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Abstract

:

Plant–plant interactions change in response to environmental conditions, and riparian species are commonly influenced by flooding. This study tested whether flooding affects the intraspecific and interspecific competition of two riparian species and whether such effects depend on the topographic positions where plants have established. Seeds of the riparian species Polygonum hydropiper were collected from both low and high positions within the shoreline of the Three Gorges Reservoir. Groups of P. hydropiper seedlings from each position were either grown alone (i.e., without competition), with another group of P. hydropiper seedlings (i.e., intraspecific competition), or with a group of seedlings of the companion species Xanthium sibiricum (i.e., interspecific competition). Each group comprised six replicates. In total, 288 plants of P. hydropiper and 84 plants of X. sibiricum were selected for the experiment. Seedlings were subjected to control and flooding treatments for 60 days. Irrespective of competition type (i.e., intra- or interspecific), both flooding and competition negatively affected the growth and/or photosynthetic capacities of P. hydropiper. Flooding only interacted with competition to explain total biomass. Flooding reduced total biomass in a larger proportion in the absence of competition, and, to a lesser extent, with intraspecific competition, compared to interspecific competition. However, such interaction effects were independent of the positions where the seeds that originated from the plants were collected from. Interspecific competition significantly decreased the chlorophyll content and photosynthetic efficiency of plants, while intraspecific competition did not. In general, plants from lower positions had higher total chlorophyll content than plants from higher positions. These results suggest that flooding may regulate the population dynamics of P. hydropiper by altering its competitive interactions.






Keywords:


hydrofluctuation zone; interspecific competition; intraspecific competition; waterlogging; wetland plant












1. Introduction


Flooding greatly affects both the survival and growth of riparian plants [1,2,3]. The intensity of the impact that flooding has on riparian plants varies greatly with topographic position across the valley cross-section [4,5,6]. Plants growing at sites of lower elevation are usually more exposed to flooding than plants at a higher elevation. Previous studies have shown that in riparian zones, species richness, composition, and diversity of plant communities vary greatly across the valley cross-section [4,7].



As plant–plant interactions change depending on the stress they are exposed to, interactions among riparian species may vary greatly with the flooding conditions of riparian areas [8,9]. Moreover, the stress gradient hypothesis (SGH) indicates that plant–plant interactions shift toward a reduction in competition in response to increasing levels of environmental stress [10,11,12]. Therefore, flooding may affect both intraspecific and interspecific competition of riparian species. Research has shown that the effects of flooding on competitive interactions among wetland species are species specific, and in response, competitive intensity may either increase, decrease, or not change at all [13,14]. For a specific species, in response to the selection pressures imposed by natural flooding, intraspecific differentiation may emerge among individuals from different habitats. Consequently, different ecotypes with different phenotypic plasticities may emerge [15,16]. Several studies have shown that phenotypic variation within species can be as pronounced as that between species [17,18,19]. If these ecotypes responded differently to flooding, then flooding may alter their intraspecific and/or interspecific competitive abilities. In contrast, if their responses to flooding are similar, then flooding will not affect their competitive ability. However, few studies have tested whether the effects of flooding on the competitive ability of riparian plants vary with the position across the valley cross-section where the plants are distributed.



After the completion of the Three Gorges Dam, the riparian corridor of the Yangtze River Basin between Jiangjin County in Chongqing City and Zigui County in Yichang City has partially become the shoreline of the Three Gorges Reservoir (TGR) [20,21]. As a result of water-level management operations (since 2009), the water level of the TGR fluctuates repeatedly from 145 m above sea level (a.s.l.) in September to 175 m a.s.l. in November and then gradually back to 145 m a.s.l. until the following May. The water level is maintained at 145 m a.s.l. from May to September. This results in the formation of a hydrofluctuation belt (HFB) in the shoreline with a total area of 350 km2 and 30 m variation in topographic elevation [20,22]. This variation implies a large difference in flooding intensity for plants distributed at different positions within the HFB. In particular, plants at a lower position could be submerged for up to six months and with a water level of up to 30 m [22,23]. After 10 years of water-level fluctuations, species numbers, as well as the height and density of plant communities, decreased remarkably with a decreasing position within the HFB [4,5,24]. Correspondingly, individuals of riparian species that are distributed at different positions within the HFB may show different responses to flooding.



