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Background. Current and future increased rainfall variation with global climate change
may particularly impact annual plants in desert ecosystems. The winter annual Echinops
gmelinii Turcz. is widely distributed in the desert habitats of northern China and is a
dominant pioneer annual plant following sand stabilization in the Tengger Desert. This
species plays a vital role in dune stabilization during spring and early summer, when wind
erosion is the most severe and frequent. However, seedling emergence and regeneration
in sandy soil are mainly determined by rainfall patterns. Therefore, understanding the life
history response of this species to rainfall variation is necessary for understanding the
change of population dynamics under the future climate change. Methods. A field
simulation rainfall pot experiment using rainout shelter was conducted that included five
amounts and five frequencies of rainfall based on historical and predicted values to
monitor the life history responses of E. gmelinii in a near-natural habitat. Results. We
found that rainfall amount and frequency significantly affected seedling survival, growth
and reproduction. The plant height, biomass, capitula number, seed number, seed mass
and reproductive effort, but not the root/shoot ratio, significantly increased with increasing
rainfall. Further, these traits exhibited the greatest response to low-frequency and larger
rainfall events, especially the optimal rainfall frequency of 10-day intervals. Offspring seed
germination showed increasing trends with decreasing rainfall, suggesting that the
maternal effects may have occurred. Conclusions. Our study shows that the plasticity in
growth and reproduction of E. gmelinii in response to rainfall variations may help it to gain
dominance in the harsh and unpredictable desert environment. Furthermore, population
development of this winter annual species should be promoted under the likely future
scenarios of large rainfall events and increasing cool-season precipitation in temperate
desert.
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11 Abstract

12 Background. Current and future increased rainfall variation with global climate change may 

13 particularly impact annual plants in desert ecosystems. The winter annual Echinops gmelinii 

14 Turcz. is widely distributed in the desert habitats of northern China and is a dominant pioneer 

15 annual plant following sand stabilization in the Tengger Desert. This species plays a vital role in 

16 dune stabilization during spring and early summer, when wind erosion is the most severe and 

17 frequent. However, the seedling emergence and regeneration in sandy soil are mainly determined 

18 by rainfall patterns. Therefore, understanding the life history response of this species to rainfall 

19 variation is necessary for understanding the change of population dynamics under the future 

20 climate change.

21 Methods. A field simulation rainfall pot experiment using rainout shelter was conducted that 

22 included five amounts and five frequencies of rainfall based on historical and predicted values to 

23 monitor the life history responses of E. gmelinii in a near-natural habitat.

24 Results. We found that rainfall amount and frequency significantly affected seedling survival, 

25 growth and reproduction. The plant height, biomass, capitula number, seed number, seed mass 

26 and reproductive effort, but not the root/shoot ratio, significantly increased with increasing 

27 rainfall. Further, these traits exhibited the greatest response to low-frequency and larger rainfall 

28 events, especially the optimal rainfall frequency of 10-day intervals. Offspring seed germination 

29 showed increasing trends with decreasing rainfall, suggesting that the maternal effects may have 

30 occurred.

31 Conclusions. Our study shows that the plasticity in growth and reproduction of E. gmelinii in 

32 response to rainfall variations may help it to gain dominance in the harsh and unpredictable 

33 desert environment. Furthermore, population development of this winter annual species should 

34 be promoted under the likely future scenarios of large rainfall events and increasing cool-season 

35 precipitation in temperate desert.

36
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37 Introduction

38 Global climate change is predicted to further increase variation in rainfall, with more 

39 extreme rainfall events punctuated by longer intervening dry periods and changes in seasonality 

40 (IPCC 2013). These shifts in rainfall should have greater effects on plant community 

41 composition in arid and semiarid ecosystems, where precipitation is scarce and high inter- and 

42 intra-annual variability (Noy-Meir 1973, Muldavin et al. 2008, Báez et al. 2013, Chen et al. 

43 2019b). Specifically, rainfall fluctuation is known to cause particularly high variation in the 

44 populations of annual plants (Went 1948, Beatley 1974, Young et al.1981, Angert et al. 2007, 

45 Levine et al. 2008). Long-term monitoring of a winter annual plant community demonstrated that 

46 demographic success is strongly related to growing season precipitation, but species have also 

47 been found to differ in the degree of demographic sensitivity to precipitation (Venable 2007, 

48 Huxman et al. 2008). Furthermore, Miranda et al. (2009a) showed that higher reductions or long-

49 term changes in water availability would likely reduce productivity and diversity in three 

50 semiarid plant communities dominated by annual species in Mediterranean ecosystems. Plant 

51 communities respond not only to the rainfall amount but also to variation in timing, especially 

52 for annual species in arid environments, where relatively small changes in rainfall frequency may 

53 have strong effects on communities (Sala and Lauenroth 1982, Knapp et al. 2002, Miranda et al. 

