plants in nature conser-
vation areas we thank Jürgen Busse and Manfred Grossman. For support in the molecular 
laboratory, we thank the bio-technical assistants (Sabine Mutz and Helene Krufczik).

REFERENCES

Bell, D. T. and Hobbs, R. J. (2007): Jarrah forest ecosystem restoration: a foreword. – Restor. 
Ecol. 15: S1–S2. https://doi.org/10.1111/j.1526-100x.2007.00286.x

Berger, H., Conert, H. J. and Hegi, G. (eds) (1975): Illustrierte Flora von Mitteleuropa. – Parey, 
Berlin, 910 pp.

Bischoff, A., Steinger, T. and Müller-Schärer, H. (2010): The importance of plant provenance 
and genotypic diversity of seed material used for ecological restoration. – Restor. Ecol. 
18(3): 338–348. https://doi.org/10.1111/j.1526-100x.2008.00454.x



Acta Bot. Hung. 62, 2020

147INTRASPECIFIC PHENOTYPIC VARIABILITY OF DAUCUS CAROTA (APIACEAE)

Breed, M. F., Harrison, P. A., Bischoff, A., Durruty, P., Gellie, N. J. C., Gonzales, E. K., Ha-
vens, K., Karmann, M., Kilkenny, F. F., Krauss, S. L., Lowe, A. J., Marques, P., Nevill, 
P. G., Vitt, P. L. and Bucharova, A. (2018): Priority actions to improve provenance 
decision-making. – BioScience 68(7): 510–516. https://doi.org/10.1093/biosci/biy050

Bucharova, A. (2017): Assisted migration within species range ignores biotic interactions 
and lacks evidence. – Restor. Ecol. 25(1): 14–18. https://doi.org/10.1111/rec.12457

Bucharova, A., Bossdorf, O., Hölzel, N., Kollmann, J., Prasse, R. and Durka, W. (2019): Mix 
and match: regional admixture provenancing strikes a balance among different seed-
sourcing strategies for ecological restoration. – Conserv. Genet. 20(1): 7–17. https://doi.
org/10.1007/s10592-018-1067-6

Bucharova, A., Michalski, S., Hermann, J.-M., Heveling, K., Durka, W., Hölzel, N., Koll-
mann, J. and Bossdorf, O. (2017): Genetic differentiation and regional adaptation 
among seed origins used for grassland restoration: lessons from a multispecies 
transplant experiment. – J. Appl. Ecol. 54(1): 127–136. https://doi.org/10.1111/1365-
2664.12645

Burton, P. J. and Burton, C. M. (2002): Promoting genetic diversity in the production of large 
quantities of native plant seed. – Ecol. Restor. 20(2): 117–123. https://doi.org/10.3368/
er.20.2.117

Dolan, R. W., Marr, D. L. and Schnabel, A. (2008): Capturing genetic variation during eco-
logical restorations: an example from Kankakee Sands in Indiana. – Restor. Ecol. 16(3): 
386–396. https://doi.org/10.1111/j.1526-100x.2007.00318.x

Düll, R. and Kutzelnigg, H. (1992): Botanisch-ökologisches Exkursionstaschenbuch: das Wichtig-
ste zur Biologie bekannter heimischer Pflanzen. – Quelle & Meyer, Heidelberg, 546 pp.

Durka, W., Michalski, S. G., Berendzen, K. W., Bossdorf, O., Bucharova, A., Hermann, J.-
M., Hölzel, N. and Kollmann, J. (2017): Genetic differentiation within multiple com-
mon grassland plants supports seed transfer zones for ecological restoration. – J. 
Appl. Ecol. 54(1): 116–126. https://doi.org/10.1111/1365-2664.12636

Ellstrand, N. C. and Elam, D. R. (1993): Population genetic consequence of small popu-
lation size: implication for plant conservation. – Annu. Rev. Ecol. Syst. 24: 217–242. 
https://doi.org/10.1146/annurev.es.24.110193.001245

ErMiV (2011): Verordnung über das Inverkehrbringen von Saatgut von Erhaltungsmischungen 
(Erhaltungsmischungsverordnung). – Bundesgesetzblatt, Teil I, Nr. 65, pp. 2641–2646.

