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Plasticity in Sexual Dimorphism Enhances Adaptation of Dioecious Vallisneria natans Plants to Water Depth Change
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Sexual dimorphism in vegetative and reproductive traits is associated with contrasting strategies of males and females for response to varied environmental conditions, causing sex-specific reproduction success and consequently long-distance dispersal and colonization. Aquatic plants usually exhibit rich phenotypic plasticity and great diversity in reproductive systems, but the influence of aquatic conditions on the plasticity of sexual dimorphism has received less attention. Using a common garden experiment with dioecious submerged plant Vallisneria natans grown at various water depths simulating different light availability, we measured variations in 20 traits for females and 19 traits for males (total = 540 plants from 30 seed families) including morphology, reproductive traits and photosynthesis. We investigated sex-specific plastic responses and variation of sexual dimorphism in response to water depth change. Females displayed much greater leaf length, vegetative biomass and resource allocation to reproduction than males at all depths, whereas spathe number and gamete production per spathe displayed reverse pattern. Besides most traits in each sex (16 in female and 12 in male) showing striking phenotypic plasticity, the degree of sexual dimorphism increased significantly for total biomass and reproductive investment, but decreased for leaf length, spathe number and flowering ramet percentage in low light and deep water. Females varied more than males in leaf length, total biomass, reproductive investment, length and biomass of reproductive organs and rate of photosynthesis in response to decreased underwater light availability, suggesting that female has greater plasticity than male. These findings illustrated considerable plasticity in the degree of sexual dimorphism in a variety of vegetative and reproductive traits across different environments driven by the contrasting reproductive functions of the sexes in relation to pollen and seed dispersal. Females of V. natans responded more plastically than males to low light conditions resulted from water depth variation in either aboveground vegetative growth or reproduction. This study provides novel insight into adaptive strategies of submerged dioecious macrophytes to survive and increase fitness in freshwater habitats.
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INTRODUCTION

The trade-offs between reproduction and somatic growth is the most basic hypothesis of life history theory in plants (Obeso, 2002). Among dioecious plants, male and female sexual functions occur on separate plants and females usually bear higher costs of reproduction than males because of seed and fruit production (Delph, 1999; Barrett and Hough, 2013; Hultine et al., 2016). The differences in reproductive costs due to different investment in reproduction between sexes will bring about sexual dimorphisms. For example, male and female plants often show sex-specific difference in morphological and physiological traits, survival, defense and herbivory and patterns of growth and resource allocation (Geber et al., 1999; Cornelissen and Stiling, 2005; Barrett and Hough, 2013). Males and females optimize their fitness, respectively, by evolving divergent life history traits, probably permitting sex-specific resource acquisition strategies. Nevertheless, similar performances of the sexes have also been reported in a range of dioecious terrestrial species (see references in Nicotra, 1999; Obeso, 2002), such as Buchloe dactyloides (Quinn, 1991) and Carex picta (Delph et al., 1993).

For dioecious plants, differing reproductive costs can cause the sexes to respond to environmental conditions in different ways, which can cause variation in the degree of sexual dimorphism along environmental gradients (Delph and Bell, 2008). In resource limited environments, reduction in resource allocation to reproduction might be more marked in females than in males (Dawson and Geber, 1999; Pickering and Hill, 2002), because females generally incur higher costs for a given reproductive period. Due to the higher cost of reproduction, females might be expected to be generally more responsive to environmental conditions in terms of vegetative growth than males (Dawson and Geber, 1999; Delph, 1999). Therefore, the sexual differences in aboveground vegetative growth increased in more stressful environments for several terrestrial species (Dawson and Ehleringer, 1993; Eckhart and Chapin, 1997). However, some studies did not show clear variation in sexual dimorphism in either reproductive allocation or vegetative growth between the sexes (Sakai et al., 2006; Hesse and Pannell, 2011; Teitel et al., 2016). A growing body of work has tested for variation in sexual dimorphism in terrestrial plants under different environmental conditions with mixed results. As far as we are aware, how aquatic conditions influence the plasticity in sexual dimorphism in dioecious macrophytes is still mostly unknown (but see Li et al., 2019a). Studies of variation of sexual dimorphism under different conditions could provide insights into our understanding of the adaptive strategies of dioecious macrophytes to environmental changes.

