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Climate warming can shift the reproductive phenology of plant, and hence dramatically reduced the
reproductive capacity both of density-dependent and -independent plant species. But it is still unclear
how climate warming affects flowering phenology and reproductive allocation of plant under different
planting densities. Here, we assessed the impact of simulated warming on flowering phenology and
sexual reproduction in the ephemeral herb Cardamine hirsuta under four densities. We found that

. simulated warming delayed the onset of flowering averagely for 3.6 days but preceded the end of

. flowering for about 1 day, which indicated climate warming shortened the duration of the flowering.

 And the flowering amplitude in the peak flowering day also dramatically increased in the simulated

. warming treatment, which caused a mass-flowering pattern. Climate warming significantly increased

. the weights of the fruits, seeds and seed, but reduced fruit length and sexual reproductive allocation

© under all the four densities. The duration of flowering was shortened and the weights of the fruits, seeds
and seed, and sexval reproductive allocation were reduced under The highest density.

. 'The relationship between the size and the density of plants is a critical focus in plant ecology. The effects of den-
: sity on plant individuals and populations have been extensively investigated on such plant species as barley and
. wheat crops'=?, wheat*, Brussels sprouts (Brassica oleracea)S, et al. The individual growth of plant is limited by
. the availability of resource when plant density increased, resulting in decrease of individual plasticity in size and
. thus affecting plant survival, growth and reproduction. Many plant species respond to crowding by exhibiting
- such phenotypic plasticity as adjusting biomass allocation, and altering flowering phenology’. In a high-density
. population, plant individuals may flower early to complete their reproductive cycle before the onset of inclement
© conditions and maximize fecundity despite of insufficient resources®.
Research on plant reproductive phenology is to study regularity of such reproductive phenomenon of plant
as flower bud blossoms, flowering, seed propagation, and to understand the relationships between plant repro-
duction and various biological and abiotic environments®. Flowering phenology is a critical characteristic of
. flowering plants'®, and an important constituent in understanding the degree of threat to biodiversity in response
© to changing environmental conditions'!. Phenological investigations at the plant population level may improve
. our understanding of the mechanisms of ecosystem response to climate warming'?, which is expected to threaten
. greatly to global biodiversity'>!*. The mean global temperature has increased by approximately 0.74°C over the
: last century (IPCC, Intergovernmental Panel on Climate Change)'’, and is predicted to rise by at least 2°C by
© 2050 to 2100 (IPCC)'. Such climate warming may drive thousands of plant species to the brink of extinction over
. the next century by changing the timing of their life cycles'”'%, hampering individual survival’®, and changing
. species interactions!”. However, plants may respond to climate warming by changing their phenology, distribu-
© tion range, and physiology®. Climate warming is associated with an average advancement in the phenology of
- life-history traits, including migration and reproduction, in many species'. The rise of temperature led plants to
. flower early®. For instance, the date of onset flowering has been advanced about 4 d in temperate zones over the
© past century®. However, some phenological responses may vary among plant species in different communities