Annual herbs are an important life form in most riparian zones and occupy a large proportion of plants within the HFB of the TGR [5,24]. After long-term submergence, as the original vegetation degrades, these could become dominant species. Polygonum hydropiper is such an annual herb [25,26], with a natural distribution at both low and high positions within the HFB. This species has a high tolerance to partial submergence and exhibits phenotypic plasticity of both leaves and adventitious roots in response to flooding [25]. P. hydropiper often coexists with the herbaceous plant Xanthium sibiricum [25].



In most temperate regions, global climate change increases the frequency of intense precipitation events [27]. An increase in flooding events may impose strong selection pressures on riparian species and affect both their intraspecific and/or interspecific competition levels. This may lead to changes in their population and community structures. Moreover, a number of studies provided support for the SGH in water-constrained plant communities, such as semiarid steppes [28,29]. However, the results of other studies were inconsistent with the SGH [30,31]. To test the SGH simultaneously for both intraspecific and interspecific competition under flooded conditions, seeds of P. hydropiper were collected from both low and high positions within the HFB of the TGR. The naturally occurring X. sibiricum was chosen as an interspecific competitor. Specifically, the following two hypotheses were tested: (1) the intraspecific and interspecific competitive ability of P. hydropiper decreases in flooded conditions; (2) plants from low and high positions respond differently to the interaction of flooding and competition. The intensity of interspecific or intraspecific competition was evaluated by measuring the growth of P. hydropiper plants in treatments with or without X. sibiricum conducted in a greenhouse.




2. Material and Methods


2.1. Plant Species


Polygonum hydropiper L. (Polygonaceae) is an annual herb [32] that prefers moist conditions, e.g., lakeshores, riverbanks, or wet depressions. It is native to Asia and also widely distributed throughout temperate Australia, Europe, and North America. Its branched stems can grow to a length of 40–70 cm. This species normally flowers from May to September and produces viable seeds from June to October. In wetlands, it also produces overwintering belowground rhizomes [33]. P. hydropiper is naturally distributed throughout the HFB, all along the TGR, where it either forms large monospecific stands or coexists with Xanthium sibiricum Patrin [25]. As X. sibiricum occupies a similar ecological niche to P. hydropiper, it was selected as the competitive species of P. hydropiper in this experiment.




2.2. Plant Material


Seeds of P. hydropiper were collected from populations of both low and high positions at the following three different sites within the HFB of the TGR in September 2016: Beibei District (106°26′58″ E, 29°40′60″ N; 106°26′54″ E, 29°41′02″ N), Wushan County (109°54′27″ E, 31°07′31″ N; 109°54′29″ E, 31°07′29″ N), and Badong County (110°18′16″ E, 31°12′19″ N; 110°18′19″ E, 31°12′20″ N) in Chongqing, China. Sample sites were at least 25 km apart. The difference in elevation between low- (150–155 m a.s.l.) and high-position (165–175 m a.s.l.) populations ranged from 10 to 25 m. For these six populations, the collected seeds of each population were mixed. X. sibiricum plants were also cultivated from seeds that were collected at a low position within the HFB of the TGR.



On 5 June 2018, 100 plump seeds from each population of P. hydropiper were selected and germinated on Petri dishes using river sand as substrate. Germination was conducted in the greenhouse. On 3 July, 210 seeds of X. sibiricum were selected and germinated in seedling trays, also using river sand as substrate. During germination, tap water was added to maintain the required moisture of the river sand. On 19 July, when seedlings of both species had grown to ca. 6 cm, they were transplanted into plastic pots (11 cm upper diameter, 8 cm bottom diameter, and 10 cm depth) filled with a mixture of soil, peat, and river sand (3:1:1, v:v:v). The soil mixture contained the following nutrients: 1.51 ± 0.03 mg total N g−1, and 1.46 ± 0.03 mg total P g−1. After recovery for a week, the experiment started on 27 July 2018.




