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Ecophysiological and morpho-functional responses of Mediterranean plants on coastal dunes: how they vary across seasons
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Abstract

[bookmark: _Hlk73633894]Coastal dunes of the Mediterranean basin are threatened ecosystems, conservation of which is vital for both ecological and economic reasons. Understanding how dune plants and their habitat interact may deepen our knowledge of the dynamics of coastal environments. An ecophysiological and morpho-functional investigation was carried out throughout all seasons on four species typically found on the fixed dunes of central Italy. They belong to different functional groups: Cistus creticus subsp. eriocephalus (drought semideciduous), Phillyrea angustifolia (evergreen sclerophyll), Juniperus macrocarpa (conifer) and Spartium junceum (leguminous). The aims of the study were to determine the annual patterns of plant responses, to highlight putative differences of resistance strategies between functional groups, and to identify traits which play a crucial role in plant adaptation to dune environments. Photochemical efficiency was lower in winter for all species, although it was quite steady in Juniperus. Water status never reached critical levels, probably because the summer under analysis was wetter than average. Different strategies of resistance were exhibited: leaf morphological traits and seasonal modulation of leaf pigments changed depending on the functional group. Nevertheless, all species displayed efficient adaptation to the Mediterranean environment involved in the study, showing the critical importance of how physiological and functional adjustments combine in different ways. In particular, leaf area, total carotenoid and total chlorophyll concentrations performed a prominent role in explaining how the studied plants adapt to the fixed dune environment.
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1. Introduction

[bookmark: _Hlk73634021]Coastal dunes are vulnerable ecosystems that are valuable from both an ecological and an economic standpoint, but the narrowing of their surface and the loss of biodiversity are a cause for concern, highlighting the importance of their conservation (Drius et al., 2019). The climate of sand dune habitats of the Mediterranean basin sees mild winters and hot summers. During summer, plants must withstand drought and high solar radiation, a scenario which is expected to become harsher still in the coming years (IPCC, 2014). Wind, sandblast, burial by sand, salt rich- and nutrient poor-substrates are additional challenges to plants, whose survival is also threatened by coastal erosion, pollution, urban development, and tourism exploitation (Ciccarelli, 2014). These forces may alter height and width of the foredune, thus weakening its ability to protect inland habitat from salty winds and sand drift. As a result, it is essential to investigate the responses of plants to the changing environment, to advance our knowledge about the mechanisms and the degree of resistance of species in dune areas: information on their ecophysiology is a prerequisite for preventing the loss of biodiversity and the deterioration of these habitats. 
Mediterranean dune plants are particularly prone to photoinhibition, especially during the dry season (Werner et al., 2002). Consequently, photochemical efficiency and water balance are reliable clues of the plant’s physiological state. A further contribution to the study of ecological strategies and of plant responses to the environment may be provided by analysing plant functional traits (Perez-Harguindeguy et al., 2013). 
In a previous study (Sorce et al., 2019), we investigated the ecophysiology of three species along the coastal gradient, from the embryonic shifting dunes (close to shore) to the ﬁxed dunes (more inland), located within a protected area (Migliarino, San Rossore, Massaciuccoli Natural Park). One species displayed a marked decrease of maximum photochemical efficiency and of water potential during summer in the shifting dunes, prompting us to evaluate the state of the whole dunal belt. We planned to pursue our research by focusing attention on fixed dunes within two habitats: 2250 Coastal dunes with Juniperus spp. and 2260 Cisto-Lavanduletalia dune sclerophyllous scrubs, as per Natura 2000 codes (European Commission, 2013). In the site, which belongs to the aforesaid Natural Park, these habitats overlap in part, and the characteristic taxa of the two habitats are often found close to each other. In this environment, the flora is protected by restricted access to recreational activities and careful management of the beach areas, which are cleaned infrequently using non-mechanical means. The litter of natural origin is left in place and only garbage (plastic, glass and manufactured products in general) is removed (Perfetti, 2010). The Natural Park has enabled survival of the dunal flora, which has almost disappeared from the neighbouring area, owing to urbanization and intense tourism exploitation. Accordingly, it was deemed vital to investigate focal species which act as diagnostic or characteristic taxa of these coastal dune habitats (Angiolini et al., 2018), and to protect both them and their environment. The most common species of habitats 2250 and 2260 are scrubs, which may be categorised according to two main strategies: evergreen sclerophylls and drought semideciduous (Mooney and Kummerow, 1971). According to Levitt’s classification (1980), the semideciduous taxa primarily adopt an avoidance strategy, which relies on leaf surface reduction through abscission or desiccation when water stressed, while the sclerophylls are mostly tolerant towards the stress agents prevailing in the coastal environment.
To investigate the effectiveness of the two strategies in the experiment site, one species from each class was selected from those found in habitats 2250 and 2260: Cistus creticus L. subsp. eriocephalus (Viv.) Greuter & Burdet and Phillyrea angustifolia L. Two additional species, widely found in the area and belonging to separate functional groups, were also investigated: the conifer Juniperus macrocarpa Sm. and the leguminous Spartium junceum L.
Plants of the Cistus genus are characteristic of habitat 2260. They are summer semideciduous plants which save water by reducing the transpiring area, allowing the remaining leaves to maintain turgor throughout the dry season, although such leaves may undergo chronic photoinhibition (Werner et al., 2002). The roots of most Cistus species are conﬁned to shallow soil, thus exposing the plants to a greater risk of water deﬁcit, compared with deeper-rooting shrubs or trees in the same ecosystems (Grant et al., 2015). This raises questions about their ability to adapt to the expected exacerbation of drought in the Mediterranean basin.
The main aim of this study was to analyse the annual patterns of plant responses, and to identify periods of heightened stress. It was achieved by investigating a number of representative species in a threatened environment, the survival of which also depends on the management policy of the Natural Park they are found in. Moreover, we wanted to test: 1) if the studied plants adopt different strategies, depending on the functional group they belong to (sclerophylls, semideciduous, conifers and leguminous); 2) which of the selected functional and physiological parameters is of greatest importance for plant adaptation to the fixed dune environment.