and with different growth forms!?. The duration of flowering decreases gradually with warming'?. Some plants
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Onset Endset
Source Sum of Squares d.f. Mean Square F P Sum of Squares d.f. Mean Square F P
Corrected Model 1005.067* 7 143.581 6.911 <0.0001 939.925* 7 134.275 9.942 <0.0001
17376.133 1 17376.13 836.396 <0.0001 71394.408 1 71394.41 5286.144 <0.0001
Density 264.6 3 88.2 4.245 0.007 802.025 3 267.342 19.794 <0.0001
Temperature 410.7 1 410.7 19.769 <0.0001 27.075 1 27.075 2.005 0.1596
Density x Temperature 329.767 3 109.922 5.291 0.0019 110.825 3 36.942 2.735 0.047
a. R?=0.302 (Adjusted R>*=0.258) a. R?=0.383 (Adjusted R>=0.345)
Duration Flowers per Plant
Corrected Model 2547.858* 7 363.98 41.023 <0.0001 7666.800* 7 1095.257 41.26 <0.0001
21413.408 1 21413.41 2413.426 <0.0001 15962.133 1 15962.13 601.318 <0.0001
Density 1762.092 3 587.364 66.2 <0.0001 132.3 1 132.3 4.984 0.0281
Temperature 648.675 1 648.675 73.11 <0.0001 7365.8 3 2455.267 92.494 <0.0001
Density x Temperature 137.092 3 45.697 5.15 0.0023 168.7 3 56.233 2.118 0.1017
a. R*=0.719 (Adjusted R>*=0.702) a. R?=0.721 (Adjusted R>*=0.703)
Fruits per Plant Seeds per Fruit
Corrected Model 7666.800* 7 1095.257 41.288 <0.0001 1918.125* 7 274.018 22.037 <0.0001
15962.133 1 15962.13 601.723 <0.0001 92130.208 1 92130.21 7409.227 <0.0001
Density 132.3 1 132.3 4.987 <0.0275 414.408 1 414.408 33.327 <0.0275
Temperature 7365.8 3 2455.267 92.556 <0.0001 1480.225 3 493.408 39.681 <0.0001
Density x Temperature 168.7 3 56.233 2.12 0.1017 23.492 3 7.831 0.63 0.5973
a. R*=0.721 (Adjusted R*=0.703) a. R*=0.579 (Adjusted R>*=0.553)
Fruit Length Fruit Diameter
Corrected Model 716.099* 7 102.3 50.502 <0.0001 0.498° 7 0.071 6.445 <0.0001
34875.435 1 34875.44 17216.98 <0.0001 164.83 1 164.83 14921.89 <0.0001
Density 311.503 1 311.503 153.78 <0.0001 0.048 1 0.048 4.345 <0.0393
Temperature 375911 3 125.304 61.859 <0.0001 0.43 3 0.143 12.988 <0.0001
Density x Temperature 28.685 3 9.562 4.72 0.0039 0.02 3 0.007 0.602 0.6151
a. R*=0.759 (Adjusted R*=0.744) a. R*=0.287 (Adjusted R*=0.243)

Table 1. The analysis of variances in flowering phenology and fruiting traits of Cardamine hirsuta for the
factors Density and Temperature.

flower less abundantly, or even lose the opportunity to flower, when the temperature increases by more than
5°C?!, which indicates that climate warming may be a restraint to sexual reproduction. However, little conclusive
information is currently available in this respect.

Climate change is expected to alter patterns of species co-occurrence, in both space and time?. Forrest
reported the idiosyncratic effects of snowmelt timing on flowering duration, with some species flowering for
longer periods in late years and some flowering longer in early years?’. Because the co-occurring species can
potentially attract and support the populations of interacting animals, particularly pollinators, and generalist seed
predators or florivores?, climate shifted the flowering patterns, and thus are likely to affect plant fecundity®*-2.

Thus, both population density and climate change can affect the flowering phenology and sexual reproduction
of flowering plants, but the independent and interactive contributions of the two factors are poorly understood.
Furthermore, the magnitude of variation in sexual reproduction of plants in response to future climate change is
unknown. To explore the response of plant flowering phenology and sexual reproduction to climate warming, in
the present study, we quantitatively measured phenotypic changes in flowering phenology and sexual reproduc-
tive parameters in the ephemeral herb Cardamine hirsuta (Brassicaceae). C. hirsuta is a very special plant species
which can continuously grow from early the spring to the winter and produce 4 to 5 generations within a year. The
specific hypotheses were that (1) climate warming would shift the flowering phenology of C. hirsuta and result in
different under different population densities, and (2) climate warming would promote plant growth but restrain
sexual reproduction, and especially decrease reproductive allocation.

Results
Flowering phenology. Significant differences in the onset and duration of flowering were observed among
the density treatments and the temperature treatments as well (Table 1, Fig. 1). The first flowering dates under
high density were taken forward about 5 d, but the duration of flowering was shortened more than 10 d than that
in CK. The first flowering dates in OTCs under different density were 4~7 days with an average 5.5 days late than
that in CK, and the last flowering dates in OTCs were 1~8 days with an average 4.4 days early than that in CK
(Fig. 1), which indicated the simulated warming shortened the duration of flowering about 5 d.

At the population level, significant differences in mean amplitude (flowers/plant/day), end, and duration
of flowering were observed among the density treatments with warming treatments or not (Table 1, Fig. 1).
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Figure 1. Flowering phenology curves for experimentally warmed Cardamine hirsuta plants grown under four
planted densities. d1 to d4: 600, 2000, 4000, and 10,000 plants m~2, respectively; OTC, open-top chamber; CK, control.

However, no significant differences in the first flowering dates among the population densities were observed
under simulated warming.