54 2011). In the southwestern United States, less frequent and larger rainfall events could provide a 

55 competitive advantage to Bouteloua gracilis and influence species composition in the arid-

56 semiarid grassland ecotone (Thomey et al. 2014). Despite the existence of many experimental 

57 studies demonstrating links between rainfall regimes and ecological processes, the understanding 

58 of the plant species response to variation in rainfall patterns at the regional scale is still 

59 inadequate (Miranda et al. 2009b, Thomey et al. 2014, Gao et al. 2015, Mojzes et al. 2018, 

60 March-Salas and Fitze 2019).

61 Phenotypic plasticity is one of the key mechanisms that can allow plant populations to 

62 adjust to climate change (Nicotra et al. 2010, Franks et al. 2014, Parmesan and Hanley 2015). 

63 Some previous studies have examined the plastic responses of plant physiology (Liu et al. 2012, 
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64 Thomey et al. 2014), seed germination and seedling survival, growth and reproduction (Pol et al. 

65 2010, Lu et al. 2012, Gao et al. 2015, Prado-Tarango et al. 2018) to variation in annual 

66 precipitation. However, most studies have addressed the plastic response of growth traits, such as 

67 biomass accumulation, to environmental changes (Muldavin et al. 2008, Dios Miranda et al. 

68 2009b, Li et al. 2015, Sepúlveda et al. 2018). The plasticity of certain regeneration traits, such as 

69 seed germination and seedling growth, is highly unknown, despite the critical role of early life-

70 history stages in plant population persistence (Walck et al. 2011, Hanel and Tielborger 2015). 

71 Moreover, the plastic response of an individual can be expressed not only as within-generation 

72 phenotypic plasticity and the potential importance of maternal environmental effects on plant 

73 species’, which responses to global environmental changes has been highlighted by an increasing 

74 number of studies (Hovenden et al. 2008, Pias et al. 2010, Fenesi et al. 2014, Walter et al. 2016, 

75 Mojzes et al. 2018). Rainfall changes in the maternal environment could influence offspring 

76 germination behaviors because dormancy has been found to be broken by drought (Cendán et al. 

77 2013, Baskin and Baskin 2014, Chen et al. 2019b). Unfortunately, the analyses of the phenotypic 

78 responses to climate change are almost solely from the perspective of individual rainfall events 

79 or one stage of a plants’ life history, and little is known about how a series of pulse events affect 

80 the whole life cycle of annual plants.

81 Winter annuals contribute substantially to plant diversity in desert regions and have 

82 received a great deal of attention regarding their life history responses to climate change in 

83 tropical and Mediterranean climate regions (Huxman et al. 2008, Huxman and Venable 2013, 

84 Dwyer and Erickson 2016, Mojzes et al. 2018). However, little is known about the ecology of 

85 desert winter annuals in temperate zones, which are characterized by cold and dry winters 

86 (Baskin and Baskin 2000, Miller et al. 2010). In the Tengger Desert, which is a typical temperate 

87 desert in northern China, Echinops gmelinii Turcz. is the most common winter annual species. It 

88 is widely distributed in Siberia, Mongolia and northern China and grows in sandy soil and 

89 shingle habitats (Shi 1987). On the southeast margin of the Tengger Desert, the species is a 

90 dominant pioneer annual plant following sand stabilization, where its coverage can reach 20-30% 
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91 in May, and the presence of this species plays a vital role in preventing wind erosion and 

92 maintaining sand fixation during the spring and early summer. E. gmelinii seeds germinate in 

93 summer and autumn, and plants overwinter as rosettes and complete their life cycle quickly by 

94 utilizing spring and early summer rainfall (Wang et al. 2019a), which could avoid competition 

95 resources with other summer annuals (Tobe et al. 2005). At a field site in the Tengger Desert, we 

96 found that the population dynamics of E. gmelinii were very sensitive to rainfall variation (Wang 

97 et al. 2019b); thus, the species may be particularly threatened by climate change. Furthermore, E. 

98 gmelinii provides an ideal opportunity to understand the response of the life history adaptation 

99 strategies of winter annuals in temperate desert to rainfall variation in the context of global 

100 climate change.

101 Thus, to test the effects of rainfall pattern variation on the survival, growth and reproduction 

102 of E. gmelinii, we established a gradient of five amounts and five frequencies of rainfall based on 

103 historical and predicted values (1955-2015). Specifically, the aims of this study were to answer 

104 the following questions (1) How are the survivorship, growth, and reproduction of E. gmelinii 

105 affected by variation in rainfall pattern? and (2) Do changes in the maternal environment caused 

106 by different rainfall amounts and frequencies influence the offspring seed germination? We 

107 hypothesized that (H1) E. gmelinii shows plasticity in the life history traits in response to the 

108 different environment resulting from rainfall treatments; (H2) the effect of maternal environment 

109 presents in the offspring germination; (H3) likely future scenarios of increasing cool-season 

110 precipitation and large rainfall events will enhance the growth of winter annuals in temperate 

111 desert. Furthermore, the identification of the mechanisms underlying these marked vegetation 

112 changes at the individual species level can be important to better understand and predict the 

113 impacts of climate change in desert ecosystems.