2. Materials and methods

[image: C:\Users\Carlo\Desktop\MS lavoro Nannipieri\manoscritto\Figure 1   2-column fitting.tif]2.1. Study area

Fig. 1. Location of the Migliarino, San Rossore, Massaciuccoli Natural Park, along the shoreline of northern Tuscany (Italy), indicated by the arrow (right panel). The left panel shows the approximate position of the northern-central coast of Tuscany along the west coast of Italy (maps from https://d-maps.com).

Field data and samples were collected within the protected area of Migliarino, San Rossore, Massaciuccoli Natural Park, on the northern Tuscan coast (Italy), in a Site of Community Importance: ‘Dune litoranee di Torre del Lago’, code IT5170001 Natura 2000 network, 43.828611° N, 10.253889° E (Fig. 1). The site covers nearly 20 km2, with 4 km of sandy coast (direction N-S, approximately), and an average elevation of 5m a.s.l.; inland from the sandy beach there is a coastal forest, interspersed with small marshes. The climate is Mediterranean sub-humid: 16.2°C mean annual temperature, 162 W m−2 solar irradiance, and 914.5 mm rainfall (the latter values are on an annual basis). Precipitation is spread irregularly, with about 26% in winter, 22% in spring, 19% in summer and 40% in autumn. Data are averaged over 40 years (1974–2013) except for solar irradiance, which is averaged over 9 years from 2005 to 2013 (http://www.sir.toscana.it). The coast of the protected area seems resistant to erosion. The sand beach is also protected by scheduled cleaning measures conducted without the use of mechanical vehicles: garbage is collected by hand by Park staff and volunteers, and is carried away by horse-drawn carts. The shape of the studied area is broadly squared, measuring 190 x 190m, and is situated 150m from the shoreline. It runs from 50m inland of the dune crest to the edge of the pine forest, encompassing the Natura 2000 habitats 2250 and 2260.