2.3. Evaluating the Vertical Seed Dispersal Potential


To assess the degree of interconnection between low- and high-position populations, the potential for seed dispersal between low and high positions (“vertical seed dispersal distance” hereafter) was estimated as the seed floating time in water × water-level rise rate. A total of 100 plump seeds were randomly selected from each of the six populations to estimate the seed floating time. The seeds of each population were added to a beaker (500 mL) filled with 400 mL of tap water (resulting in a total of six beakers). The water was gently stirred, and the time from the onset of the sinking of the first seed until the last seed had touched the bottom was recorded as the seed floating time. The water-level rise rate was calculated based on the daily water level during the impoundment of the TGR, using the means of the fastest three-day rise rates each year (Supplementary Table S1). Data on the daily water level were obtained from the publicly available national water and rain information network for 2009–2018 at http://xxfb.mwr.cn/sq_djdh.html (accessed on 5 August 2020).




2.4. Experimental Design


Plants of P. hydropiper that had been germinated from seeds of low- and high-position populations, taken from the three different sites, were included. Forty-eight plants were selected from each population, which yielded a total of 288 plants. Eighty-four plants of X. sibiricum of uniform size were selected for the experiment. The experiment used a factorial design with two water levels (i.e., control and flooding) and three types of competition (i.e., without competition, intraspecific competition, and interspecific competition), resulting in a total of eight treatments for plants both from low and high positions (Figure 1). Each treatment was replicated six times. In the control treatment (i.e., no flooding), plants were watered daily and in the flooding treatment plants were waterlogged to the soil surface, ~10 cm from the bottom of the pot. In the treatment without competition, one plant of P. hydropiper or X. sibiricum was grown in the center of the pot; in the treatment with intraspecific competition, two P. hydropiper plants were grown together in one pot; in the treatment with interspecific competition, one plant of P. hydropiper and one plant of X. sibiricum were grown together in one pot. For treatments with competition, the distances between plants and between plants and the pot edge were 5 and 3 cm, respectively. The plant density in treatments with competition was set according to the natural distribution of these two species within the HFB of the TGR, identified by a field survey.



The experiment lasted for 60 days from 27 July to 24 September 2018. The photosynthetically active radiation, measured at the plant level and at noon, ranged between 800 and 1800 μmol photons m−2 s−1 during the experiment (Li-250A photometer, Li-Cor Biosciences, Lincoln, NE, USA). The air temperature in the greenhouse was set to 30–35 °C, and the relative air humidity was 60% on average at noon. For the flooding treatment, tap water was used and added to the containers to compensate for water loss caused by evapotranspiration.




2.5. Total Chlorophyll Content and Chlorophyll a Fluorescence Measurements


Total chlorophyll contents of the youngest, fully expanded leaves of P. hydropiper were estimated by using a SPAD-502 (Konica Minolta, Tokyo, Japan). Chlorophyll a fluorescence of P. hydropiper was measured on the same leaves between 08:00 and 12:00 by using a portable modulated fluorimeter (PAM-2500, Heinz Walz, Effeltrich, Germany). To determine the maximal (Fm) and minimal fluorescence intensity (Fo), leaves were dark-adapted for 30 min using leaf clips. The intensity and duration of saturation pulses were set to 3500 μmol m−2 s−1 and 1 s, respectively. Thereafter, the maximal (Fm′) and steady-state fluorescence intensity (Fs) of light-adapted leaves were determined after illumination with 800 µmol m−2 s−1 for 4 min. The same intensity and duration of the applied saturation pulse were used as before. The maximal quantum yield of PSII (Fv/Fm) was calculated as Fv/Fm = (Fm − Fo)/Fm [34]. The effective quantum yield of PSII was calculated as ΔF/Fm′ = (Fm′ − Fs)/Fm′. Non-photochemical energy quenching (NPQ) in PSII was calculated as NPQ = (Fm − Fm′)/Fm′.