114 Materials & Methods

115 Study site

116 The study area is located at the Shapotou Desert Research and Experimental Station 
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117 (Shapotou Station) at the southeastern edge of the Tengger Desert (37°32′ N, 105°02′ E). The 

118 annual mean temperature is 9.6 °C, the extreme minimum temperature is -25.1 °C, and the 

119 maximum temperature is 38.1 °C. Over a 60-year period, the rainfall amount slightly decreased, 

120 with great interannual fluctuation (Fig. 1A). The mean annual precipitation is 186.2 mm, of 

121 which nearly 90% falls between April and September. The mean number of precipitation days 

122 (days of precipitation ≥0.1 mm ) was 50 (Fig. 1B), and approximately 80% of the rain days were 

123 less than 5mm of rainfall accumulation throughout the year (Zhang et al. 2016).

124 To protect the Baotou-Lanzhou railway line from sand burial, a nonirrigated vegetation 

125 protection system was established in 1965 by Shapotou Station. To extend the research to 

126 vegetation successional processes and water cycles in the restored vegetation area, the Water 

127 Balance Experimental Field (WBEF) was established by the Shapotou Station in April 1989. The 

128 WBEF was constructed by first levelling sand dunes, then erecting sand barriers using 1×1 m 

129 wheat-straw checkerboards, and finally planting xerophytic shrubs Artemisia ordosica Krasch. 

130 and Caragana korshinskii Kom. in different years (Zhang et al. 2016). In the artificial vegetation 

131 sand-fixing area of the Shapotou region, winter annual E. gmelinii is a pioneer and dominant 

132 herbaceous species at the early stage of dune fixation, which plays a vital role in preventing wind 

133 erosion and maintaining sand fixation during the spring and early summer.

134 Experimental design

135 In our study area, except for two extremely high-precipitation years (1968 and 1978) and 

136 two extremely low-precipitation years (1957 and 2005), the interannual variation in the amount 

137 of precipitation was from 51 to 159% of the average annual precipitation (186.6 mm) over the 

138 past 60 years (Fig. 1A). To understand the effects of rainfall amount and frequency on plant 

139 survival, growth and reproduction of overwintered seedlings from April to July, an array of 25 

140 rainfall treatments (5 total amounts×5 frequencies) was established in our experiment. Each 

141 treatment was replicated 12 times (300 total pots). Accordingly, a gradient of different rainfall 

142 amounts was established to approximate the observed variation in rainfall in the total amounts of 

143 150, 125, 100, 75 or 50% quantity of the mean total rainfall from April to July (92 mm) 
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144 corresponding to 138, 115, 92, 69 and 46 mm, respectively (Fig. 1B; Table 1). In addition, the 

145 mean frequency of rainfall was one rainfall event every 5.2 days in our study area from April to 

146 July (Fig. 1B). We assumed that the frequency will continue to change in the future. Thus, a 

147 gradient of rainfall frequencies was established within each rainfall amount treatment, in which 

148 the plants were watered every 3 days, 5 days, 10 days, 15 days or 30 days (Table 1). 

149 The experiment was conducted in a complete rainout shelter (12×6 m) consisting of a steel 

150 frame, which was constructed on level sandy soil in the WBEF of Shapotou Station. The rainout 

151 shelter was assembled to obtain a maximum shelter height of 2.1 m angled to a minimum height 

152 of 1.8 m. Roofing consisted of clear polycarbonate panels that eliminated ultraviolet radiation 

153 but transmitted 90% of visible light. The shelter sides remained open to maximize air movement 

154 and minimize temperature and relative humidity differences from those in the ambient 

155 environment. All pots were buried about 18-cm-deep into the sandy soil beneath the rainout 

156 shelter to avoid damage to plants that may occur at low temperatures in winter. The simulated 

157 rainfall treatments lasted for 110 days between 3 April and 20 July 2018, since this is the time to 

158 complete the vegetative and reproductive growth for E. gmelinii in the natural habitat. Water was 

159 added to pots by measuring the given amount in a beaker and then gently and uniformly pouring 

160 it over the sand. For the 3-15-day interval treatments, all water for a given event was applied on 

161 1 day. For the 30-day interval treatment watering was successively distributed over 1-3 days 

162 according to the appropriate water amounts to reduce water leakage and runoff.

163 In our study area, E. gmelinii seedlings emerge in summer and autumn, and overwinter as 

164 rosettes. The overwintered seedlings vegetative and reproductive growth mainly utilize spring 

165 and early summer (from April to July) rainfall of the following year. To insure uniformity in 

166 overwintered seedlings for the controlled rainfall experiment, E. gmelinii seeds were collected in 

167 late June 2017 from a natural population in the vegetation sand fixation area in the WBEF and 

168 were stored in paper bags under ambient room conditions until use in the laboratory. In late 

169 August 2017, seeds were sown in the pots (height × top diameter × bottom diameter = 20×26×18 

170 cm; with drainage holes at the bottom) filled with approximately 10 kg of sand. Ten seeds were 
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171 sown into each pot. The pot size used in the experiment was chosen on the basis of the plant size 

172 and root length in our study system. The sandy soil was taken from 50-cm-deep underground in 

173 the natural habitat of E. gmelinii. In addition, the nonwoven cloth was placed on the bottom of 

174 the pots to allow water to permeate but prevent plant roots from stretching out of the pot. During 

175 the seed germination period, the soil was watered daily to field capacity to ensure the successful 

176 establishment of seedlings. To prevent variation in initial seedling size, seedling emergence was 

177 checked daily. Most of seedlings emerged on the fifth day; a few seeds germinated on the third 

178 and fourth days, and these seedlings were removed and discarded. In addition, at the two-leaf 

179 stage (i.e., 2 weeks after emergence), five seedlings of the same size in each pot were kept for 

180 overwintering. Furthermore, to ensure that the seedlings could survive to overwinter successfully, 

181 all pots were watered to field capacity every 5-7 days between September and October. 

