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Abstract

:

Primula palinuri Petagna is the only Mediterranean and maritime species in the genus Primula, is endemic to coastal cliffs of southern Italy, and is classified as endangered with a decreasing population trend in the IUCN Red List. For this species, the major bottleneck for long-term survival has been recognized to be recruitment failure. In this study, we investigated the seed release strategy of P. palinuri, by using field observations and laboratory experiments. We hypothesized that repetitive cycles of wet/dry conditions and external wax removal could be the environmental triggers of capsule dehiscence. Data showed that capsules treated with wet/dry cycles dehisced within 75 days, while none subjected to constant dry conditions dehisced. Once dehisced, capsules repetitively closed when made wet, and opened again upon drying. Seeds of P. palinuri can remain on plant up to 2 years, over which time capsules reclose when rained upon and reopen upon drying, highlighting the first reported occurrence of serotiny in a Primula species. Serotiny allows P. palinuri to face the dry season, by avoiding capsule dehiscence during the summer dry period and delaying seed release until the beginning of fall, when water availability in the soil is generally no longer a limiting factor.
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1. Introduction


Glacial advancement across Europe fragmented once-continuous populations that later differentiated in isolation [1]. Many relict species can be found on cliffs in Mediterranean region that once served as glacial refugia [2]. Vertical cliffs are habitats generally restricted to high and very steep rock walls, characterized worldwide by a set of peculiar environmental factors due to verticality [3]. Among other physical factors, gravity affects cliff environments, because it removes all unstable material including rocks, soil, water, litter and seeds. Moreover, water movement through the rocks can either remove or concentrate soil particles and organic debris locally on ledges. Similarly, water run-off can disperse, but also completely eliminate, seeds from the system [3]. The peculiar interaction of the environmental factors typical of cliffs has exerted a strong selective pressure on the traits of plants living in this habitat, and the results of this evolutionary process can be quite successful in promoting the survival of many cliff species when compared to their congeners. This might have led to notably higher rates of survival of phylogenetic relicts and rare species occurring on cliffs than in the flora of the surrounding areas [3,4,5,6,7].



Primula is a widely distributed genus of Primulaceae, consisting of ca. 430 species [8]. Historically, primulas have been a model for the study of the evolution of plant breeding systems [9], and represent an important group of garden plants [8]. Although primulas are often found in montane habitats [8], specific microhabitats can vary from open meadows for P. farinosa [8,10] or closed-canopy forests for P. veris [11], to cliff habitats for P. scotica [12], P. cusickiana var. maguirei [13], P. apenninica [14] and P. boveana [15]. Primula palinuri is the only Mediterranean and maritime species of the sect. Auricula [16], and more in general in this genus [17]. Currently, this species is included in the IUCN (International Union for Conservation of Nature) red list, classified as “Endangered”, with a decreasing population trend. The natural habitat of P. palinuri is limited to the vertical cliffs occurring in Cilento along the Tyrrhenian coast of Southern Italy, with a spotty distribution along a narrow area of less than 100 km [18,19]. Access to these sites is difficult, and new approaches to monitor P. palinuri and other species on coastal cliffs have been proposed [20].



The major bottleneck in the survival of this species is known to involve recruitment failure [18]. Nevertheless, studies on seed release, dispersal and germination are lacking. In this species, individual plants flower regularly, mature capsules produce tens of viable seeds and are supported by terminal umbels [18,21,22]. Moreover, it is one of relatively few Mediterranean species that flower in winter [17,22]. This adaptive trait allows plants to harden and mature capsules before summer. The adaptation of phenological timing of growth and reproduction to fulfill the reproductive cycle between the end of winter and the beginning of summer is a strategy to avoid the limiting conditions of low winter temperatures and summer drought typical of the Mediterranean region [23,24,25]. In P. palinuri, water availability surely plays a leading role in seedling survival. Indeed, seeds are retained in the capsules throughout the summer, and seed release is synchronized with the first rainfall events at the beginning of autumn [17].



The term “seed bank” is generally referred to as the reserve of viable and non-germinated seeds stocked in a habitat [26]. The higher the probability of reproductive failure in any single year, the higher becomes the return on a species’ investment in the development of a seed bank [27]. Although the term seed bank is commonly with soil, seeds can also be stored on mother plants (aerial seed bank). Worldwide, more than 1200 species rely on this strategy, retaining seeds in their canopy for 1–30+ years [28]. Overall, aerial seed storage is an ecological advantage by building up a seed reserve until conditions are better-suited to seedling establishment [29,30].