2.2. Plant species

Four species were selected from among those most representative or diagnostic of the fixed dunes habitats. They feature different growth forms, as outlined below (Acosta and Ercole, 2015): 1) Cistus creticus L. subsp. eriocephalus (Viv.) Greuter & Burdet (Cistaceae). A nano-phanerophyte drought-semideciduous shrub, 0.4-1 m average height. This species is typical of the Mediterranean maquis and garrigue, and is particularly resilient to wildfires. In the area studied, it is found in a narrow strip running parallel to the coast, about 200m from the shoreline. 2) Juniperus macrocarpa Sm. (Cupressaceae) is a phanerophyte evergreen shrub, 1-5 m high. Juniperus is dioecious, with small cones at the axil of the needles. This species dominates habitat 2250 on the studied site, and gave us an opportunity to expand our ecophysiological comparison to conifers. 3) Phillyrea angustifolia L. (Oleaceae) is a phanerophyte evergreen sclerophyll shrub standing 1-3 m tall. Salt glands are present on the leaves, making this species highly resistant to marine aerosol. Phillyrea is characteristic of the maquis, frequently occurring alongside Quercus ilex or Juniperus spp. In the studied area, it is found in a belt which is parallel to the coast, between 230 and 290 m from the shoreline. Evergreen sclerophylls such as P. angustifolia are thought to be vulnerable to climate change (Bussotti et al., 2014) and their putative decline would disrupt Mediterranean plant communities, causing potentially severe ecological impacts; hence the pressing need to acquire information on their response to the environment. 4) Spartium junceum L. (Fabaceae). This bushy phanerophyte is 0.5-2m tall, with early deciduous leaves (they are absent during blooming between May and July). Spartium easily adapts to dry, heavy and calcareous soils; as a result, it is common throughout Italy. This legume establishes symbioses with N-fixing bacteria (Gavilàn et al., 2016). In the area studied, it is mostly found inland, 320-340m from the shoreline, along a gravel road which separates the maquis/garrigue from the pinewood. Spartium junceum helped shed light on the role of some morpho-physiological peculiarities (in particular, the photosynthesizing stems) in response to the Mediterranean coastal environment.

2.3. Field analyses and sampling

In April 2014, healthy plants of similar size and age were identified. Five individuals were randomly selected for each species, with the exception of Juniperus, for which three female and three male plants were chosen.
Field measurements and sample collection were made on sunny days from September 2014 to September 2015, across all seasons: autumn (October 23 and November 27), winter (December 22 and January 28), spring (April 18 and May 19) and summer (June 24, July 20, August 12 and September 8). The datasets did not differ significantly within each season (data not shown); as a result, they were pooled to yield a single sample for each parameter and each season.
Leaves or stem segments were selected for ﬁeld measurements and sample collection according to parameter and species. All were exposed to full sunlight, facing south, located in the top third of the aerial part of the plant, and leaves were fully expanded (except for Spartium, for which we analysed one-year-old green branches).
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Photochemical eﬃciency and water potential were measured for each individual specimen. The former was determined by analysing chlorophyll ﬂuorescence using a portable ﬂuorometer (MINI-PAM Walz, Eﬀeltrich, Germany). Chlorophyll ﬂuorescence is a non-invasive measurement of PSII activity, which can be evaluated by calculating two key parameters: 1) the operating PSII quantum yield (ΦPSII) of photosynthesizing leaves, i.e. the proportion of absorbed light actually used in PSII photochemistry; 2) the maximum PSII quantum yield (Fv/Fm) of dark-adapted leaves, which is one of the most common indicators of stress in plants (Murchie and Lawson, 2013). Data was recorded for each individual, before being averaged to yield one value per plant. Measurements were performed on photosynthesising leaves (or green shoots for Spartium), to acquire ΦPSII. Three more leaves (or shoots) were shaded with clips for 30 min, then measured to evaluate Fv/Fm. On Spartium, the clips were also wrapped with aluminium foil, to ensure the sample was completely darkened. All operations were carried out between 12 and 2 p.m. The seasonal value for each species was the average of 5 replications ± SD (6 for Juniperus).
[bookmark: OLE_LINK4]Chronic photoinhibition (PIchr), which represents the loss of photosynthetic efficiency with reference to the year’s highest value (Werner et al., 2002), was calculated with the following equation:
PIchr = [(Fv/Fm)max - (Fv/Fm)] / (Fv/Fm)max
where (Fv/Fm)max is the highest value recorded for each species throughout the year.
Midday water potential (Ψw), determined under conditions of maximum water demand, was measured by a Scholander-type pressure chamber (PMS Instruments, Albany, OR, USA) on three terminal shoots per individual sample, by increasing the chamber pressure at approximately 1 MPa min−1. The three recordings per individual sample were averaged to yield a single data per plant. The seasonal value for each species was accordingly the average of 5 replications ± SD (6 for Juniperus). 
At each date, about 50 g fresh weight (FW) of leaves (Cistus, Juniperus and Phillyrea) or 150 g FW of shoot segments (Spartium) were taken from each sample. These were then sealed in plastic bags with wet paper and refrigerated until they were stored at -80 °C in the laboratory.