182 Additionally, based on the mean monthly precipitation over 60 years (Fig. 1B), the amount of 

183 water applied to simulate rainfall was 2 mm, 2 mm and 5 mm on November 10, January 5 and 

184 March 15 in the following year, respectively. In late March 2018, new leaves appeared on the 

185 overwintered seedlings, and to prevent variation in initial seedling size, seedlings of the same 

186 size in each pot were kept (one plant per pot), and the others were removed from the pots.

187 To determine the soil water content of the 0-20 cm soil depth in the pots, we prepared 3 pots 

188 per treatment with sand but no plants and employed identical rainfall treatments as those applied 

189 to the pots with plants. We collected three soil samples (soil cores with diameter of 3 cm) of 0-20 

190 cm from the pots without plants per treatment daily for up to 14 days between 3 and 16 May. 

191 These samples were then immediately placed in soil sample cans, and the moisture content was 

192 measured by the oven-drying method. 

193 Measurements

194 The plant mortality was recorded every three days in all treatments. Our field investigation 

195 of E. gmelinii population for three years (2016 to 2018) showed that less than 30% of seedlings 

196 could successfully overwinter in our study area (Wang et al. 2019b). Thus, survival of 

197 overwintered seedlings is a key factor for affecting population dynamics of E. gmelinii. We 

PeerJ reviewing PDF | (2019:06:38179:1:0:REVIEW 9 Sep 2019)

Manuscript to be reviewed

andy
Highlight
This data should be shared with the reviewers.  Also confirm "EVERY 3 days!" For the whole growing season? Or how long were these data recorded. 



198 measured the height of each plant (height1) in early April 2018 following the first time the water 

199 treatments were applied and measured the height (height2) again in late April. The same 

200 measurements were conducted in May. These dates correspond to rapid periods of vegetative 

201 growth among these plants. For each surviving plant, we calculated the relative height increase 

202 (Δ height) over a 1-month period as ln (height2) - ln (height1). 

203 On July 20 2018, all seeds were mature and the plants were completely harvested from the 

204 pots. Individual plant height was measured and the number of capitula per plant was recorded. 

205 Moreover, as a result of seeds matured at different times, we covered the capitula using poly-

206 organza bags (40 fine-mesh) before the seeds detached to prevent seed loss. All seeds were 

207 collected from the plants and counted. The infructescences (without seeds), leaves, stems and 

208 roots (washed free of sand) of each plant were detached and weighed separately after drying at 

209 75 °C for 48 h. Seeds were placed for one month in the laboratory to dry naturally and then 

210 germination tests were performed in a separate experiment (see below). Once dry, all parts were 

211 weighed using an electronic-balance (0.001 g). All seeds per plant were weighed and the mass of 

212 100 seeds was determined to analyze the difference in seed mass among different treatments. 

213 Total biomass was calculated as the sum of dry mass of seeds and infructescences, leaves, stems 

214 and roots of each plant. The root/shoot ratio was computed as the root dry mass to shoot dry 

215 mass. Reproductive effort was calculated as the ratio of total seed mass to total biomass per plant 

216 (Harper and Ogden 1970).

217 Seed germination of offspring

218 Mature seeds were stored in paper bags under ambient room conditions until use. 

219 Germination experiments started on 20 August 2018. Germination tests were conducted in 

220 incubators under optimum conditions (12 h light/ 12 h dark, 30/20 °C) for E. gmelinii seed 

221 germination (Wang et al. 2019a). Three replicates of 20 seeds each were sown on two layers of 

222 Whatman No. 1 filter paper in 9 cm-diameter glass Petri dishes and moistened with distilled 

223 water. Seeds were monitored and watered (if necessary) every day. Germination was considered 

224 as protrusion of the radicle (~2 mm long), and these seeds were discarded. The viability of 
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225 ungerminated seeds was determined as follows: seeds were cut in half and soaked in 0.5% 2,3,5-

226 triphenyl tetrazolium chloride (TTC) at a constant 25 °C for 3 h; cotyledons that were stained red 

227 were considered viable. Final germination percentages were based on the number of viable seeds.

228 Data analysis

229 All statistical analyses were performed with SPSS version 16.0 (SPSS Inc., Chicago, IL, 

230 USA). Effects of rainfall amount on seedling survival were analyzed with a chi-square test of 

231 independence. The chi-square analysis was also used to test whether survival varied with rainfall 

232 frequency across amount treatments. Two-way analysis of variance (ANOVA) was carried out to 

233 compare the effects of the total amount and frequency of rainfall and their interaction on 

234 components of growth (height, biomass and root/shoot ratio), reproductive traits (capitula 

235 number, seeds number, seed mass and reproductive effort) and offspring seed germination. 