Species with aerial seed banks are commonly referred to as “serotinous” [31], a further adaptive trait, in which seed release occurs in response to an environmental trigger. Serotiny has usually been associated with fire-induced seed release in various fire-controlled ecosystems, from Mediterranean scrublands [32,33] or North American chapparal [34] to boreal stands [35]. Although most literature about serotiny focuses on fire-prone ecosystems, serotinous species have been documented in many environments in which other drivers can act as the signal for seed release [27]. In Mediterranean and desert plants, where water availability can represent the major bottleneck for seed germination and seedling establishment, a reverse mechanism operates compared with fire-prone environments. An initial desiccation seals the seeds into lignified structures that will open to release the seeds with the occurrence of rain [36,37]. In this case, the rain causes an hygrochastic opening, defined as the dehiscence of a fruit in response to the presence of moisture [38]. Such a strategy has been widely studied in plants from Aizoaceae: they respond to rainfall by opening capsules that will close again once desiccated [38], in a repeating cycle that is perpetuated until the best conditions for germination occur.



For desert species, serotiny is considered an effective adaptive trait to cope with extreme environments and reduce the risk of offspring mortality [39]. For this reason, it is presumable that a similar strategy has evolved in other environments where water availability is a limiting factor. Given that P. palinuri seeds are retained in mature capsules throughout the summer and seed release occurs with the first rainfall events at the beginning of autumn [17], the aim of this work was to investigate the strategy of seed release adopted by this species to deal with the harsh conditions of vertical cliffs. Accordingly, the following hypothesis was tested: P. palinuri is a serotinous species in which seeds are stored in the aerial seed bank and released in response to specific environmental triggers.




2. Materials and Methods


2.1. Field Sites and Plant Materials


Research on seed release in P. palinuri was performed, combining both field and laboratory observations and experiments. Field activities were performed within the native range of P. palinuri at Cilento National Park, and more specifically at Palinuro Marinella, (40°01′56″ N 15°17′54″ E), and at San Giovanni a Piro, Costa San Carlo, (40°02′17″ N 15°27′20″ E). Capsules and seeds used for the laboratory experiments were collected from plants germinated from wild seeds grown in the open-air rockery of the Botanical Garden of Portici (40°48′4″ N 14°20′3″ E).




2.2. Capsule Dehiscence


The effect of cycles of dry and wet conditions on capsule dehiscence was measured by conducting a laboratory test. Capsules used for the experiment were sampled by collecting mature, lignified capsules at the end of summer 2018. To ensure a uniform distribution of plant material and avoid genetic bias, we sampled 8 umbels of mature capsules from 10 plants, for a total of 80 capsules. Although temperatures reflecting real conditions in the field would have been preferable, they were difficult to resemble. Therefore, we decided to exclude temperature as a variable and performed the experiment in a growth chamber at a constant temperature of 20 °C.



Moreover, 20 capsules were kept constantly in a dry condition; another 20 were exposed to cycles of wet and dry conditions (12 h in dry condition and 12 h in wet condition). We avoided testing the effect of constant wet conditions, considering that these conditions are unlikely to occur in the field, even during the winter. Dry condition was obtained by lining containers with abundant anhydrous silica gel. Wet condition was obtained by sprinkling tap water on the capsules until the bottom of the containers was filled with approximately 5 mm of water. The number of dehisced capsules was daily recorded for 75 days.



The effect of wax removal on dehiscence was tested, considering that in the field dehisced capsules usually had lost their wax coating, and hypothesizing that the hydrophobic wax act as an insulating layer by preventing an immediate and direct contact of water with capsules. Wax removal was performed by cutting the apical part of the calyces that partially cover the capsules and mechanically, removing the wax layer from capsules with a paper tissue. Although a chemical solvent would have guaranteed a more effective wax removal, we decided to avoid potential alterations to the capsules surface. Furthermore, 20 capsules with wax unremoved and 20 capsules in which wax was removed were exposed to cycles of wet and dry conditions (12 h in dry and 12 h in wet conditions). The number of open capsules was daily recorded, until all the capsules of both the treatments (i.e., wax removed and wax unremoved) dehisced, for a total of 75 days.