Aquatic plants are a fascinating group for both naturalists and plant biologists, and usually exhibit rich phenotypic plasticity and great diversity in their reproductive systems (Eckert et al., 2016). Dioecy occurs frequently in aquatic macrophyte families, especially those that are submersed (Les, 1988). Aquatic plants often occupy habitats characterized by strong environmental gradients, providing an excellent opportunity for examining plasticity in sexual dimorphism. Water depth is a major environmental factor influencing the distribution, growth and reproduction of submerged macrophytes, which are greatly sensitive to water level fluctuation (Chambers and Kaiff, 1985; Fu et al., 2014; Ye et al., 2018). An increase in water depth reduces the light penetration to the lake bottom, especially in eutrophic water (Zhang et al., 2016). Many studies have examined the physiological and morphological response in vegetative structures (phenotypic plasticity) of submerged macrophytes to varying water depths (Maberly, 1993; Strand and Weisner, 2001; Zhou et al., 2017). Submerged macrophytes normally adapt to low light availability in water column by one of two distinct strategies – elongating shoot toward water surface to alleviate low light stress or enhancing low light tolerance through photosynthetic adjustments (Riis et al., 2012; Chen et al., 2016). Yet relatively fewer studies exist dealing with the variation in plant reproductive traits (Li et al., 2017, 2018), and even fewer studies have been conducted to further understand patterns of sexual dimorphism in dioecious macrophytes compared to their terrestrial relatives (Dorken and Barrett, 2004; Li et al., 2019b). Reproductive strategies influence the response of populations to environmental variation (Dorken and Barrett, 2004). For example, plasticity in sexual system of dioecious plants has important roles in regulating mating opportunities and ensuring reproduction in stressful conditions, thus influencing the ability of population to disperse over long distances, colonize and persist in different environments. In natural waterbodies, high water depth can be presumed to be representative of resource limited environments due to low light intensity. Water depth not only induces light changes but also affect the potential of a plant to capture carbon. Therefore, integrated studies of reproductive and vegetative traits along water depth gradients are important to analyze variation in sexual dimorphism of submerged macrophytes in response to environmental differences.

In this study, the overall aim was to determine the magnitude of sexual dimorphism in a submerged dioecious macrophyte and test how the sexual dimorphism is affected by change in resources. Given the variations in sexual strategies in response to environmental change, we hypothesize that significant sexual dimorphism exists in the widespread submerged macrophyte Vallisneria natans and the degree of sexual dimorphism varies with the change in light availability, i.e., existence of plasticity in sexual dimorphism. We designed a water depth gradient simulating light availability to measure 20 and 19 traits in males and females of V. natans, respectively (16 was common between sexes). Especially, we want to answer these questions: (1) what is the magnitude of sexual dimorphism in V. natans across 16 common traits?; (2) do sexual dimorphisms plastically vary with increasing water depth?; (3) do adaptive strategies (e.g., change in trait expression) to reduced light availability vary between sexes?

MATERIALS AND METHODS

Plant Species

Vallisneria natans (Lour.) Hara (Hydrocharitaceae), a submerged dioecious macrophyte with a wide geographical range, is a dominant native species in many freshwater habitats in China. It is frequently, though not always, annual species (Zhou et al., 2016). New rosette-like ramets are produced through extension of stolons. The spathes are located among bases of linear leaves, containing hundreds of minute (0.5 mm) male flowers and after maturation male flowers are released to the water surface. A female spathe has only one female flower with a long spiral peduncle reaching the water surface. Pollination occurs on the water surface, and after pollination the peduncles of female flowers coil tightly and retract pollinated flowers underwater, where fleshy fruits further develop. Flowering and seed set are indeterminate, occurring from July to October in the study area in eastern China. This species play important roles in freshwater ecosystems, as it can provide food for waterfowls, nursery habitats for fishes, and a substrate for invertebrates and may have great impact on water quality.

Experimental Design

To access the magnitude of sexual dimorphism in V. natans across 16 common life history traits (defined as traits relevant to growth and reproduction, Tonnabel et al., 2017), and if the traits for either males or females differed with water depth, we established a common garden experiment (experiment I) along a water depth gradient at the Fudan University, Shanghai, East China. We also conducted an outdoor experiment (experiment II) involved two water depth treatments (0.3 and 1.3 m) to study sex-specific patterns of phenotypic plasticity in response to water depth (i.e., the interaction between sex and water depth).

Experiment I: Common Garden Experiment

In November 2012, 30 intact and mature fruits were randomly sampled from 30 females (i.e., 30 families) in our experimental population of V. natans undergoing several years of random mating. The flesh and pectin of each fruit were carefully removed, and the seeds from the same family were pooled into a centrifuge tube (1.5 mL) and then preserved at 4°C.