Fischer, M. and Matthies, D. (1998): RAPD variation in relation to population size and 
plant fitness in the rare Gentianella germanica (Gentianaceae). – Amer. J. Bot. 85(6): 
811–819. https://doi.org/10.2307/2446416

Harris, J. A., Hobbs, R. J., Higgs, E. and Aronson, J. (2006): Ecological restoration and 
global climate change. – Restor. Ecol. 14(2): 170–176. https://doi.org/10.1111/j.1526-
100x.2006.00136.x

Hufford, K. M. and Mazer, S. J. (2003): Plant ecotypes: genetic differentiation in the age 
of ecological restoration. – Trends Ecol. Evol. 18(3): 147–155. https://doi.org/10.1016/
s0169-5347(03)00002-8

Hughes, A. R., Inouye, B. D., Johnson, M. T. J., Underwood, N. and Vellend, M. (2008): 
Ecological consequences of genetic diversity. – Ecol. Letters 11(6): 609–623. https://doi.
org/10.1111/j.1461-0248.2008.01179.x

Jakobsson, A. and Eriksson, O. (2000): A comparative study of seed number, seed size, 
seedling size and recruitment in grassland plants. – Oikos 88(3): 494–502. https://doi.
org/10.1034/j.1600-0706.2000.880304.x



Acta Bot. Hung. 62, 2020

148 REIKER, J., RÜHL, A. T., WISSEMANN, V. and GEMEINHOLZER, B.

Johnson, R., Stritch, L., Olwell, P., Lambert, S., Horning, M. E. and Cronn, R. (2010): What 
are the best seed sources for ecosystem restoration on BLM and USFS lands? – Native 
Plants J. 11(2): 117–131. https://doi.org/10.2979/npj.2010.11.2.117

Jones, T. A. (2013): When local isn’t best. – Evol. Appl. 6(7): 1109–1118. https://doi.
org/10.1111/eva.12090

Kawakami, T., Morgan, T. J., Nippert, J. B., Ocheltree, T. W., Keith, R., Dhakal, P. and Un-
gerer, M. C. (2011): Natural selection drives clinal life history patterns in the perenni-
al sunflower species, Helianthus maximiliani. – Mol. Ecol. 20(11): 2318–2328. https://
doi.org/10.1111/j.1365-294x.2011.05105.x

Kawecki, T. J. and Ebert, D. (2004): Conceptual issues in local adaptation. – Ecol. Letters 
7(12): 1225–1241. https://doi.org/10.1111/j.1461-0248.2004.00684.x

Keller, M. and Kollmann, J. (1999): Effects of seed provenance on germination of herbs for 
agricultural compensation sites. – Agric., Ecosyst. Environ. 72(1): 87–99. https://doi.
org/10.1016/s0167-8809(98)00167-4

Kettenring, K. M., Mercer, K. L., Reinhardt Adams, C. and Hines, J. (2014): Application of 
genetic diversity-ecosystem function research to ecological restoration. – J. Appl. Ecol. 
51(2): 339–348. https://doi.org/10.1111/1365-2664.12202

Ladizinsky, G. (1985): The genetics of hard seed coat in the genus Lens. – Euphytica 34(2): 
539–543. https://doi.org/10.1007/bf00022952

Lammi, A., Siikamäki, P. and Mustajärvi, K. (1999): Genetic diversity, population size, and 
fitness in central and peripheral populations of a rare plant Lychnis viscaria. – Con-
serv. Biol. 13(5): 1069–1078. https://doi.org/10.1046/j.1523-1739.1999.98278.x

Lauterbach, D., Burkart, M. and Gemeinholzer, B. (2012): Rapid genetic differentiation be-
tween ex situ and their in situ source populations: an example of the endangered 
Silene otites (Caryophyllaceae). – Bot. J. Linn. Soc. 168: 64–75. https://doi.org/10.1111/
j.1095-8339.2011.01185.x

Lauterbach, D., Ristow, M. and Gemeinholzer, B. (2011): Genetic population structure, fit-
ness variation and the importance of population history in remnant populations of 
the endangered plant Silene chlorantha (Willd.) Ehrh. (Caryophyllaceae). – Plant Biol. 
(Stuttgart, Germany) 13(4): 667–777. https://doi.org/10.1111/j.1438-8677.2010.00418.x

Leimu, R. and Fischer, M. (2008): A meta-analysis of local adaptation in plants. – PloS ONE 
3(12): e4010. https://doi.org/10.1371/journal.pone.0004010

Linhart, Y. B. and Grant, M. C. (1996): Evolutionary significance of local genetic differentia-
tion in plants. – Annu. Rev. Ecol. Syst. 27(1): 237–277. https://doi.org/10.1146/annurev.
ecolsys.27.1.237

Mandel, J. R., Ramsey, A. J., Iorizzo, M. and Simon, P. W. (2016): Patterns of gene flow 
between crop and wild carrot, Daucus carota (Apiaceae) in the United States. – PloS 
ONE 11(9): e0161971. https://doi.org/10.1371/journal.pone.0161971