2.6. Growth Measurements


Plant height of P. hydropiper was measured as the distance from the soil surface to the top of the plant at the end of the experiment. After measuring their height, plants of both P. hydropiper and X. sibiricum were harvested and divided into leaves, stems, and roots. The leaves of each plant were scanned, and the total leaf area was determined by ImageJ (version 1.6.0, National Institutes of Health, Bethesda, MD, USA). Plant tissues were oven-dried at 80 °C for at least 72 h to obtain their constant dry mass.




2.7. Statistical Analyses


Before analyses, in the treatments with intraspecific competition, data of each variable were divided by the number of plants initially grown in each pot so that the data were scaled to the per-unit plant level. Then, data were assessed for normality and homogeneity of variance. To increase both normality and homogeneity of variance, data for leaf biomass, stem biomass, root biomass, and total leaf area were transformed logarithmically; data for specific leaf area were sine-function transformed prior to analyses. To test the effects of flooding, competition, and position on growth and photosynthetic variables, linear mixed-effect models were conducted using the lme function in the package nlme [35] in R 4.0.4 (R Foundation for Statistical Computing, Vienna, Austria) [36]. In this model, flooding, competition, and position were treated as fixed factors, and the site was treated as a random factor. The significance of random effects, fixed effects, and their interactions was assessed with ANOVA tests. The Student’s t test was used to test the differences of total biomass between control and flooding treatments with different competition types, and the Tukey’s HSD post hoc test was used to test the differences of total biomass among treatments in control or flooding conditions.





3. Results


The floating times of seeds from low and high positions were 10.8 ± 0.4 h and 12.0 ± 0.6 h, respectively. The water level rise in the TGR was 1.1–3.2 m day−1 from 2009 to 2018 (Supplementary Table S1). The potential vertical dispersal distances of seeds from low and high positions were 0.9 ± 0.1 m and 1.0 ± 0.1 m, respectively. This potential dispersal distance was rather short compared with the 10–25 m vertical difference between low and high positions. Therefore, the seeds of these plants could hardly disperse between low and high positions with a rising water level.



Flooding significantly decreased leaf biomass, stem biomass, root biomass, total biomass, total leaf area, plant height, chlorophyll content, and effective quantum yield of photosystem II in P. hydropiper when exposed to light (ΔF/Fm′) (Table 1; Figure 2A–H); however, it significantly increased NPQ in photosystem II (Table 1; Figure 2I). Both interspecific and intraspecific competition significantly decreased leaf biomass, stem biomass, root biomass, total biomass, total leaf area, and plant height (Table 1; Figure 3A–F). Interspecific competition significantly decreased chlorophyll content and ΔF/Fm′ but increased NPQ; however, intraspecific competition did not significantly affect these variables (Table 1; Figure 3G–I). Irrespective of competition type, plants from low positions had higher total chlorophyll content than those from high positions (Table 1; F = 11.79, p < 0.001). Interspecific competition also significantly decreased the biomass of X. sibiricum (Supplementary Table S2; Supplementary Figure S1).



The interactive effects of flooding and competition exerted significant effects on total biomass (Table 1). In the control conditions, the total biomass of the treatment without competition was significantly higher than that of treatments with competition. No significant differences were found between treatments with and without competition in the flooding conditions (Figure 4). Flooding significantly decreased the total biomass of plants without competition and, in a smaller proportion, with intraspecific competition, but did not significantly affect plants with interspecific competition (Figure 4). These results suggest that the negative effects of competition, particularly of interspecific competition, on total biomass were not significantly intensified with flooding.