In March 2013, 120 seeds of each family were germinated in plastic jars (12-cm diameter and 12-cm height) covered by 2-cm-deep sterile substrate (mixture of mud and lake sand at 4:1 volume ratio). The jars were filled with water and placed under constant room temperature at 25°C with a 12 h:12 h light cycle. In early May 2013, when the seedlings produced three or four leaves, we randomly transplanted 60 seedlings of each family into plastic pots (12-cm top diameter and 10-cm height, one seedling per pot) filled with 8-cm-deep sterile substrate. Before transplantation, plant height of each seedling was measured. In total, 1800 pots were placed randomly in the outdoor experimental pool full of tap water (TN: 0.72 ± 0.06 mg⋅L–1, TP: 0.034 ± 0.005 mg⋅L–1, mean ± SE, n = 3) with a water depth gradient of 0.3, 0.8, and 1.3 m, representing the shallow, moderate and deep water, respectively. Finally, there were 600 plants in each water depth treatment (20 plants from each 30 families). The water level of the pool was maintained at the highest level. The light intensity at water surface and in the water column (0.3, 0.8, and 1.3 m under the water) were 1772.4 ± 195.0, 939.2 ± 66.7, 537.8 ± 35.9, and 275.3 ± 18.3 μmol⋅m–2⋅s–1 (mean ± SE, n = 3), respectively, at 14:00 on sunny days in mid August, measured by a UWQ-192 sensor (Li-COR, Lincoln, NE, United States). The percentage of light availability in relation to incident light at 0.3, 0.8, and 1.3 m was 53.0, 30.3, and 15.5%, respectively. The pH and temperature in the water column were recorded at 14:00 on sunny days in mid August using a Hydrolab DS5X multi-parameter water quality analyzer (Hach Company, Loveland, CO, United States). Along water depth from shallow to deep, the pH (mean ± SE, n = 3) is 7.34 ± 0.158, 7.30 ± 0.153, and 7.09 ± 0.166, and the water temperature (mean ± SE, n = 3) is 24.4 ± 0.2, 23.8 ± 0.5, and 23.4 ± 0.4°C, respectively.

In late September 2013, at fruit maturation, we randomly selected three of well-developed male and female plants from each family for the trait measurement (90 plants of each sex for each water depth treatment). Finally, the experiment involved three water depth treatments, two sex treatments, 30 families and three replicates per treatment (a total of 270 males and 270 females). Each plant was hand-washed free of sediment and epiphytic aquatic organisms. We counted both the total and flowering ramet numbers to calculate the percentage of flowering ramets of each plant. Leaf number per flowering ramet of each plant was measured as the mean of three randomly selected flowering ramets (including the ortet) from the same plant, as well as number of spathes and fruits per flowering ramet. The total numbers of spathes per male plant and fruits per female plant were also recorded. We randomly selected three flowering ramets (including the ortet) of each plant to measure the length and width of the longest intact leaf. Spathe length and flower number per male spathe were measured based on three non-dehiscent, mature spathes from each male. Mean ovule number per female spathe was measured based on three non-dehiscent female spathes from each female. Mean fruit length and seed number per fruit were measured based on three mature fruits from each female.

Every plant was partitioned into belowground structures (including roots and stolons), leaves, and sexual reproductive structures (including spathes, peduncles and fruits). The plant parts were dried to constant weight at 80°C and weighed. Considering that some male spathes had withered at the time when the plants were harvested, we randomly sampled 5–10 non-dehiscent, mature male spathes from each male plant within each depth and weighed the mass per spathe. Then we multiplied the mean values of spathe mass obtained at each water depth by the total number of spathes per male to give an estimate of the biomass of sexual reproductive structures of male plants for each water depth. Similarly, we estimated the biomass of mature fruits with intact peduncles of female plants for each water depth. Biomass allocation to reproduction, leaves and belowground structures was determined by dividing the mass of each by the total biomass of the plant. In total, 19 and 20 traits (including photosynthesis) were measured for male and female individuals, respectively (16 was common in both sexes).

Experiment II: Detection of Sex-Specific Plasticity

Five never-transplanted seedlings were randomly selected from each family (a total of 150 seedlings) to transplant into pots (the same methods as above). The pots were then placed in the greenhouse pool of the Fudan University (the pool water temperature was 20–30°C during the day and 15–25°C at night, with natural light, and a water depth of ∼0.25 m). The growth status of each plant was checked at the beginning of July. From each family, the individual with the most ramets was selected (minimum of nine ramets), and six ramets of similar size were selected to be transplanted into new pots after measuring the length of the longest leaf. Subsequently, three pots of each family were placed at water depths of 0.3 and 1.3 m in the outdoor experimental pool (a total of 90 pots at each water depth). Finally, there were two water depth treatments, two sex treatments, 30 families (17 male and 13 female genotypes) and three replicates per treatment (a total of 102 males and 78 females). The pots at the water depth of 1.3 m were connected by a nylon string to lift them to facilitate the measurement of the plants at any time. A hundred days after transplantation all plants were harvested. Five vegetative traits, six reproductive traits and photosynthetic rate were measured (see Figure 3).