Significant differences in flowers quantity per plant were observed among the density treatments, and the
temperature treatments as well (Table 1).
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Figure 2. Fruiting traits of experimentally warmed Cardamine hirsuta plants grown under four population
densities. d1 to d4: 600, 2000, 4000, and 10,000 plants m~2, respectively; OTC, open-top chamber; CK, control.
#¥p < 0.01; NS, p > 0.05.

Fruit characteristics. Both plant density and warming significantly affected the quantity of fruit per plant,
fruit length, and fruit diameter (Table 1, Fig. 2). The quantity of fruit per plant, fruit length, and fruit diame-
ter decreased significantly with increasing plant density (n =4, P < 0.001). Compared with the CK, simulated
warming in the low density treatment (d1 and d2) increased significantly the fruit quantity per plant and the fruit
length, but decreased the fruit diameter.
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Figure 3. Thousand-seed weight of experimentally warmed Cardamine hirsuta plants grown under four
population densities. d1 to d4: 600, 2000, 4000, and 10,000 plants m~2, respectively; OTC, open-top chamber;
CK, control. *p < 0.05; **p < 0.01; NS, p > 0.05.
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Figure 4. Reproductive allocation of experimentally warmed Cardamine hirsuta plants grown under four
population densities. d1 to d4: 600, 2000, 4000, and 10,000 plants m~2, respectively; OTC, open-top chamber;
CK, control. ¥*p < 0.01.

Seed characteristics. Both plant density and warming significantly affected the quantity of seeds per fruit.
The quantity of seeds per fruit decreased with increasing plant density but increased with warming (Table 1,
Fig. 2). Significant decreases were observed in 1000-seed weight in response to warming (Fig. 3). Furthermore,
the 1000-seed weight decreased significantly with increasing plant density.

Reproductive allocation. Reproductive allocation (RA) was defined as weight of reproductive structures
as a proportion of total above-ground biomass. The result showed that the simulated warming significantly
decreased reproductive allocation under all plant densities (F, ;5= 12.706, P < 0.0001). However, the planted
density did not significantly affect reproductive allocation, except at the highest plant density, regardless of the
presence or absence of warming (Fig. 4).

Discussion

Plants display substantial variation in flowering phenology in response to environmental changes®. In the pres-
ent study, warming and plant density shifted the flowering phenology of C. Hirsuta in the population-level,
which indicated that the flowering phenology of C. hirsuta was highly responsive to population density and cli-
mate warming. The results also showed that the initial time of flowering was taken forward but the duration of
flowering was shorten with the plant density increasing, which cause the plant to flower massed in a few days.
This phenomenon is defined as “mass-flowering” pattern or “cornucopia” with a well-defined peak and marked
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Figure 5. Schematic illustration of the open-top chambers used in the experiments.

synchrony?’. This pattern may be propitious for plant reproduction because it may attract higher numbers of
pollinators or improve the effectiveness of pollination. On the contrary, warming delayed the first flowering dates
and prolonged the duration of flowering, which would degrade the effectiveness of pollination.

Consistent with some previous studies?” %, the present results suggested that plants which show an early onset
of flowering tend to have longer flowering durations than plants that have a later date of flowering onset. However,
we observed a different pattern from the results of Buide?”, who showed that plants which produce many flowers
tend to have long flowering durations, and those of Dieringer®®, who showed that plants which start to bloom
early tend to produce higher numbers of flowers and fruit. In the present study, C. hirsuta showed a significantly
shortened duration of flowering and higher peak flowering amplitude, and produced higher numbers of flowers
and fruit in the OTCs in comparison with the ambient controls (Table 1).

Climate warming also shifts the date of flowering onset, i.e., simulated warming leads to significantly earlier
onset of flowering in Silene acaulis*®, Leontodon autumnalis var. taraxaci®', Hibbertia hirsuta®, and Gentiana for-
mosa®®. Satake, et al.?! reported that temperature increase caused Arabidopsis halleri to show advanced onset and
shortened duration of flowering, even leading to loss of flowering opportunities in some species because of their
differential responses to climate warming. Fitter and Fitter'® observed that 10 out of 385 British plant species show
delayed onset of flowering in relation to climate warming. Liu, et al.> observed that warming significantly delays
the onset of flowering in Aster alpinus and Trollius farreri on the Tibetan plateau. In our study, C. hirsuta plants
showed significant delays in the onset and end of flowering after warming.