2.4. Analysis of pigments

Frozen leaves (or shoots for Spartium) were analysed separately for each specimen. Samples were cut into small pieces and then split into three technical replications of 0.5 g FW each, which were analysed to determine the concentrations of chlorophyll A (ChlA), chlorophyll B (ChlB), total chlorophyll (Chl_tot) and total carotenoids (Car), as per Sorce et al. (2018). Brieﬂy, samples were homogenised with acetone added with CaCO3, stirred for 2h at 4°C and centrifuged for 10 min at 7000×g at 4°C. Pellets were extracted once more and the two extracts were pooled, ﬁltered on paper disks and their volume was recorded. Absorption spectra from 450 to 700 nm and absorbance at 661.6, 644.8 and 470nm of three aliquots of each sample were recorded using a UV Mini 1240 spectrophotometer (Shimadzu, Kyoto, Japan). The average of the readings at each wavelength of the three technical replications was treated as a single value. Calculations were made according to Lichtenthaler (1987).

2.5 Functional traits

Four morphological traits were determined for each species: leaf area, specific leaf area, leaf dry matter content, and succulence index. The usefulness of leaf traits to reveal the ecological strategies adopted by plants in different environments has been widely demonstrated in literature (Wright et al. 2004). For each trait, at least 10 replicate samples were measured from 10 specimens randomly selected upon first sampling. For Juniperus, 10 replicate samples were measured for each trait from female individuals, and 10 samples from male individuals. For leaves, sample storing, and processing followed the standardised methodologies described by Pérez-Harguindeguy et al. (2013). Leaf area (LA) is the most common metric for leaf size and is defined as the one-sided projected surface area of a fresh leaf, expressed in mm2. Intraspecific variation in LA has been linked to climate variation, geology, altitude and latitude, where cold and heat stress, drought stress, nutrient stress and high-radiation stress all tend to make for the selection of relatively small leaves (Pérez-Harguindeguy et al. 2013). Specific leaf area (SLA) is LA divided by its oven-dry mass, expressed in mm2 mg-1. Specific leaf area is correlated with RGR, photosynthetic rate, leaf nitrogen, longevity, and carbon investment in secondary compounds such as tannins or lignin (Pérez-Harguindeguy et al. 2013). Leaf dry matter content (LDMC) is the proportion of the water-saturated fresh mass of a leaf accounted for by its oven-dry mass, expressed in %. Leaf dry matter content is linked to RGR, leaf lifespan, decomposition rate, resistance to physical disturbances such as wind, herbivory, and fire (Pérez-Harguindeguy et al. 2013). Succulence index (SI) is the ratio of the difference between the water-saturated fresh mass of a leaf and its oven-dry mass to the leaf surface area, expressed in mg cm-2 (Read et al., 2005). Succulence index is directly correlated with drought stress and salinity. For each species, leaves were collected in autumn and winter 2014, spring and summer 2015. Spartium leaves were collected only when present (spring and summer).