Determination of Photosynthetic Rate

Photosynthesis was measured both in the first and the second experiment. During the vigorous growth period of V. natans (late August to early September), an intact mature leaf was collected from 15 randomly selected males and 15 randomly selected females in each of the water depth treatments (a total of 90 leaves). A segment of each leaf (1/10 of leaf length from the top of each leaf, with a fresh weight of 0.3 g) was cut and incubated in a glass-stoppered tube (3.2-cm diameter, 15-cm length) with pool water to measure light saturated photosynthesis under ambient temperature conditions. Then the tubes were placed under a 3200-lx (∼690 μmol m–2 s–1) fluorescent tube, with all leaves parallel to the lamp. Another eight glass tubes filled with pool water but without leaf fragment were served as control. The initial dissolved oxygen (DO0, mg L–1) was measured using JPM-607A electronic dissolved oxygen analyzer (Rex, Shanghai, China), and then all samples, including the controls, were placed under the fluorescent tube (a total of 98 samples). Tubes were moved regularly to make sure that the boundary layer did not cause CO2 to become limiting for the plant’s photosynthesis. After 4 h of continuous exposure to irradiation with a constant temperature of 25°C, the leaf fragments were removed. Then the electrode of the dissolved oxygen analyzer was quickly inserted into the glass tube to measure the dissolved oxygen (DO4h) of the water sample. The change in dissolved oxygen (ΔDO) of each leaf sample over 4 h was obtained by subtracting the average DO0 of the eight control samples. The photosynthetic rate (mg⋅L–1 g–1 h–1) of each leaf sample was obtained by dividing ΔDO by 4 h and 0.3 g (fresh weight of each leaf sample used in the incubation).

Statistical Analysis

In this study, all of 23 detected phenotypic traits in experiment I were analyzed using one-way ANOVA for sex, water depth, and family. For the effect of depth and family, we analyzed the male and female’s traits separately. For the nine shared traits (percentage of flowering ramets, leaf length, leaf width, spathe number, vegetative biomass, total biomass, reproductive biomass, reproductive effort and photosynthetic rate), the equation that we used for calculating sexual dichotomous index (SDI) is SDI = Log (M: F), where M and F were values of male and female traits, respectively; and the significance of SDI was analyzed by χ2 tests (to determine whether it is significantly biased toward zero). The differences among water depths and between sexes were compared by a Tukey honestly significant difference (HSD) test procedure (α < 0.05). Two-way ANOVA was performed with depth and sex as independent variables and all the traits in experiment II as dependent variables. If there is an interaction effect, males and females change differently in the given trait with depth. All of the statistical analyses were performed using SPSS 19.0 software (SPSS, Chicago, IL, United States).

RESULTS

Sexual Dimorphism in Vegetative and Reproductive Traits

We found that 13 out of 16 shared traits differed between the sexes (Table 1 and Figure 1). At all water depths, females displayed higher investment in leaf length, leaf width, total biomass, reproductive biomass per flowering ramet and reproductive allocation compared to males (Figures 1A–E). The vegetative and total biomass per ramet, length of the spathe/fruit (spathe in males and fruit in females) and biomass of the spathe/fruit tended to be greater in females than males at the two higher water depths (Figures 1F–I). Photosynthetic rate was greater in females than in males at both low (0.3 m) and high (1.3 m) water depths (Figure 1J). By contrast, males had a larger amount of spathes, spathes per flowering ramet and gametes per spathe than females across all depths (Figures 1K–M), and exhibited a higher percentage of flowering ramets than females, but only at the low water depth (Figure 1N). There was no difference in ramet number (Figure 1O), leaf number per flowering ramet (Figure 1P) and belowground structure biomass (Table 1) between the sexes irrespective of change in water depth.