It was reported> that the response of species to climate warming varied significantly. For most plant species,
climate warming may lead to earlier flowering in spring and delayed flowering in autumn®. Sherry, et al.*® argued
that plants blooming before the peak summer heat would show advanced flowering phenology, whereas plants
blooming after the peak summer heat would show delayed flowering. Given that the present study was conducted
from September until November, the onset of flowering of C. hirsuta was delayed into autumn. The delay in
flowering may be due to a prolonged vegetative growth period. This result indicates that the flowering phenology
of plants is probably determined by its microhabitat and/or genetic factors?’. In addition, numerous other fac-
tors may influence C. hirsuta performance under climate warming®’, such as density-dependent floral induction,
growth responses to warming, or soil desiccation. In the present experiment, we precisely controlled the soil
moisture content in the trays to eliminate bias from soil desiccation. Thus, warming, rather than soil desiccation,
is considered as the most important factor in this study. Flowering phenology responded to both warming and
population density treatments in the present experiment. Population density significantly affected the onset, end,
duration, and the mean amplitude of the flowering.

Recent studies have observed positive®®, negative®*, or neutral**-*? effects of climate warming on seed out-
put of plants in alpine and arctic areas, where the effects of warming are likely to be most pronounced. Here, we
observed a positive effect of warming on the number of flowers and seeds produced per plant, but a negative effect
on 1000-seed weight (Fig. 3) and reproductive allocation (Fig. 4), for an ephemeral herb in a subtropical area.
Under the same plant density, the number of seeds per fruit did not differ significantly between the warmed and
unwarmed conditions, and no difference in the impact on fruit set was observed. These results suggested that
seed set by C. hirsuta may have been mainly limited by pollen, but not resource availability. Under the warmed
condition, C. hirsuta showed a “mass-flowering” pattern, which favored pollination and production of both fruit
and seeds because a high density of flowers was advantageous for pollen dispersal. C. hirsuta produced seeds with
significant larger diameter and showed greater reproductive allocation in the unwarmed condition than those in
the warmed condition, which indicated that an earlier flowering phenology, especially an earlier onset of flower-
ing, may be advantageous for plants to develop mature seeds before the end of the growing season®. In addition,
resource limitation in fruit and seed development may be another important factor.
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Figure 6. Daily average temperature and relative humidity (RH) during the study period. OTC, Open-top
chamber; CK, control.

In conclusion, our results indicated that the high plant density treatment significantly advanced the first flow-
ering dates, shorten the duration of flowering, and decreased the production of flowers, which means population
density significantly influences flowering phenology and sexual reproduction. The most likely responsible mech-
anism for this phenomenon may be resource limitation to sexual reproduction. It was reported that competition
for resources is primary to original plant species in a given constant density**. At high plant densities, the condi-
tions were unfavorable to sexual reproduction because of crowding and competition for resources.

Materials and Methods

Plant material. Cardamine hirsuta L. (Brassicaceae) is an ephemeral edible herb which begins to flower in
one month after seed germination and the life cycle is less than three months. It lasted 4 to 10 days for the herb to
flower and spread the seeds. And the seeds can germinate within a few days after dispersed. In the present study,
the seeds with the same inherited characteristic of the herb were purchased from the seed company, and sowed in
different densities as described in “Experiment design”.

We examined the effect of simulated warming on flowering phenology and sexual reproduction under the
four plant densities. The main indicators of sexual reproduction included the length and diameter of fruit, the
numbers of fruit per plant, and the numbers of seeds per fruit, and 1000-seed weight which are key indexes to
reflect the characteristics of plant sexual reproduction. During the flowering period, we observed the flowering
course of each individual plant, including such indexes as initial time of flowering (or first flowering dates), last
flowering dates (or the final one), numbers of flower per plant and duration of flowering. We also counted the
numbers of fruits per plant and seeds per fruit, measured the lengths and diameters of the fruits and weighed the
thousand-seed weight after the seed mature. At the end of the the experiment, each part of the plants was har-
vested and oven dried at 80 °C for 48 h and then weighed as the biomass.

Experiment design. The experiments were conducted at the biological experiment station of Jinggangshan
University, China (27°06'31"/-27°07/23"'N, 115°01’08"'-115°02/05"'E), and lasted from September to November,
2014. The seeds of Cardamine hirsuta were sown evenly in propagation trays (60 cm X 40 cm x 20 cm for
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length x width x height). After germination of the seeds, the final plant densities were adjusted according to the
growth densities in field to 600, 2000, 4000 and 10,000 stems m 2 in each four trays. All of the plants were grown
outdoors without water or nutrient limitation.