McKay, J. K., Bishop, J. G., Lin, J. Z., Richards, J. H., Sala, A. and Mitchell-Olds, T. (2001): 
Local adaptation across a climatic gradient despite small effective population size in 
the rare sapphire rockcress. – Proceeds Roy. Soc. London, Biol. Sci. 268(1477): 1715–1721. 
https://doi.org/10.1098/rspb.2001.1715

Miller, S. A., Bartow, A., Gisler, M., Ward, K., Young, A. S. and Kaye, T. N. (2011): Can an 
ecoregion serve as a seed transfer zone? Evidence from a common garden study with 
five native species. – Restor. Ecol. 19(201): 268–276. https://doi.org/10.1111/j.1526-
100x.2010.00702.x

Montague, J. L., Barrett, S. C. H. and Eckert, C. G. (2008): Re-establishment of clinal varia-
tion in flowering time among introduced populations of purple loosestrife (Lythrum 



Acta Bot. Hung. 62, 2020

149INTRASPECIFIC PHENOTYPIC VARIABILITY OF DAUCUS CAROTA (APIACEAE)

salicaria, Lythraceae). – J. Evol. Biol. 21(1): 234–245. https://doi.org/10.1111/j.1420-
9101.2007.01456.x

Montalvo, A. M., Williams, S. L., Rice, K. J., Buchmann, S. L., Cory, C., Handel, S. N., Nab-
han, G. P., Primack, R. and Robichaux, R. H. (1997): Restoration biology: a popula-
tion biology perspective. – Restor. Ecol. 5(4): 277–290. https://doi.org/10.1046/j.1526-
100X.1997.00542.x

Paschke, M., Abs, C. and Schmid, B. (2002): Effects of population size and pollen diversity 
on reproductive success and offspring size in the narrow endemic Cochlearia bavari-
ca (Brassicaceae). – Amer. J. Bot. 89(8): 1250–1259. https://doi.org/10.3732/ajb.89.8.1250

Posselt, U. K. (2000): Genetische Diversität bei Wildformen und Zuchtsorten von Lolium 
perenne L. – Schriftenreihe für Vegetationskunde 32: 79–85.

Reid, W. V. (2005): Ecosystems and human well-being: Synthesis; a report of the millennium eco-
system assessment. – Island Press, Washington, DC, 137 pp.

Reiker, J., Schulz, B., Wissemann, V. and Gemeinholzer, B. (2015): Does origin always mat-
ter? Evaluating the influence of nonlocal seed provenances for ecological restoration 
purposes in a widespread and outcrossing plant species. – Ecol. Evol. 5(23): 5642–
5651. https://doi.org/10.1002/ece3.1817

Ritchie, A. L. and Krauss, S. L. (2012): A genetic assessment of ecological restoration suc-
cess in Banksia attenuata. – Restor. Ecol. 20(4): 441–449. https://doi.org/10.1111/j.1526-
100x.2011.00791.x

Röder, D. and Kiehl, K. (2006): Population structure and population dynamic of Pulsa-
tilla patens (L.) Mill. in relation to vegetation characteristics. – Flora – Morphology, 
Distribution, Functional Ecology of Plants 201(6): 499–507. https://doi.org/10.1016/j.
flora.2005.11.001

Rong, J., Janson, S., Umehara, M., Ono, M. and Vrieling, K. (2010): Historical and contem-
porary gene dispersal in wild carrot (Daucus carota ssp. carota) populations. – Ann. 
Bot. 106(2): 285–296. https://doi.org/10.1093/aob/mcq108

Ryser, P. (1993): Influences of neighbouring plants on seedling establishment in limestone 
grassland. – J. Veg. Sci. 4(2): 195–202. https://doi.org/10.2307/3236105

Sackville Hamilton, N. R. (2001): Is local provenance important in habitat creation? A re-
ply. – J. Appl. Ecol. 38(6): 1374–1376. https://doi.org/10.1046/j.0021-8901.2001.00670.x

Schröder, R. and Prasse, R. (2013): Cultivation and hybridization alter the germination 
behavior of native plants used in revegetation and restoration. – Restor. Ecol. 21(6): 
793–800. https://doi.org/10.1111/rec.12018

Shim, S. I. and Jørgensen, R. B. (2000): Genetic structure in cultivated and wild carrots 
(Daucus carota L.) revealed by AFLP analysis. – TAG, Theor. Appl. Genet. 101(1–2): 
227–233. https://doi.org/10.1007/s001220051473

Stingemore, J. A. and Krauss, S. L. (2013): Genetic delineation of local provenance in Per-
soonia longifolia: implications for seed sourcing for ecological restoration. – Restor. 
Ecol. 21(1): 49–57. https://doi.org/10.1111/j.1526-100x.2011.00861.x

Vergeer, P., Rengelink, R., Copal, A. and Ouborg, N. J. (2003): The interacting effects of 
genetic variation, habitat quality and population size on performance of Succisa pra-
tensis. – J. Ecol. 91(1): 18–26. https://doi.org/10.1046/j.1365-2745.2003.00736.x



Acta Bot. Hung. 62, 2020

150 REIKER, J., RÜHL, A. T., WISSEMANN, V. and GEMEINHOLZER, B.

A
pp

en
di

x 
2.