TABLE 1. One-way ANOVAs for 10 vegetative and 13 reproductive traits of Vallisneria natans between sexes, among water depths within sex, and among families within sex.
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FIGURE 1. Variation in vegetative and reproductive traits of male (0.3 m: light blue, 0.8 m: blue, 1.3 m: dark blue) and female (0.3 m: pink, 0.8 m: orange, 1.3 m: red) individuals of Vallisneria natans at three water depths. (A) leaf length; (B) leaf width; (C) total biomass; (D) reproductive biomass per flowering ramet; (E) reproductive effort; (F) length of male spathe/female fruit; (G) biomass of single male spathe/female fruit; (H) total biomass; (I) vegetative biomass per ramet; (J) photosynthetic rate; (K) spathe number; (L) spathe number per flowering ramet; (M) flower number per male spathe and ovule number per female spathe; (N) percentage of flowering ramets; (O) ramet number; (P) leaf number per flowering ramet. Letter superscripts denote significant differences (P < 0.05) based on Tukey HSD comparisons. N = 90 male and 90 female plants.



Effects of Water Depth on Male and Female Traits

The leaf length, vegetative and total biomass (per flowering ramet), photosynthetic rate, spathe number per flowering ramet, as well as leaf number per flowering ramet for both sexes increased significantly with increasing water depth (Figures 1A,C,H–J,L,P and Table 1). In females, fruit length increased with increasing water depth (Figure 1F), whereas the number of ovules per spathe did not change with water depth (Figure 1M). By contrast, in males, length and biomass of the spathe remained unchanged across water depths (Figures 1F,G), while the number of flowers per spathe was greater in shallower water (Figure 1M). In both males and females, the reproductive effort was significantly reduced at the high water depth (Figure 1E and Table 1). Family had a significant effect on 11 and 10 traits for males and females, respectively (Table 1).

Effects of Water Depth on Sexual Dimorphism

Both the percentage of flowering ramets and spathe number were male-biased, and sexual differences in both traits decreased with depth (Figure 2; traits 1, 4). The degree of sexual dimorphism in leaf length (female-biased) decreased at higher water depths (Figure 2; trait 2), whereas that in leaf width maintained constant among depths (trait 3). At all water depths, vegetative, reproductive and total biomass and reproductive effort were consistently female-biased (traits 5–8). The degree of sexual dimorphism in biomass of reproductive structures, total biomass and reproduction effort were greater at higher water depths (Figure 2; traits 6–8), whereas sexual difference in vegetative biomass did not change with water depth (trait 5). The degree of sexual dimorphism in photosynthetic rate (female-biased) increased at the water depth of 1.3 m compared to 0.3 m (Figure 2; trait 9).
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FIGURE 2. Sexual dimorphism indices of nine shared vegetative and reproductive traits between males and females of Vallisneria natans at three water depths. Trait (1) percentage of flowering ramets; (2) leaf length; (3) leaf width; (4) spathe number; (5) biomass of vegetative structures; (6) biomass of reproductive structures; (7) total biomass; (8) reproduction effort; and (9) photosynthetic rate. Asterisks indicate the significance of deviation from 0 (χ2 test, *P < 0.05; ∗∗P < 0.01; and ∗∗∗P < 0.001). Letter superscripts denote significant differences (P < 0.05) among water depths based on Tukey HSD comparisons. N = 90 male and 90 female plants.



Sex-Specific Plastic Responses to Water Depth

The significant interactive effect of sex and water depth for 6 out of 12 life history traits that we tested for 17 male and 13 female genotypes indicated that there was substantial intersexual difference in the responses of adaptive traits to water depth change (Table 2). Females generally displayed greater response to variation of water depth than males (Figure 3). Leaf length, total biomass, length of the spathe/fruit, biomass of the spathe/fruit and photosynthetic rate increased more in females than in males at the higher water depth (Figures 3A–E and Table 2). An increase in water depth caused females to reduce their relative allocation to reproduction more than males did (Figure 3F). Leaf width, spathe number, spathe number per flowering ramet, percentage of flowering ramets, ramet number and leaf number per flowering ramet showed no difference in the plastic responses of the two sexes to water depth change (Figures 3G–L and Table 2).

TABLE 2. Results of two-way ANOVAs of 12 phenotypic traits for Vallisneria natans males (17 genotypes) and females (13 genotypes) grown at 0.3 m and 1.3 m water depths.
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FIGURE 3. Adaptive strategy in vegetative and reproductive traits in male vs. female individuals of Vallisneria natans at 0.3 and 1.3 m water depths. Solid blue lines indicate the 17 male genotypes, and dashed red lines indicate the 13 female genotypes. (A) leaf length; (B) total biomass; (C) length of male spathe/female fruit; (D) biomass of single male spathe/female fruit; (E) photosynthetic rate; (F) reproductive effort; (G) leaf width; (H) spathe number; (I) spathe number per flowering ramet; (J) percentage of flowering ramets; (K) ramet number; and (L) leaf number per flowering ramet.