To examine the effect of climate warming on flowering phenology and sexual reproduction, 5 conical
open-top chambers (OTCs) with 2.20 m basal diameter, 0.80 m top diameter, and 1.30 m in height were designed
to simulate climate warming (Fig. 5). In each OTC, four sowing trays growing plants under different densities
were randomly placed. The same number of replicate trays which didn’t enclose in open-top chambers was set as
controls (CK).

During the whole experiment, the temperature and relative humidity of the atmosphere 10 cm above the soil
inside and outside the OTCs were recorded at hourly intervals with an automatic temperature and humidity
recorder (EM50, Decagon Devices Inc., Pullman, USA), and then converted to the daily average temperature and
relative humidity. To avoid the effect of soil moisture on the result, the soil relative humidity was controlled by
watering. The results of the early experiment showed that the daily average air temperature significantly increased
(toe3 =18.242, P < 0.0001), varying from 1.03 °C to 5.08 °C with a mean of 2.53 °C (Fig. 6), and the daily average
relative humidity slightly decreased (to5; =0.169, P=0.866), varying from —3.55% to 4.5% with a mean of 0.04%.
The results indicated that the amplitude of warming was consistent with the effect of OTCs in the previous studies
and that the variation in relative humidity inside and outside the OTCs was not significant.

Statistical analysis. The mutual effects of density, warming (temperature) and their interaction (density x
temperature) were analysed using one-way analysis of variance (ANOVA), and the significance of difference
between different treatments were comparatively analysed with the least significant difference (LSD). For flower-
ing phenology curves, days were numbered, taking October 30 as the first day, October 31 as the second day, and
so on. The analyses were performed with SPSS 18.0 (SPSS, Inc., Chicago, IL, USA) and OriginPro 8.0 (OriginLab,
Northampton, MA, USA). All p-values were considered significant at the 0.05 significance level.

References

1. Soeton, O. & Puckridge, D. W. The effect of density and plant arrangement on the performance of individual plants in barley and
wheat crops. Crop & Pasture Science. 33(2), 171-177 (1982).
Kirby, E. J. M. The effect of sowing date and plant density on barley. Annals of Applied Biology. 63(3), 513-521 (2008).
Faraji, A. Effect of sowing date and plant density on rapeseed varieties. Iranian Journal of Crop Sciences. 5(1), 64-73 (2003).
. Baldzs, F. & Mesterhazy, A. Effect of sowing time and plant denisity on the infection of Yugoslav wheat varieties by barley yellow
dwarf luteovirus (BYDV). Cereal Research Communications. 20(3-4), 207-211 (1992).
Pjc, H. Modelling the effects of sowing date and plant density on the yield and timing of development of Brussels sprouts (Brassica
oleracea). Journal of Econometrics. 124(2), 253-263 (1995).

6. Pan, X. Y., Weiner, J. & Li, B. Size-symmetric competition in a shade-tolerant invasive plant. Journal of Systematics and Evolution. 51,
318-325 (2013).

7. Smith, H. Light Quality, Photoperception, and Plant Strategy. Annual Review of Plant Physiology. 33, 481-518 (1982).

8. Anderson, J. T., Inouye, D. W,, McKinney, A. M., Colautti, R. I. & Mitchell-Olds, T. Phenotypic plasticity and adaptive evolution
contribute to advancing flowering phenology in response to climate change. Proceedings of the Royal Society B: Biological Sciences.
279, 3843-3852 (2012).

9. Liu, Z. M. & Jiang, D. M. Progress in the study of plant reproductive phenology. Acta Ecologica Sinica. 27(2), 1233-1241 (2007).

10. Fitter, A. H. & Fitter, R. S. R. Rapid changes in flowering time in British plants. Science. 296, 1689-1691 (2002).

11. Chuine, I. Why does phenology drive species distribution? Philosophical Transactions of the Royal Society of London B: Biological
Sciences 365, 3149-3160 (2010).

12. Oberbauer, S. F. et al. Phenological response of tundra plants to background climate variation tested using the International Tundra
Experiment. Philosophical Transactions of the Royal Society B: Biological Sciences. 368, 20120481 (2013).

13. Thomas, C. D. et al. Extinction risk from climate change. Nature. 427, 145-148 (2004).

14. Dawson, T. P, Jackson, S. T., House, J. L, Prentice, I. C. & Mace, G. M. Beyond Predictions: Biodiversity Conservation in a Changing
Climate. Science. 332, 53-58 (2011).