4. Discussion


Consistent with previous reports, both flooding and competition significantly inhibited the growth of P. hydropiper [37,38,39]. Compared with the control treatment, flooding did not intensify the negative effects of competition on plant growth (i.e., significant flooding-by-competition effects were found for total biomass; see Figure 4). Flooding decreased the total biomass more intensively in the treatment without competition than for both types of competition. In stressed conditions, the trade-off between stress tolerance and competitive ability is important for the coexistence of species and for plant–plant interactions [40,41]. If plants have to allocate more energy to stress tolerance, their competitive ability may decrease [10,11,12]. In this study, P. hydropiper showed high tolerance to flooding and retained ~60% of its total biomass after 60 days of waterlogging (Figure 2). Interspecific competition significantly decreased photochemical efficiency but increased photoprotective energy dissipation of P. hydropiper [42]. Moreover, the flooding treatment might change the tissue responses of species and lead to niche differentiation, which may ultimately decrease their competitive ability [43,44]. Therefore, these results corroborate the first hypothesis that the intensity of both types of competition on the total biomass of P. hydropiper decreases in flooded conditions compared with the control.



The interactive effects of flooding and competition on plant growth did not vary with the topographic positions the plants originated from, which is inconsistent with the second hypothesis. Within the HFB of the TGR, a number of studies have shown differences in flooding intensities between low and high positions, e.g., flooding depth and frequency [20,45]. Other studies have found that flooding imposed different selection pressure on the plasticity of P. hydropiper at different positions in water fluctuation zones along lakeshores or riverbanks [33,46]. Furthermore, the interaction of local condition and position had significant effects on growth and reproduction traits of P. hydropiper in the TGR, suggesting that the effects of position varied greatly among different local conditions [47].



Previous studies have emphasized the necessity for assessing both intra- and interspecific relationships when studying the influence of abiotic conditions on plant–plant interactions [14,43]. In this study, intra- and interspecific competition did not have different effects on the growth of P. hydropiper in both control and flooded conditions. Several studies have predicted different effects between intra- and interspecific competition, which may vary among species types [37,48]. However, most of these studies focused on coexisting species in terrestrial plant communities [37,49]. As the limiting resources differ between terrestrial and wetland plants, the link between intra- and interspecific competition may also change [14]. Interestingly, interspecific competition significant decreased the chlorophyll a content and photosynthetic efficiency while increasing the capacity of nonphotochemical energy quenching; however, intraspecific competition did not. Similarly, a recent study has also found a decreased chlorophyll a content in a forest species subjected to interspecific competition [49]. The results suggest that P. hydropiper was able to maintain or adjust its photosynthetic capacity in response to both types of competition.



Irrespective of competition, position significantly affected the total chlorophyll content of P. hydropiper, which matches the conclusion of a previous field study [47]. Plants from the low position had higher total chlorophyll content compared with plants from the high position (Table 1; p < 0.001). A recent study has found that, in response to flooding, plants of this species from the low position had a higher specific leaf area than plants from the high position [46]. Waterlogging and partial submergence often cause oxygen deficiencies in both roots and shoots [50,51]. Photosynthetic and metabolic processes therefore could be severely inhibited under flooding, thus impeding plant growth [50]. As adaptations to flooding, high total chlorophyll content and specific leaf area could benefit gas exchange of plants from a lower position [52,53].