2.3. Field Experiments: Seed Storage


2.3.1. Storage in Aerial Seed Bank


Seed storage on plants was verified in two natural populations of P. palinuri in the National Park of Cilento. Studies on reproductive ecology of P. palinuri showed that, each year, plants can develop a single umbel on a long scape [22]. Nevertheless, in field surveys, we observed that inflorescences can persist on plants for more than one year. Accordingly, seed storage on plants was tested by counting the seeds stored in umbels of different ages. In October 2018, we selected plants that retained more than one umbel, and counted the number of seeds per capsule from 10 such plants per site. Inflorescence age was defined based on the position on the stem. Therefore, we could compare the number of seeds retained in inflorescences of different ages.




2.3.2. Storage in Soil Seed Bank


Seed persistence in soil bank was tested in two natural populations of P. palinuri in the National Park of Cilento. Considering the steep slope, four locations at each site were identified, based on the proximity of reproducing plants and physical accessibility. In each location, we set up six lots of 50 seeds in cages covered by a flexible net to facilitate the count. Both the cage and the net were designed to ensure seed access for soil-dwelling granivores, and avoid seed run-off by rain or wind. Seed counts in the field were planned twice a month.





2.4. Statistical Analysis


2.4.1. Capsule Dehiscence and the Effect of Wax Removal


The effect of cycles of alternating wet and dry conditions and, subsequently, of wax removal on the timing of capsule dehiscence, were tested by performing a lifetime analysis. The heterogeneity among treatments was tested by the log-rank test [40]. While the lifetime analysis was sufficient for explaining the effect of cycles of wet and dry conditions on capsule dehiscence, we also conducted an accelerated failure time (AFT) model to measure the effects of wax removal. AFT models assume only that a baseline survival function is modified (i.e., accelerated) by a regression of event times on covariates [40]. Therefore, AFT models evaluate the extent to which the baseline survival function is shifted to the right or left, by covariates such as population, treatment, or emergence date [40]. In our model, the survival curve of capsules with wax unremoved was chosen as the baseline survival function. A log-normal distribution was used for the AFT model, because it gave the best fitting model. Finally, significance of each regression parameter was evaluated with log-likelihood tests [41]. Statistics were calculated by using R version 3.5.2 [42].




2.4.2. Seed Storage on Plants


Seed storage on plants was tested by performing a one-way analysis of variance (ANOVA). To establish a normal distribution and homogeneity of data, a log-transformation was performed. These analyses were followed by Tukey’s HSD grouping tests, to identify heterogeneous groups. Statistics were calculated by using R version 3.5.2 [42].






3. Results


3.1. Capsule Dehiscence


Repetitive wet and dry cycles served as the main environmental factor triggering capsule dehiscence. The experiment lasted 75 days, corresponding to the period in which all treated capsules dehisced (Figure 1). During the same period, none of the capsules subjected to constant dry condition dehisced, corroborating our previous observation that undehisced capsules remain closed for several years when stored dry (Figure 1). The shortest time that led to a dehisced capsule was 8 days, while the longest was 75 days. The median predicted by survival curves for dehiscence was 34.5 days. The progressive reduction of undehisced capsules (survival curves) resulted in a highly significant difference between treatment (χ2 = 23.4, df = 1, p < 0.0001). By focusing only on the treatments involving cycles of wet-dry conditions, dehiscence timing was lower in capsules where wax was removed than in capsules with wax retained (Figure 1). The time to reach the dehiscence of all capsules from which wax was removed ranged between 8 and 30 days, with a predicted median of 12 days. The lifetime analysis showed significant heterogeneity among treatments (Figure 1, Table 1). The regression coefficients in Table 1 and their estimated covariance showed that wax removal can effectively speed up the dehiscence process.



Working in the field, another unexpected mechanism has been observed and subsequently confirmed with laboratory tests. After capsule dehiscence triggered by cycles of wet-dry conditions, a further mechanism controls seed release. Dehisced capsules interact with water: promptly close when wet and slowly open again upon drying (Figure 2). This open-close mechanism has been observed up to the end of the experiment.




3.2. Aerial and Soil Seed Bank


Data on the reproductive phenology of P. palinuri showed that capsules look mature and dry in July; some of them show first cracks on the apex in August, and start to dehisce and disperse the seeds in October.



Field data revealed that P. palinuri can develop an aerial seed bank, lasting up to two years (Figure 3). Nevertheless, our results show that most of the seed release occurs during the year of capsule maturation and dehiscence. Indeed, the number of seeds stored in capsules greatly decreases in one-year-old inflorescences, with only a few seeds retained in the capsules of two-year-old umbels (Figure 3). No plant with more than three umbels was found in the field.