15. Doiron, M., Gauthier, G. & Lévesque, E. Effects of experimental warming on nitrogen concentration and biomass of forage plants
for an arctic herbivore. Journal of Ecology. 102, 508-517 (2014).

16. Hoegh-Guldberg, O. et al. Coral reefs under rapid climate change and ocean acidification. Science. 318, 1737-1742 (2007).

17. Cahill, A. E. et al. How does climate change cause extinction? Proceedings of the Royal Society B: Biological Sciences. 280, 20121890
(2013).

18. Chen, I.-C., Hill, J. K., Ohlemiiller, R, Roy, D. B. & Thomas, C. D. Rapid range shifts of species associated with high levels of climate
warming. Science. 333, 1024-1026 (2011).

19. Memmott, J., Craze, P. G., Waser, N. M. & Price, M. V. Global warming and the disruption of plant-pollinator interactions. Ecology
letters 10, 710717 (2007).

20. Bellard, C., Bertelsmeier, C., Leadley, P., Thuiller, W. & Courchamp, E. Impacts of climate change on the future of biodiversity.

Ecology letters. 15, 365-377 (2012).

. Satake, A. et al. Forecasting flowering phenology under climate warming by modelling the regulatory dynamics of flowering-time

genes. Nature communications 4, 2303 (2013).

22. Jessica, E, David, W. L. & James, D. T. Flowering phenology in subalpine meadows: Does climate variation influence community
co-flowering patterns? Ecology 91(2), 431-440 (2010).

23. Lazaro, A., Lundgren, R. & Totland, @. Co-flowering neighbors influence the diversity and identity of pollinator groups visiting
plant species. Oikos. 118, 691-702 (2009).

24. Price, M. V. & Waser, N. M. Effects of experimental warming on plant reproductive phenology in a subalpine meadow. Ecology. 79,
1261-1271 (1998).

25. Dunne, J. A., Harte, ]. & Taylor, K. J. Subalpine meadow flowering phenology responses to climate change: integrating experimental
and gradient methods. Ecological Monographs. 73, 69-86 (2003).

26. Saavedra, E, Inouye, D. W, Price, M. V. & Harte, ]. Changes in flowering and abundance of Delphinium nuttallianum (Ranunculaceae)
in response to a subalpine climate warming experiment. Global Change Biology 9, 885-894 (2003).

27. Buide, M., Diaz-Peromingo, J. & Guitian, J. Flowering phenology and female reproductive success in Silene acutifolia Link ex Rohrb.
Plant Ecology. 163, 93-103 (2002).

28. Dieringer, G. Variation in Individual Flowering Time and Reoproductive Sucess of Agalinis strictifolia (Scrophulariaceae). American
journal of botany 78, 497-503 (1991).

N

w

2

—

SCIENTIFICREPORTS | 6:27835 | DOI: 10.1038/srep27835 8



www.nature.com/scientificreports/

29. Giménez-Benavides, L., Garcia-Camacho, R., Iriondo, J. & Escudero, A. Selection on flowering time in Mediterranean high-
mountain plants under global warming. Evolutionary Ecology. 25, 777-794 (2011).

30. Alatalo, J. M. & Totland, @. Response to simulated climatic change in an alpine and subarctic pollen-risk strategist. Silene acaulis.
Global Change Biology. 3, 74-79 (1997).

31. Totland, @. Effects of Flowering Time and Temperature on Growth and Reproduction in Leontodon autumnalis var. taraxaci, a Late-
Flowering Alpine Plant. Arctic and Alpine Research. 29, 285-290 (1997).

32. Hovenden, M. J., Wills, K. E., Schoor, J. K. V., Williams, A. L. & Newton, P. C. D. Flowering phenology in a species-rich temperate
grassland is sensitive to warming but not elevated CO,. New Phytologist. 178, 815-822 (2008).

33. Liu, Y, Reich, P. B., Li, G. & Sun, S. Shifting phenology and abundance under experimental warming alters trophic relationships and
plant reproductive capacity. Ecology. 92, 1201-1207 (2011).

34. Liu, Y., Mu, J., Niklas, K. J., Li, G. & Sun, S. Global warming reduces plant reproductive output for temperate multi-inflorescence
species on the Tibetan plateau. New Phytologist. 195, 427-436 (2012).