5. Conclusions


Irrespective of type (i.e., intra- or interspecific), both flooding and competition negatively affected the growth and/or photosynthetic capacities of P. hydropiper. Flooding did not intensify the negative effects of competition on the total biomass of plants. These interaction effects were independent of positions within the hydrofluctuation belt (HFB) of the Three Gorges Reservoir where plants were distributed. Although intra- or interspecific competition had similar effects on growth variables, they showed different effects on chlorophyll content and photosynthetic efficiency. Therefore, flooding may regulate the population dynamics of P. hydropiper by altering its competitive interaction. Plant–plant interactions play an important role in structuring riparian plant communities [39,43,54]. In this study, the interspecific relationship was only considered via the competition between P. hydropiper and one of its concomitant species. Whether the relationship between riparian species varies with changes of species number and identity still remains unclear and needs to be further studied.
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Figure 1. Schematic representation of the experimental design. The experiment included two water levels (i.e., control and flooding), three types of competition (i.e., without, intraspecific, and interspecific), and two positions (i.e., low and high) at the hydrofluctuation belt of the shoreline of the Three Gorges Reservoir. This schema was replicated six times for each of the three sites. In the experiment without competition, one plant of P. hydropiper or X. sibiricum was grown in the center of the pot; in the experiment with intraspecific competition, two P. hydropiper plants were grown together in one pot; in the experiment with interspecific competition, one plant of P. hydropiper and one plant of X. sibiricum were grown together in one pot. 
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Figure 2. Leaf biomass (A), stem biomass (B), root biomass (C), total biomass (D), total leaf area (E), plant height (F), total chlorophyll content (G), effective quantum yield in the light (ΔF/Fm′, H), and non-photochemical energy quenching (NPQ, I) of P. hydropiper under control and flooding treatments. Data are mean values (+s.e., n = 6). Different letters indicate significant differences (p < 0.05). 
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Figure 3. Leaf biomass (A), stem biomass (B), root biomass (C), total biomass (D), total leaf area (E), plant height (F), total chlorophyll content (G), ΔF/Fm′ (H), and NPQ (I) of P. hydropiper under treatments with intraspecific competition (i.e., Intra), with interspecific competition (i.e., Inter), or without competition (i.e., Without). Data are mean values (+s.e., n = 6). Different letters indicate significant differences (p < 0.05). 
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Figure 4. Total biomass of P. hydropiper under control and flooding treatments without competition, with intraspecific competition, or with interspecific competition. Data are mean values (+s.e., n = 6). Different lowercase letters indicate significant differences among treatments in control or flooding conditions, whereas different uppercase letters indicate significant differences between control and flooding treatments with different competition types (p < 0.05). 
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Table 1. Effects of site, flooding, competition, and position on growth and photosynthetic variables of P. hydropiper.
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	Site

(S)
	Flooding

(F)
	Competition (C)
	Position

(P)
	F × C
	F × P
	C × P
	F × C × P





	Leaf biomass
	24.09 ***
	26.82 ***
	9.59 ***
	1.58
	2.18
	0.04
	1.69
	0.64



	Stem biomass
	24.21 ***
	16.25 ***
	4.33 *
	0.89
	2.35
	0.05
	1.90
	0.49



	Root biomass
	24.11 ***
	6.45 *
	14.19 ***
	0.30
	0.58
	0.21
	1.52
	0.42



	Total biomass
	21.99 ***
	23.39 ***
	10.24 ***
	0.44
	3.27 *
	0.10
	1.20
	0.85



	Total leaf area
	18.68 ***
	17.61 ***
	11.01 ***
	0.52
	2.12
	0.18
	2.59
	0.78



	SLA
	1.45
	0.09
	0.53
	3.29
	1.53
	0.18
	2.11
	2.34



	Plant height
	47.98 ***
	6.72 *
	6.72 **
	1.80
	2.39
	0.36
	1.22
	0.70



	Chl content
	1.69
	12.58 ***
	6.48 **
	11.79 ***
	2.30
	2.35
	0.78
	0.06



	Fv/Fm
	16.44 ***
	0.48
	1.12
	0.33
	0.89
	1.37
	1.40
	0.54



	ΔF/Fm′
	9.17 **
	26.41 ***
	5.98 **
	1.61
	0.29
	1.57
	0.41
	0.69



	NPQ
	<0.01
	23.06 ***
	3.48 *
	0.71
	0.87
	0.86
	0.60
	0.34







The values are likelihood ratios for effects of S and F values for effects of other factors. The symbols indicate significance levels (*** p < 0.001, ** p < 0.01, * p < 0.05, and no symbol p ≥ 0.1). SLA: specific leaf area. For growth variables, the degree of freedom is 1,177 for effects of F, P, and F × P, and it is 2177 for effects of C, F × C, C × P, and F × C × P; for photosynthetic parameters, the degree of freedom is 1130 for effects of F, P, and F × P, and is 2130 for effects of C, F × C, C × P, and F × C × P. Significant values (p < 0.1) are formatted in bold.
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