Results of the soil seed bank test showed a total removal of P. palinuri seeds from the soil surface. After 15 days, none of the 2400 seeds used for the test were found in the cages placed in all microsites. Although no specific test was performed and further analyses are still needed, during field activities, it was observed that seeds were picked up by ants. Considering the elevated activity of granivorous ants (Messor spp.) in the experimental sites, some seeds of P. palinuri were spread along the ants’ trail, and their removal was video recorded to document seed movement by ants (Video S1).





4. Discussion


4.1. Serotiny in P. palinuri


We investigated the seed release strategy adopted by P. palinuri on the vertical cliffs along the Tyrrhenian coast of southern Italy, highlighting, for the first time, the occurrence of serotiny in Primula species. As already pointed out, seedling establishment is a critical phase in the life cycle of P. palinuri [18], in which water availability surely plays a leading role [17]. Our results demonstrate that P. palinuri is a serotinous species in which seed release occurs only in response to cycles of moisture following dry periods. From an ecological point of view, this strategy is analogous to that of species in arid environments, such as in the large family Aizoaceae [27,38]. In that family, 98% of its species possess hygrochastic capsules that open when moistened and close again when dry [38]. Therefore, the occurrence of seed release is strictly related to water availability, regulated by the intensity of rainfall events. Capsules of Aizoaceae must be thoroughly wetted by a heavy rain before they open to release seeds [38]. Differently, in P. palinuri, a single rainfall event, even if particularly intense, is not enough to trigger seed release. Our results highlight that repetitive cycles of wet and dry conditions are necessary to trigger capsule dehiscence. In Mediterranean plant communities, this mechanism has been observed in Cistus ladanifer and C. libanotis [37].



Capsules of P. palinuri are covered by a thick layer of white hydrophobic wax, consistent with the “farinose wax” typically reported in Primulaceae [43]. We can infer that the hydrophobic wax acts as an insulation layer, by preventing direct contact of water with the capsule. Similarly, the presence of superhydrophobic surfaces in Eokochia saxicola, another endangered species surviving on the same cliffs as P. palinuri, is reported as an adaptation to cope with the environment [44,45]. Falling raindrops induce wax erosion by damaging the delicate wax crystalline structures of leaves [46]. In our study, the dehiscence mechanism most likely starts only after the removal of the farinose wax. Furthermore, mechanical removal of the wax accelerated capsule dehiscence in P. palinuri, likely making a preferential access to the capsule surface for water. In this species, the timing of wax removal seems to reflect the timing of capsule dehiscence. Therefore, any process that induces wax degradation could promote faster capsule dehiscence.




4.2. From What We Know to What Is Still Missing


Once capsules open, all seeds are not released at the same time. Indeed, capsules repeatedly open when dry and close again when moistened. Likely, this mechanism allows plants to gradually distribute their seeds over time from a long-lasting aerial seed bank [30]. Clearly, an aerial seed bank would be useless if the seeds do not remain viable [47]. In addition to the yearly production of capsules, plants of P. palinuri retain old capsules with seeds up to 2 years old. In this regard, we are collecting data to examine the relationship between the duration of seed viability and that of seed storage on plants.



Our observations are in contrast with a common assumption about serotiny, that all seeds are released simultaneously, and must germinate during the first wet season [28]. However, this statement mostly mirrors serotinous species evolved in fire-prone ecosystems. In contrast, where water availability is a limiting factor and the major bottleneck is the transition of seeds to seedlings, the ability to distribute seed release over time can be interpreted as an opportunistic strategy to cope with the uncertainty of environmental conditions [30,33]. However, despite this mechanism to store seeds on the plant and, subsequently, distribute their release over time, which likely evolved to favor the transition of seeds to seedlings, recruitment failure is still one of the main issues in P. palinuri conservation. Typically, less than 10% of the seeds released become seedlings, among many serotinous species [48]. Nevertheless, the reasons behind this phenomenon remain unclear and worthy of further study.