35. Ibafiez, L. et al. Forecasting phenology under global warming. Philosophical Transactions of the Royal Society B: Biological Sciences.
365, 3247-3260 (2010).

36. Sherry, R. A. et al. Divergence of reproductive phenology under climate warming. Proceedings of the National Academy of Sciences of
the United States of America. 104, 198-202 (2007).

37. Cleland, E. E. et al. Phenological tracking enables positive species responses to climate change. Ecology. 93, 1765-1771 (2012).

38. Kudo, G. & Hirao, A. Habitat-specific responses in the flowering phenology and seed set of alpine plants to climate variation:
implications for global-change impacts. Population Ecology. 48, 49-58 (2006).

39. del Cacho, M., Penuelas, J. & Lloret, F. Reproductive output in Mediterranean shrubs under climate change experimentally induced
by drought and warming. Perspectives in Plant Ecology, Evolution and Systematics 15, 319-327 (2013).

40. Kudo, G. & Suzuki, S. Warming effects on growth, production, and vegetation structure of alpine shrubs: a five-year experiment in
northern Japan. Oecologia. 135, 280-287 (2003).

41. Totland, @. & Alatalo, J. Effects of temperature and date of snowmelt on growth, reproduction, and flowering phenology in the
arctic/alpine herb, Ranunculus glacialis. Oecologia. 133, 168-175 (2002).

42. Hovenden, M. J. et al. Warming and elevated CO, affect the relationship between seed mass, germinability and seedling growth in
Austrodanthonia caespitosa, a dominant Australian grass. Global Change Biology. 14, 1633-1641 (2008).

43. Alatalo, J. & Little, C. Simulated global change: contrasting short and medium term growth and reproductive responses of a common
alpine/Arctic cushion plant to experimental warming and nutrient enhancement. Springer Plus. 3, 157 (2014).

44. Kunin, W. E. Sex and the single mustard: population density and pollinator behavior effects on seed-set. Ecology. 74, 2145-2160
(1993).

Acknowledgements
We thank Dr. Marc, Dr. Weixing Zhu and Dr. Yonghong Xiao for comments on the manuscript. We are grateful to
the National Natural Science Foundation of China (Nos 31360099, 41561012, 31360138).

Author Contributions
Y.X. and Y.C. designed the experiment, H.H. and J.X. performed the experiment, Y.X. did the statistical analysis
and wrote the first draft of the manuscript, WH., N.W. and Y.C. contributed substantially to the revisions.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Cao, Y. et al. Simulated warming shifts the flowering phenology and sexual
reproduction of Cardamine hirsuta under different Planting densities. Sci. Rep. 6, 27835; doi: 10.1038/srep27835
(2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

= or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 6:27835 | DOI: 10.1038/srep27835 9


http://creativecommons.org/licenses/by/4.0/

	Simulated warming shifts the flowering phenology and sexual reproduction of Cardamine hirsuta under different Planting dens ...
	Results

	Flowering phenology. 
	Fruit characteristics. 
	Seed characteristics. 
	Reproductive allocation. 

	Discussion

	Materials and Methods

	Plant material. 
	Experiment design. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Flowering phenology curves for experimentally warmed Cardamine hirsuta plants grown under four planted densities.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Fruiting traits of experimentally warmed Cardamine hirsuta plants grown under four population densities.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Thousand-seed weight of experimentally warmed Cardamine hirsuta plants grown under four population densities.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Reproductive allocation of experimentally warmed Cardamine hirsuta plants grown under four population densities.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Schematic illustration of the open-top chambers used in the experiments.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Daily average temperature and relative humidity (RH) during the study period.
	﻿Table 1﻿﻿. ﻿  The analysis of variances in flowering phenology and fruiting traits of Cardamine hirsuta for the factors Density and Temperature.



 
    
       
          application/pdf
          
             
                Simulated warming shifts the flowering phenology and sexual reproduction of Cardamine hirsuta under different Planting densities
            
         
          
             
                srep ,  (2016). doi:10.1038/srep27835
            
         
          
             
                YuSong Cao
                Yian Xiao
                Haiqun Huang
                Jiancheng Xu
                Wenhai Hu
                Ning Wang
            
         
          doi:10.1038/srep27835
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep27835
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep27835
            
         
      
       
          
          
          
             
                doi:10.1038/srep27835
            
         
          
             
                srep ,  (2016). doi:10.1038/srep27835
            
         
          
          
      
       
       
          True
      
   