236 Significant interactions would indicate that the response of a trait to the total amount of rainfall 

237 was highly dependent on the frequency of rainfall. The relative magnitudes of the effects (the 

238 effect size) were estimated according to the partial eta squared [ηp
2 = SS effect/(SS effect + SS 

239 error), SS = sum of squares], which measures the relative explanatory power of the effect of the 

240 independent variable on the dependent variable (Burns et al. 2008). Data were log- (i.e. seeds 

241 and capitula number) or arcsin-transformed (i.e. seed germination) before analysis when required 

242 to satisfy assumptions of ANOVA. Non-transformed data appear in all figures. The averages 

243 were compared by protected least significant difference tests (LSD) at the 5% level of 

244 significance. Treatments were discarded from the analysis if all plants died. 

245 Results

246 Seedling survival of E. gmelinii decreased with decreasing amounts of rainfall regardless of 

247 the frequency (Fig. 2). Moreover, except for 3-day interval treatment, the differences among 

248 rainfall amounts within each frequency were significant (P < 0.01, Chi-square test). Survival in 

249 the high-frequency treatment (3- and 5-day intervals) was low and less than 50% across all 

250 rainfall amount treatments. Especially under the 5-day interval treatment, all plants died (n=12) 
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251 before seed production under 50-100% rainfall treatments. In the 10- and 15-day interval 

252 treatments, high survival (80-100%) occurred under 150% and 125% rainfall. Moreover, 36.4% 

253 (n=11) of seedlings could survive to produce seeds in the 15-day interval treatment under 

254 extremely low water availability (50%). In the low-frequency treatment (30-day interval), the 

255 survival rate was 50-75% under 100-150% of rainfall amount. Overall, there were significant 

256 differences among frequencies within each amount (Chi-square for 150% = 15.6, 125% = 20.4, 

257 100% = 19.2, 75% = 11.6 and 50%=10.3, both have a P < 0.01).

258 When comparing the rates of plant height increase (Δ height) in E. gmelinii in April and May, 

259 the results showed that rapid growth in plant height occurred in April (Fig. 3A and B). Also in 

260 April, the Δ height under the 150% rainfall was significantly (P < 0.05) higher than that in other 

261 rainfall amount treatments. However, there were no significant (P > 0.05) differences in Δ height 

262 under 50-125% rainfall. Similarly, no differences were detected due to changes in rainfall 

263 frequency (Fig. 3A). The effects of the different amounts and frequencies of rainfall were 

264 significant (P < 0.05) for plant growth traits (Fig. 3C-E). With decreasing amounts of rainfall, 

265 plant height and biomass significantly decreased, but the root/shoot ratio increased. Across 

266 frequencies within each rainfall amount, plant height and biomass were largest at the 10-day 

267 interval. Moreover, the effect of rainfall frequency on the plant height depended on the rainfall 

268 amount to some degree (interactions, P < 0.05; Table 2). Under the high rainfall treatments (150% 

269 and 125%), the effects of the different rainfall frequencies on height were significant, while 

270 under the low rainfall treatments (50-100%), the effects were not evident. The root/shoot ratio at 

271 3-day interval was significantly higher than that at other rainfall frequencies under 75-100% 

272 rainfall, while the effects of the different frequencies on the root/shoot ratio was not significant 

273 under 150% and 125% rainfall.

274 All reproductive traits also significantly differed (P < 0.05) among the various rainfall 

275 amount and frequency treatments (Table 2). The capitula number and reproductive effort 

276 associated with the different rainfall amounts were highly dependent on rainfall frequencies 

277 (interactions, P < 0.05). Rainfall frequency explained slightly more variation than rainfall 
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278 amount or the two-way interaction term for reproductive effort, capitula and seeds number. 

279 Under 150% and 125% rainfall, all reproductive traits were the largest at the 10-day interval, but 

280 they decreased at 50-100% of rainfall. Notably, under 50-100% rainfall, seed mass and the 

281 number of capitula and seed were stable across the different amounts and frequencies (Fig. 4A-

282 C). The reproductive effort significantly decreased with decreasing rainfall amount regardless of 

283 frequency (Fig. 4D).

284 Two-way ANOVA of the effects of rainfall pattern on offspring germination demonstrated 

285 that rainfall amount, frequency and their interaction had significant (P<0.001) effects on the final 

286 germination percentage (Table 2). Rainfall frequency explained more variation than amount for 

287 germination (65.9 vs 53.3%). With the exception of the extreme low-frequency treatment (30-

288 day interval), offspring germination showed an increasing trend with a decrease in rainfall 

289 amount within each rainfall frequency. At a rainfall frequency of 30-day intervals, the difference 

290 in rainfall amount on germination was not significant (P > 0.05) and germination was 

291 significantly (P < 0.05) lower than that found for the other frequencies under 75-125% rainfall 

292 (Fig. 5).