2.6. Statistical analyses

After checking for normality of distribution using the Shapiro-Wilk test, and homogeneity of variances using Bartlett’s test, physiological parameters were analysed (each individual of each species for each sampling date was treated as a single replication). Preliminary tests indicated that there were no significant differences between male and female Juniperus plants. As a result, data were pooled and further analysed regardless of sex.
The eﬀect of one of the experiment’s main factors, i.e. species, was evaluated by one-way ANOVA, followed by multiple comparisons with Tukey’s test after Bonferroni correction.
The effects of climate were estimated by calculating linear regression models, the explanatory variables of which were mean temperature and rainfall averaged and cumulated, respectively, over 14 days prior to each sampling date. These predictors were tightly correlated (multicollinearity), as demonstrated by a high Variance Inflation Factor (VIF > 10); according to Snee (1973), this factor should not exceed 5, therefore the explanatory variables were centred prior to the analysis. Preliminary tests, one-way ANOVA, multiple comparisons and linear regression models were calculated with R 3.6.1 software (2019) using boot, car, lm.beta, MASS and vegan packages.
Moreover, a matrix of 16 samples (4 species x 4 seasons) x 9 traits (LA, LDMC, SLA, SI, Car_tot, Chl_tot, Fv/Fm, ΦPSII, Ψw) was analysed using Non-metric Multidimensional scaling (NMDS), the aim being to represent samples and/or species in a low-dimensional ordination space by optimising correspondence between original dissimilarities and distances in the ordination (Økland, 1996). Chlorophyll A and ChlB had displayed very similar concentration patterns; accordingly, in order to reduce redundancy, only Chl_tot was considered. We also omitted PIchr from the matrix because this variable is calculated from Fv/Fm. The matrix was standardized, square-root transformed then analysed using Bray-Curtis similarity. The Pearson correlation coefficient was calculated to show which variable was more correlated to the NMDS axes. The multivariate analysis was carried out using PRIMER v.7 software (PRIMER-E, Plymouth).

3. Results

The period under study (September 2014 - September 2015) saw average monthly temperatures and solar irradiance similar to the previous 40 (temperature) and 9 (irradiance) years, with minor departures from the average values: autumn 2014 was slightly warmer with lower irradiance, while summer 2015 was slightly warmer with higher irradiance. In 2014-2015, temperatures followed the characteristic pattern of the Mediterranean climate. Compared with the 40-year average, autumn 2014 was drier in the first half and wetter thereafter; winter 2014-2015 was in line with the previous decades, spring 2015 was drier and summer 2015 mostly wetter (Fig. 2). 
[image: C:\Users\Carlo\Desktop\MS lavoro Nannipieri\manoscritto\Figure 2   single-column fitting.tif]
Fig. 2. Rainfall (above), average temperature (middle) and average solar irradiance (below) of the site under study. Bars: monthly values. Lines with open circles: values averaged over 40 years (1974–2013, rainfall and temperatures), or 9 years (2005–2013, irradiance).

3.1. Photochemical efficiency

Figure 3A shows the ΦPSII of the selected plants: it was relatively low and did not change significantly across the species. The highest value overall was displayed by Cistus in spring, while in the remaining seasons there were limited differences compared with the other species. The lowest yield overall was recorded on Phillyrea in summer; in winter this species also yielded a value which was lower than the other taxa, although the difference was not significant. In summer, the best operating photochemical performance was attained by Spartium, which only saw a slight decline in winter, while for Cistus and Phillyrea a decline also occurred in summer. As for Juniperus, ΦPSII proved remarkably stable across the seasons.
[image: ]Figure 3B shows that Fv/Fm reached the minimum in winter for all species, in particular for Phillyrea and Spartium. The most favourable season was spring, except for Juniperus, whose values were stable throughout the year. In summer, Fv/Fm was highest in Spartium, but the other species also performed well. In autumn the values were rather high, with the exception of Phillyrea which performed worse than in summer.
Figure 3C shows data for PIchr, which was low in spring as well as in summer, while the highest values were recorded in winter. Phillyrea and Spartium suffered some degree of photoinhibition in autumn as well.