DISCUSSION

Plants of V. natans displayed considerable plasticity in growth and reproductive traits in response to water depth change. Although phenotypic plasticity has been the focus of many previous studies on submerged macrophytes (Strand and Weisner, 2001; Riis et al., 2012; Li et al., 2017, 2018), plasticity in sexual dimorphism in the sexes of dimorphic species still remains to be investigated. In our experiments, leaf length, total biomass and leaf photosynthetic rate of males and females increased with increasing water depths (and decreasing light levels), indicating no evidence of light limitation of photosynthesis, which suggested that plants acclimated to the low light conditions (1.3 m deep). While light was reduced with increasing water depth, photosynthetically active radiation determined at the water depth of 0.3 m was very high. Therefore, shallow water was likely to expose the plants to excess light energy at high light intensity (Masini and Manning, 1997; Ruiz and Romero, 2003), potentially causing high light inhibition.

For submerged macrophytes, the efficiency of carbon assimilation is strongly affected by reduced or variable light availability in the water column (Bornette and Puijalon, 2011). It is, therefore, critical for submerged macrophytes to evolve adaptive strategies (e.g., phenotypic plasticity) to reduced light availability (Strand and Weisner, 2001; Fu et al., 2012; Chen et al., 2016). In the present study, sexual morphs of V. natans had striking differences in their life history traits, and reproductive males and females differed in how they adjusted their expression of important traits in response to altered water depths with distinct light availability. The patterns of sexual dimorphism in response to different environmental conditions observed in V. natans may contribute to maximize each sex’s growth and reproduction in habitats having heterogeneous environments (Sánchez-Vilas et al., 2012).

Sexual Dimorphism in Growth and Reproduction

Our results show intersexual differences in a wide range of life history traits. Males displayed greater percentage of flowering ramets, and produced more spathes and flowers than females, whereas females displayed a greater resource allocation to reproduction (as a percentage of total biomass in reproductive structures). Many studies have found that females expended proportionally more of their resources on reproduction per reproductive bout than their male counterparts (Delph, 1999; Obeso, 2002; Sakai et al., 2006), including those on the clonal macrophytes V. americana (Lovett Doust and Laporte, 1991) and V. spinulosa (Li et al., 2019a,b). In comparison to males, females produce fruits and seeds in addition to flowers. Since the energetic requirements for producing fruits are generally greater than for flower production, and the maturation of fruits usually extends for a considerable period after flowering, females must continue to expend resources longer than do males (Sánchez-Vilas et al., 2012). Another possible explanation for the higher reproductive investment in females is that gains in male fitness might be expected to level off with increasing reproductive investment in dioecious hydrophilous species, since the surface of static water can saturate with pollen and the related pollen gains end up competing with one another.

We found that vegetative traits reflecting plant size (leaf length, vegetative biomass, total biomass) and light reception (leaf width, leaf biomass, photosynthetic rate) in females were greater than in males, in spite of the fact that overall fraction of biomass devoted to reproductive organs was much greater in females than males. This suggests that females have a mechanism to compensate by producing more biomass for the extra investment in reproduction. In dioecious V. natans, the timing of investment in growth vs. reproduction within a growing season varied between sexes (Zhou et al., 2016). Male growth may be compromised early in the growing season when plants flower and need to produce nitrogen-rich pollen (Harris and Pannell, 2008; Teitel et al., 2016), and this is likely to impact on plant size later in life. Earlier reproductive maturity in males than females has been documented in several dioecious species (Harris and Pannell, 2008; Teitel et al., 2016). In contrast, females are expected to allocate more toward leaf tissue early in the growth season, thus assuring the acquisition of more photosynthates for later allocation to reproduction (higher fecundity) (Delph et al., 1993).

The fact that V. natans plants photosynthesized more at higher depths suggests that plants adjust their photosynthetic physiological responses to lower light levels (deep water) to enhance light capturing ability, and this combined with leaf elongation toward the surface of water as a way to alleviate low light stress. Submerged macrophytes growing under low light stress usually increase the light capturing ability of plant leaves (Masini and Manning, 1997; Ruiz and Romero, 2003). It has been reported that V. natans has a decreased photosynthetic light compensation point and an increased carbon reservoir under conditions of low light (Yuan et al., 2016). Photosynthesis is increasingly enhanced in females, but not so in males with increasing water depth, suggesting that while light was reduced with increasing water depth, females had higher plasticity in photosynthetic physiological responses compared with males. A possible explanation for this response is that increasing depth reduced photoinhibition (more in females) which resulted in higher net photosynthesis. Sexual dimorphism in growth, resource allocation and photosynthesis across water depths may impact the capacity of males and females for carbon acquisition and thus compete with individuals of different sex.