293 The different rainfall amount and frequency treatments directly led to differences in soil 

294 water content (Fig. 6). Pots receiving the high rainfall treatment (100-150%) maintained greater 

295 soil moisture than those receiving the low rainfall amount (50-75%) for approximately 2 weeks. 

296 The sand water content in all treatments was highest immediately following watering and then 

297 gradually decreased. In all frequency treatments, the sand water content decreased to nearly 0% 

298 before the next watering at 75% and 50% of rainfall amount. For the 10-30 day intervals, the soil 

299 water content rapidly decreased in the first 5 days after watering and then remained relatively 

300 stable with the sand water content being greater than 1% during our observational period under 

301 100-150% rainfall.

302 Discussion

303 Understanding the mechanisms of plant survival, growth and reproduction in response to 
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304 rainfall pattern changes is critical to predicting plant population persistence under altered climate 

305 regimes. In semiarid and arid regions, ecosystems on sandy soils can be particularly sensitive to 

306 rainfall changes, partly due to the low water-holding capacity of the soil (Huang et al. 2017). 

307 Desert annual herbs respond very rapidly to rainfall changes throughout the whole growth period, 

308 and species show differential responses to unpredictable precipitation (Chen et al. 2019b). In our 

309 study, E. gmelinii seedling survival, survived plants growth and reproduction showed mostly 

310 consistent responses along the gradient of rainfall amounts and along the frequency gradient. 

311 Under each rainfall amount, the optimum rainfall frequency for plant growth and reproduction 

312 was a 10-day interval. Furthermore, E. gmelinii showed strong plasticity in measured traits in 

313 response to rainfall variations. Additionally, seed germination of offspring tended to increase 

314 with increasing aridity, suggesting that a maternal effect may have occurred. Therefore, 

315 variations of rainfall amount and frequency will affect plant population regeneration of the 

316 winter annual on sand dunes.

317 Seedling survival rate was highest (100%) at frequencies of 10- and 15-day intervals under 

318 150% and 125% rainfall (Fig. 2). These rainfall patterns were associated with greater water 

319 infiltration of the soil water, and high soil moisture persisted longer than that under the other 

320 treatment, especially at deeper soil depths, where evaporation was low (Fig. 6). Nevertheless, 

321 under the 150% rainfall, the survival rate was less than 50% at high frequencies (3- and 5-day 

322 intervals), as these treatments entailed consecutive sequences of small precipitation pulses that 

323 caused the soil to be relatively dry because the individual watering amounts were very low. 

324 Under the extreme low frequency (30-day interval) and amount (50%) of rainfall, a small 

325 number of E. gmelinii seedlings were able to survive to produce seeds, most likely because the 

326 plants are adapted to the characteristic inter- and intra-annual climatic variability that occurs at 

327 arid sites (Jump and Penuelas 2005). Another reason may be that E. gmelinii germinates in 

328 summer and autumn, and the overwintering seedlings had reached a certain size with well-

329 developed roots (length of 10 to 20 cm), which could survive under a low amount and frequency 

330 of rainfall in spring. The results could explain why some desert plants, many of which have deep 
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331 root systems, show the greatest response to low-frequency and large rainfall events (Shan et al. 

332 2018). Thus, winter annuals would be expected to increase and improve reproductive success 

333 with variable precipitation under the future climate. 

334 Most species tolerate short-term climate variability through phenotypic plasticity (Jump and 

335 Penuelas 2005), especially in short-lived organisms living in harsh ecosystems. Our study show 

336 that rainfall changes had marked impacts on the growth and reproductive traits of E. gmelinii, 

337 which remarkably decreased with a declines in rainfall amount under each rainfall frequency, but 

338 the opposite trend was observed for the root/shoot ratio (Table 2; Fig. 3 and Fig. 4). Similarly, 

339 some water manipulation experiments in arid and semiarid ecosystems showed that reductions in 

340 the amount of rainfall usually limit plant growth and/or seed production, whereas an increased 

341 water supply has the opposite effect (Breen and Richards 2008, Volis et al. 2015, Mojzes et al. 

342 2018). The response of E. gmelinii root/shoot ratio to rainfall amount was consistent with that of 

343 plants growing in arid regions, in which increased allocation to roots may be advantageous for 

344 capturing limiting soil resources (Padilla et al. 2013, Gao et al. 2015, Shan et al. 2018, Chen et al. 

345 2019a). Moreover, under high amounts of rainfall (150% and 125%), plant growth and 

346 reproductive traits under the rainfall frequency of 10-day interval were significantly higher than 

347 those observed in association with other frequencies (Fig. 3 and Fig. 4). These results indicate 

348 that E. gmelinii shows strong plasticity in growth and reproduction in response to rainfall 

349 variation, which enhances its ability to survive and reproduce in the unpredictable environments 

350 of arid regions. However, under low rainfall (50-100%), plant height, biomass, capitula number 

351 and seed mass were stable across all frequencies, suggesting that plant exhibit low plasticity in 

352 response to rainfall frequencies when a low amount of rainfall occurs. Thus, the effects of 

353 rainfall frequency on plant growth and reproduction depended on the amount of rainfall to some 

354 degree.