 C
on

tin
ue

d 
fr

om
 A

pp
en

di
x 

1.

nu
m

be
r o

f f
ru

iti
ng

 u
m

be
ls

 (1
3)

 w
ei

gh
t o

f r
ip

e 
um

be
ls

 (1
5)

df
M

Q
F

p
df

M
Q

F
p

In
te

rc
ep

t
1

15
88

1.
01

72
0.

7
< 

0.
00

1
1

16
05

.4
9

37
7.

2
< 

0.
00

1

O
ri

gi
n

1
0.

01
0.

0
0.

98
8

1
1.

79
0.

4
0.

51
7

Er
ro

r
35

0
22

.0
3

35
0

4.
26

du
ra

tio
n 

fr
om

 fi
rs

t f
lo

w
er

in
g 

to
 h

ig
he

st
 a

m
ou

nt
 o

f f
ru

iti
ng

 
um

be
ls

 (1
7)

nu
m

be
r o

f s
im

ul
ta

ne
ou

sl
y 

flo
w

er
in

g 
or

 fr
ui

tin
g 

um
be

ls
 (1

8)

df
M

Q
F

p
df

M
Q

F
p

In
te

rc
ep

t
1

44
37

49
8.

28
37

48
.8

< 
0.

00
1

1
25

31
7.

31
81

8.
1

< 
0.

00
1

O
ri

gi
n

1
21

6.
85

0.
2

0.
66

9
1

7.
46

0.
2

0.
62

4

Er
ro

r
34

2
11

83
.7

1
35

0
30

.9
5

A
pp

en
di

x 
1.

 F
ou

r 
no

n-
si

gn
ifi

ca
nt

 v
eg

et
at

iv
e 

tr
ai

ts
: o

ri
gi

n 
(k

 =
 2

, i
nd

ig
en

ou
s 

or
 r

es
to

re
d 

po
pu

la
tio

ns
), 

th
e 

in
te

ra
ct

io
n 

of
 m

ow
in

g 
an

d 
or

ig
in

 w
as

 
ne

gl
ec

te
d 

he
re

. A
bb

re
vi

at
io

n:
 d

f =
 d

eg
re

es
 o

f f
re

ed
om

, M
Q

 =
 s

um
 o

f m
ea

n 
sq

ua
re

s,
 F

 =
 v

ar
ia

nc
e 

ra
tio

, p
 =

 e
rr

or
 p

ro
ba

bi
lit

y,
 s

ig
ni

fic
an

t p
-v

al
ue

s 
< 

0.
05

 a
re

 w
ri

tte
n 

in
 b

ol
d.

 T
ra

its
 a

re
 in

di
ca

te
d 

by
 n

um
be

rs
 in

 p
ar

en
th

es
es

.

le
ng

th
 o

f t
he

 ro
ot

 (3
)

di
am

et
er

 o
f t

he
 ro

ot
 (4

)
w

ei
gh

t o
f t

he
 le

av
es

 (f
re

sh
, 5

)

df
M

Q
F

p
df

M
Q

F
p

df
M

Q
F

p

In
te

rc
ep

t
1

13
46

.9
95

62
48

.1
98

< 
0.

00
1

1
35

27
.6

55
27

70
.2

44
< 

0.
00

1
1

45
6.

11
58

87
9.

95
36

< 
0.

00
1

O
ri

gi
n

1
0.

44
7

2.
07

2
0.

15
14

84
1

0.
06

0
0.

04
7

0.
82

79
52

1
0.

46
56

0.
89

83
0.

34
42

94

Er
ro

r
21

9
0.

21
6

21
9

1.
27

3
21

9
0.

51
83

w
ei

gh
t o

f t
he

 ro
ot

s 
(fr

es
h,

 7
)

df
M

Q
F

p

In
te

rc
ep

t
1

23
91

.9
82

25
3.

32
68

< 
0.

00
1

O
ri

gi
n

1
7.

82
4

0.
82

86
0.

36
36

82

Er
ro

r
21

9
9.

44
2