Differential Plastic Responses in Males vs. Females

Our previous investigation on the effects of water depth change on reproductive allocation in perennial V. spinulosa which produces abundant tubers reported sex-specific plasticity in allocation patterns across a water depth gradient (from 50 to 150 cm) (Li et al., 2019a). Also in the present experiment, males and females of annual V. natans differed in adjustments of their morphology, reproductive traits and photosynthesis with increasing water depth. This species relies on the seeds rather than tubers as the main reproductive strategy (Zhang et al., 2016). Thus, our study is useful to determine the extent to which sex-specific plasticity in sex dimorphism is widespread. This finding is consistent with the prediction that adaptive strategies to reduced light availability vary between sexes and provides a possible explanation for observed plasticity in sexual dimorphism across water depths.

In the present experiments, the majority of reproductive traits of observed V. natans males and females were responsive to the increase of water depth. Both the number of seeds (0.3 m: 2881 ± 6, 0.8 m: 2600 ± 5, and 1.3 m: 1560 ± 3) and male flowers (0.3 m: 30110 ± 17, 0.8 m: 25741 ± 15, and 1.3 m: 15144 ± 9) that produced per unit of total plant biomass decreased drastically with increasing water depth (P < 0.001). This implies a reduction in resources consumed to produce a male flower or a seed at shallower depths. Consistent with our predictions, females had a greater decrease in reproductive allocation than males in response to low light conditions in deep water. First, although light capturing ability (photosynthetic rate) of leaves in females increased more than that in males in the low light, deep water environment as a result of reduced photoinhibition, female reproduction incurs a higher cost than males. This is because flowering in females requires substantial additional investment in flowering bearing structures (very long peduncles) to support flowers to the water surface in deep water (Li et al., 2017). Alternatively, when light became limiting during growth, females may decrease their reproductive allocation more than males, possibly as a way to maintain the future capacity of carbon acquisition structures for future fruit and seed production (Tonnabel et al., 2017). It is therefore, not surprising that increasing water depth and decreasing light levels has greater impacts on the allocation of resources to female reproductive organs.

Males and females differed in their plastic responses in length of the spathe/fruit, biomass of the spathe/fruit, and the number of gametes per spathe/fruit in response to the variation of water depth. In females, fruit length increased with increasing water depth, whereas the number of gametes (ovules) per spathe (or seed number per fruit) did not change with water depth. This response may be due to the need for females to accumulate more pectin and chlorophyll to facilitate fruit photosynthesis and seed maturation in low light, deep water environment, thereby reducing the vegetative burden borne by leaves. There are numerous studies reporting the contribution of fruits to the maintenance their own carbon (Reekie and Bazzaz, 1987; Galen et al., 1993; Imai and Ogawa, 2009). By contrast, in males, length and biomass of the spathe remained unchanged across water depths, while the number of flowers per spathe was greater in shallower water. With average plant height of 34.6 cm at a water depth of 30 cm, it was very likely that leaves on plants in the shallow water treatment clustered on the water surface. Consequently, low water depth is likely to result in spatial clustering of male gametes, which potentially limits pollen dispersal (Lovett Doust and Laporte, 1991) and causes pollen discounting (the reduction in fitness through male function via lost outcross siring opportunities). Selection in male plants will, therefore, optimize the quantity of mating opportunities and improve outcross siring success by enhancing the production of flowers and pollen (Wolf and Takebayashi, 2004; Charlesworth, 2006).

Contrary to our predictions that the sexual dimorphism in vegetative investment increases in more stressful environments, size differences in V. natans, in terms of vegetative biomass, were not greatly affected by water depth. However, reduced light availability resulted in a greater increase in leaf length, total biomass and photosynthetic rate in females than in males.

Females should maximize allocation to aboveground growth under conditions of light attenuation more than should males, in combination with a stronger reduction of allocation to reproductive tissues, because carbon acquisition is more critical for female reproduction (higher fecundity) (Tonnabel et al., 2017). The effect of sex-specific reaction to underwater light availability is that females conserve relatively more capacity for future carbon acquisition than males, thus ensuring their future carbon-rich reproduction. At the same time, males would benefit of smaller size due to the advantage of earlier maturation with related demographic advantages of precocious reproduction (Andersson, 1994). Indeed, environmental heterogeneity (e.g., floods, eutrophication, resuspension of soft surface sediment and increases in periphyton) can strongly affect access to light for submerged macrophytes in natural waterbodies. If light limitation elicits sex-specific plasticity, then spatial variation in light availability will bring about spatial variation in the degree of sexual dimorphism or sex ratios among populations of a species. The sex-specific plastic response in V. natans to water depth change implies that growth and reproduction of male and female individuals can be affected differently by flooding and water level fluctuations in freshwater habitats, producing variations in the degree of sexual dimorphism. Consequently, long-distance dispersal and colonization of submerged dioecious macrophytes may be impacted by environmental variations in aquatic ecosystems. More studies across aquatic dioecious species are required to make general conclusions on the effects of altered environmental conditions on growth and reproduction of aquatic vegetation via adaptive strategies, e.g., plasticity in sexual dimorphism.
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Source of variation