355 Reproductive effort of E. gmelinii significantly decreasing with a decline in rainfall amount 

356 across all rainfall frequencies (Fig. 4D). Moreover, rainfall amount and frequency explained 

357 more variation for reproductive effort than other measured traits (Table 2), indicating that the 
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358 plasticity of reproductive effort is more sensitive to the rainfall variations. Similarly, the 

359 reproductive effort of the winter annual Brachypodium distachyon was also found to decrease 

360 with increasing aridity (Aronson et al. 1993). However, some studies have frequently claimed 

361 that reproductive effort is an invariant characteristic of a species or population that remains 

362 constant even when plants are exposed to various stresses (Harper and Ogden 1970, Hickman 

363 1977, Abrahamson 1979, Schlichting and A. Levin 1984, Angert et al. 2010). Indeed, other 

364 published works (K. Monson and R. Szarek 1981, Marshall et al. 1986, Aronson et al. 1990, 

365 Aronson et al. 1993) and our results clearly indicate that reproductive effort is a dynamic 

366 component of annual species’ adaptive life history strategies in the desert environment and is 

367 readily affected by changes in rainfall. In our study, the seed mass of E. gmelinii was less 

368 variable than the seed number (Fig. 4B and C). A previous study showed that seed size is often 

369 the least plastic component of reproductive yield within a species (Harper et al. 1970). The 

370 effects of rainfall variations on the reproductive components were mainly due to changes in seed 

371 number and much less to variation in seed size. Furthermore, our results showed that rainfall 

372 frequency explained more variation than rainfall amount for reproductive effort, capitula and 

373 seeds number (Table 2), suggesting that the plasticity of reproduction traits to the change of 

374 rainfall amount is lower than to frequency. Thus, it can be inferred that the development of plant 

375 population is highly susceptible to future rainfall amount changes.

376 In our study, we also found that seed germination of E. gmelinii offspring increased with 

377 decreasing rainfall amount at a given frequency, with the exception of the 30-day rainfall interval 

378 (Fig. 5), indicating that maternal effects may have occurred. Similar results have been reported in 

379 rainfall manipulation experiments with annual species (Karimmojeni et al. 2014, Gao et al. 2015); 

380 seed dormancy imposed by drought during seed development usually decreases dormancy and 

381 increases germinability (Fenner 1991). In contrast, other studies have reported similar or higher 

382 seed germination of offspring in response to better water conditions in the maternal environment 

383 (Breen and Richards 2008, Pias et al. 2010, Yang et al. 2011). However, Mojzes et al. (2018) 

384 showed that offspring seed germination in the winter annual grass Secale sylvestre was not 

PeerJ reviewing PDF | (2019:06:38179:1:0:REVIEW 9 Sep 2019)

Manuscript to be reviewed



385 influenced by the environmental conditions associated with their mother plants. The offspring 

386 seed germination of E. gmelinii was negatively correlated with high reproduction effort among 

387 their mother plants, which could prevent most of the seed germination occurring with a single 

388 year and contribute to the formation of a persistent soil seed bank. Moreover, low seed 

389 germination could prevent high levels of competition among siblings when a large number of 

390 seeds are produced in wet environments (Chen et al. 2019b). Higher seed germination might 

391 allow some plants survival when only a few seeds are produced in the dryer environments 

392 (Wagmann et al. 2012). The seed germination of E. gmelinii offspring under 30-day rainfall 

393 intervals was significantly lower than that under other frequencies at 75-125% rainfall, which 

394 may be due to the low seedling survival under these conditions. These results also demonstrate 

395 the maternal effects associated with rainfall frequency on offspring germination.

396 Conclusions

397 In temperate zones, patterns of rainfall are currently changing, with the occurrence of 

398 extreme rainfall events, increasing in rainfall intervals and changes in seasonality (less summer 

399 and more cool-season precipitation), and these patterns are expected to change further under 

400 global warming (IPCC 2013). Climate change is known to influence seedling survival and 

401 fecundity in annual plants, which can strongly affect population persistence and community 

402 dynamics in arid systems (Levine et al. 2008). The growth and reproduction stages of E. gmelinii 

403 mainly occur in the cool and dry seasons, and less than 40% of the precipitation distributes in the 

404 spring, autumn and winter in the Shapotou region (Fig. 1B). Our results show that increased 

405 rainfall in spring and early summer significantly improved seedling survival, growth and 

406 reproduction, which all exhibited a greater response to low frequency (10-day interval) and large 

407 rainfall events. In addition, the variability of reproductive effort in response to rainfall variation 

408 is a critical component of life history strategies in E. gmelinii in unpredictable desert 

409 environments. Further, we found that variations of rainfall amount and frequency in maternal 

410 environment could influence the germination behaviors of offspring, which can reduce the risk of 

411 germination failure and maintain the population. By and large, these results indicate that the 
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412 plastic response of the growth and reproduction of E. gmelinii to rainfall fluctuations shows 

413 strong adaptation to the currently unpredictable environment as well as the increased 

414 unpredictability under climate change. Therefore, this species has multiple life history strategies 

415 for dealing with unpredictable environmental, which should be very adaptive under the expected 

416 future scenarios of increasing cool-season precipitation and large rainfall events. Simultaneously, 

417 our findings highlight the inherent complexity in predicting desert ecosystem responses to 

418 fluctuations in precipitation, and provide a mechanistic understanding of projecting plant 

419 population dynamics under global change.
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Table 1(on next page)

Total amounts and frequencies of rainfall events for treatments in the experiment.