Species belonging to meadows or underbrush communities benefit from long-distance seed dispersal, by establishing meta-populations in transient favorable habitats [49,50]. This strategy often exploits water surface run-off or animal-mediated dispersal (e.g., rodents, birds or ants) [11]. In contrast, species inhabiting cliffs generally adopt a strategy in which seed shadows remain close to the mother plant [14,15]. In P. palinuri, while serotiny allows seed release to meet better-suited environmental conditions for germination and seedling establishment, the subsequent mechanism in which capsules promptly closeup when wet and open again upon drying can also be interpreted as a strategy to reduce seed losses due to surface run-off. The strategy for seed release adopted by P. palinuri seems to be a clear adaptive trait to avoid summer drought and await better conditions for seedling establishment. Nevertheless, maritime vertical cliffs along the Tyrrhenian coast of southern Italy interface directly with the sea, thus resulting in an extreme limit for terrestrial flora expansion [6]. Therefore, if water availability is an essential condition for seedling emergence [17], surface run-off during rainfall events represents a high risk for seed losses. Once seeds of P. palinuri are released, they develop hypocotyl hairs, which enhance water absorption and ensure mechanical support [21]. This need to prevent run-off loss likely explains differences in seed release between P. palinuri and species distributed in other arid environments. In desert plants, rain is the main seed-release trigger, but it is also the main dispersal agent [36,38,47]. Once the strategy of seed release is understood, it is then critical to investigate the dispersal strategy in P. palinuri, to deepen our understanding of its population dynamics. Indeed, in a context where long-distance dispersal is disadvantageous, an aerial seed bank could effectively result in a successful strategy for seedling survival, by ensuring anchorage at the “mother-site”.



Aerial seed banks can also protect seeds from soil-dwelling granivorous [28,39]. There is a general agreement that granivorous ants can cause substantial seed losses in a variety of ecosystems [51]. Given that ants can also serve as dispersal agents (myrmecochory), it is necessary to evaluate the outcome of the ant-seed interactions, to determine whether ants are better classified as seed predators or dispersers [52]. In non-myrmechorous species, it has been estimated that ants can collect more than 85% of seeds, and almost 70% of them can be effectively lost, due to predation [52]. Our observations suggest that seeds of P. palinuri could be subjected to ants’ post-dispersal predation, as also already reported in many other species of Primula [10,11,50,53]. Although it has been observed that granivorous ants can collect seeds directly from plants [37,53], we did not observe this phenomenon in open capsules of P. palinuri. A strategy of predation avoidance in P. palinuri has already been pointed out: P. palinuri accumulates phenolic compounds in its seedling roots that act as a feeding deterrent [21]. Nevertheless, we cannot exclude that some proportion of the seeds are also safely dispersed by ants, as observed in other plants [37,49,51,52]. Therefore, further studies are needed to clarify relationships between P. palinuri and granivorous ants.





5. Conclusions


The present study investigated the seed release strategy adopted by P. palinuri on the vertical cliffs, along the Tyrrhenian coast of southern Italy, highlighting, for the first time, the occurrence of serotiny in Primula species. Our results demonstrate that P. palinuri is a serotinous species in which seed release occurs only in response to cycles of moisture following dry periods. Once capsules open, seeds are not released at the same time. Indeed, capsules repeatedly open when dry, and close again when moistened. Vertical cliffs, the natural habitat of P. palinuri, consist of high and very steep rock walls characterized by a set of peculiar environmental factors, due to verticality, and where water availability is one of the most limiting factors. The ability of P. palinuri to distribute seed release over time can be interpreted as an opportunistic strategy to cope with the uncertainty of environmental conditions. Overall, seedling recruitment is the bottleneck in the life cycle, and generation turnover of P. palinuri and seed production before the summer allows the species to cope with the aridity season. This phenological adaptation, together with the aerial seed bank, the serotiny and the peculiar opening/closing mechanism of the capsules, represent a unique strategy for a progressive seed release which helps ensure the persistence of P. palinuri on Mediterranean coastal cliffs.
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Figure 1. Progressive reduction of the number of undehisced capsules of Primula palinuri. Results of both the effect of cycles of wet and dry conditions and those of wax removal are presented here. Shaded areas represent the 95% confidence interval. 
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Figure 2. Hygroscopic movement of P. palinuri capsules: (A) dry capsule; (B) capsules wetted with sprinkling distilled water; (C) end of closing process, average duration 10 min; (D) reopening due to drying out, average duration 120 min. 
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Figure 3. Number of seeds in Primula palinuri inflorescences of different ages. 
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Table 1. Analysis of accelerated failure-time model for P. palinuri capsule dehiscence, based on log-normal distribution.
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Variable

	
df

	
Parameter (SE)

	
χ2

	
p-Value






	
Intercept

	
1

	
2.46 (0.13)

	
49.31

	
<0.001




	
Treatment

	
1

	

	
19.67

	
<0.001




	
(Wax removed)

	
1

	
−0.92 (0.18)

	
19.67

	
<0.001




	
(Wax unremoved)

	
0

	
0.00

	

	




	
Scale parameter

	
1

	
0.55 (0.11)

	

	




	
Maximized log-likelihood = −151.50
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