Dependent variable Results Depth Sex Depth x Sex Error
(df =1) (df =1) (df =1) (df = 176)

Leaf length MS 40339.91 5493.79 542.75 37.68
F 1070.54 145.79 14.40
P <0.001 <0.001 <0.001

Total biomass MS 20.22 29.69 2.07 0.29
F 69.88 102.58 7.16
P <0.001 <0.001 0.010

Length of male spathe/female fruit MS 93.37 124.20 80.26 0.60
F 156.82 208.60 134.79
P <0.001 <0.001 <0.001

Biomass of single male spathe/female fruit MS 0.003 0.004 0.003 2.68 x 107°
F 129.39 148.29 100.54
P <0.001 <0.001 <0.001

Photosynthetic rate MS 10.03 13.38 6.10 0.1
F 88.41 118.00 53.81
P <0.001 <0.001 <0.001

Reproductive effort MS 0.02 0.46 0.009 0.001
F 15.50 403.13 7.75
P <0.001 <0.001 0.007

Leaf width MS 0.04 2.53 0.001 0.34
F 0.11 7.51 0.004
P 0.739 0.008 0.951

Spathe number MS 3.09 45867.76 358.62 573.11
F 0.005 80.03 0.63
P 0.942 <0.001 0.432

Spathe number per flowering ramet MS 377.27 294.46 21.72 7.24
F 52.08 40.65 3.00
P <0.001 <0.001 0.089

Percentage of flowering ramets MS 0.03 0.27 0.001 0.008
F 3.40 32.84 0.06
P 0.071 <0.001 0.803

Ramet number MS 457.98 42.38 2.35 24.90
F 18.39 1.70 0.09
P <0.001 0.197 0.760

Leaf number per flowering ramet MS 2.24 3.58 0.37 112
F 2.01 3.20 0.33
P 0.162 0.079 0.566

df = degree of freedom. Significant results are in bold. Traits with significant depth x sex interaction were underlined.
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Depth (df =2) Family (df = 29)
Trait Sex (df = 1) Males Females Males Females
Leaf length 48.61%* 428.54%* B547.68*** 0.53 0.49
Leaf width 29 35%* 3.23 2.35 1.56* 1.87%
Total biomass 121.39%* 9.90* 16.20%** 2,417 2.40%*
Reproductive biomass per flowering ramet 299.42%** 21.47 94, 75%** 1.22 0.95
Reproductive effort 202.74%** 6.11* 28.39%** 2.00** 3.13%+*
Male spathe length — 6.20 ~ 1.56* -
Fruit length - - 105.29** e 0.97
Biomass of single male spathe - 8.49 - 1.05 -
Biomass of single female fruit - - 187.27%* - 0.97
Total biomass per ramet 90 .55% 3733 8601 1.43 0.86
Vegetative biomass per ramet 15.94% 87 .15 9500 1.30 1.15
Photosynthetic rate 37.59%** 4.23* 79.44%* 4.37* 0.27
Spathe number 207.43** 2.86 1.22 3.1 1% 3.44%
Spathe number per flowering ramet 230.12%** 13.62*+* 48.67*** 1.45 1.40
Flower number per male spathe = 50.47*** = 2.10%* =
Ovule number per female spathe - - 28.52 - 8.62%**
Percentage of flowering ramets 15.23%* 5.92%* 1.24 1.36 1.20
Ramet number 0.13 7.7 13.97%# 2.74x* 2.03**
Leaf number per flowering ramet 317 2.91% 0.83* 7.18%* 6.64**
Fruit number per flowering ramet - - 30.54* - 1.1
Biomass of belowground structures 0.48 0.14 0,188 1.42 1.81#
Biomass of leaves 22 i 14.12% 12:85¥** 2.24* 3.07F*
Biomass of reproductive structures 299.01™* 2.37 17.56™** 2.24 2.06™*

F-values are presented. *P < 0.05; **P < 0.01; ***P < 0.001. df = degree of freedom. The 16 common traits between males and females are underiined.
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