PeerJ reviewing PDF | (2019:06:38179:1:0:REVIEW 9 Sep 2019)

Manuscript to be reviewed



1

Rainfall event size for each interval (mm)
Quantity change (%)

3-d 5-d 10-d 15-d 30-d
Total amount (mm)

150 3.45 5.75 11.50 17.25 34.50 138

125 2.88 4.79 9.58 14.38 28.75 115

100 2.30 3.83 7.67 11.50 23.00 92

75 1.73 2.88 5.75 8.63 17.25 69

50 1.15 1.92 3.83 5.75 11.50 46

2
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Table 2(on next page)

Results of two-way ANOVAs for the effects of rainfall amount and frequency on E.
gmelinii.

Explained variation (effect size) is given by partial eta squared values (ηp
2). The P-values in

bold indicate that the differences were significantly (P < 0.05).
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Amount Frequency Amount × frequency Error

df F P ηp
2 df F P ηp

2 df F P ηp
2 df

Height 4 6.678 0.000 0.241 4 4.491 0.002 0.176 11 2.442 0.011 0.242 111 

Biomass 4 3.001 0.023 0.132 4 6.796 0.000 0.256 11 0.572 0.879 0.074 111 

Root/shoot ratio 4 3.597 0.010 0.159 4 2.978 0.024 0.134 11 1.509 0.145 0.171 111 

Number of capitula per plant 4 5.314 0.001 0.212 4 7.829 0.000 0.284 11 2.146 0.026 0.230 111 

Number of seeds per plant 4 4.604 0.003 0.229 4 6.939 0.000 0.309 11 0.919 0.528 0.140 111 

Seeds mass 4 8.966 0.000 0.259 4 5.266 0.001 0.147 11 0.681 0.651 0.102 111 

Reproductive effort 4 25.385 0.000 0.592 4 32.181 0.000 0.648 11 2.280 0.019 0.265 111 

offspring seed germination 4 11.406 0.000 0.533 4 19.359 0.000 0.659 11 4.367 0.000 0.546 40 
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Figure 1
The characteristics of precipitation variation during the past 60 years (1955 to 2015) in
the Shapotou region (from Shapotou Station meteorological data).

Annual precipitation amount (A), average monthly precipitation and number of precipitation
days per month (B).
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Figure 2
The effects of rainfall variation (amounts and frequencies) on E. gmelinii survival.

The significant differences were tested using the chi-square test of independence. Overall,
there were significant differences among frequencies within each amount (Chi-square for
150% = 15.6, 125% = 20.4, 100% = 19.2, 75% = 11.6 and 50%=10.3, both have a P <
0.01). Except for 3-day interval treatment (Chi-square for 3-d = 1.8, P = 0.843 > 0.05), the
differences among rainfall amounts within each frequency were significant (Chi-square for 5-
d = 14.9, 10-d = 39.0, 15-d = 11.9 and 30-d = 14.2, both have a P < 0.01). Asterisks indicate
that no data are available due to the death of all plants.
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Figure 3
Effects of rainfall variation (amounts and frequencies) on plant growth traits (mean
±SE) in E. gmelinii.

Relative plant height increase (Δheight) in April (A) and May (B), height (C), total biomass
(D)and root/shoot ratio (E). Bars with the same upper-case letters indicate nonsignificant
differences among rainfall amounts within each frequency and those with the same
lowercase letters show nonsignificant differences among frequencies within each amount.
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Figure 4
Effects of rainfall treatments on reproductive traits (mean ± SE) in E. gmelinii.

Number of capitula per plant (A), number of seeds per plant (B), seed mass (C) and
reproductive effort (D). The traits of seed mass and reproductive effort were calculated on a
dry mass basis. Bars with the same upper-case letters indicate nonsignificant differences
among rainfall amounts within each frequency and those with the same lower-case letters
show nonsignificant differences among frequencies within each amount.
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Figure 5
Germination percentage (mean ± SE) of E. gmelinii seeds from plants grown under
different amounts and frequencies of rainfall.

Seeds were incubated for 2 weeks in light/dark at an alternating temperature (30/20 °C,
12/12 h). Bars with the same upper-case letters indicate nonsignificant differences among
rainfall amounts within each frequency and those with the same lower-case letters show
nonsignificant differences among frequencies within each amount.
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Figure 6
Soil water content dynamics (mean ± SE) in the different rainfall treatments.

The varied in terms of total rainfall amount (50-150%) and frequency, with watering
occurring every 3 (a), 5 (b), 10 (c), 15 (d), or 30 (e) days.
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Between-Subjects Factors

  N
Frequency 3 21

5 9
10 39
15 39
30 23

Treatment 50% 7
75% 21
100% 28
125% 33
150% 42
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