Fig. 3. Seasonal operating (ΦPSII, A) and maximum potential (Fv/Fm, B) eﬃciency of photosynthesis and chronic photoinhibition (PIchr, C) of Cistus creticus, Cis; Juniperus macrocarpa, Jun; Phillyrea angustifolia, Phi; Spartium junceum, Spa. Each value represents the mean of 25 measurements (30 for Jun) ± SD. Diﬀerent letters indicate signiﬁcant diﬀerences between species within the same season (P ≤ 0.05).

3.2. Water potential

[image: ]Almost all values were between -2 and -1 MPa (Fig. 4), which may be considered a physiologically normal range. As a result, they would not seem to indicate any stress. In summer there was only a slight decrease, except for Spartium, whose Ψw was greater than in winter and autumn. This pattern of Ψw, with the minimum value reached in a season outside of summer, was unique to Spartium.

Fig. 4. Seasonal water potential (ΨW) of Cistus creticus, Cis; Juniperus macrocarpa, Jun; Phillyrea angustifolia, Phi; Spartium junceum, Spa. Each value represents the mean of 5 measurements (6 for Jun) ± SD. Diﬀerent letters indicate signiﬁcant diﬀerences between species, within the same season (P ≤ 0.05).

3.3. Photosynthetic pigments

The concentration of ChlA (Fig. 5A) reached the minimum in summer in all species, except for Juniperus, whose values were steady across all seasons. The species with the highest ChlA concentration was Cistus, with a peak in spring and a marked decrease in summer, a time course which resembled that of Spartium. In Phillyrea, ChlA was less variable, similar to the results seen for Juniperus.
Chlorophyll B concentration (Fig. 5B) displayed patterns similar to ChlA, although the values were notably lower (roughly by 2/3). Owing to the close resemblance of the time frames of ChlA and ChlB, Chl_tot displayed a pattern with the same features (Fig. 5C).
[image: ]















Fig. 5. Seasonal concentrations of chlorophyll A (A), chlorophyll B (B), total chlorophyll (C), total carotenoids (D) and seasonal ratios of chlorophyll A to chlorophyll B (E) and of total chlorophyll to total carotenoids (F) of Cistus creticus, Cis; Juniperus macrocarpa, Jun; Phillyrea angustifolia, Phi; Spartium junceum, Spa. Each value represents the mean of 3 replications (6 for Jun) ± SD. Diﬀerent letters indicate signiﬁcant diﬀerences between species, within the same season (P ≤ 0.05).

The picture changed little for Car (Fig. 5D): the lowest values were in summer, with a spring peak for Cistus, Phillyrea and Spartium, which also displayed a higher variability than the other species, particularly Juniperus. According to one-way ANOVA, the concentration of Car did not differ between the four species in winter; this seems to be the only key difference from the other pigments.
The time frame of the ChlA/B ratio (Fig. 5E) highlighted two distinct behaviours: Juniperus ratios were similar to those of Spartium and the same occurred between Cistus and Phillyrea, with the former two species showing higher values than Cistus and Phillyrea. The Chl/Car ratio (Fig. 5F) showed some similarity with ChlA/B; this parameter also mapped two distinct time frames throughout the year, except for winter: Chl/Car clustered the species in a different way, with similar values showed by Cistus and Spartium, exceeding those of Juniperus and Phillyrea.

3.4 Functional traits

Regarding Cistus (Table 1), LA reached the highest value in spring (543.04 ± 104.62 mm2) and the lowest in summer and autumn. 










Table 1 Functional traits of winter, spring, summer and autumn leaves of Cistus creticus subsp. eriocephalus, Juniperus macrocarpa and Phillyrea angustifolia
	Leaf traits
	winter
	spring
	summer
	autumn

	Cistus 

	LA (mm2)
	414.45 ± 52.4 b
	543.04 ± 104.62 c
	259.44 ± 68.48 a
	241.08 ± 31.08 a

	SLA (mm2 mg-1)
	6.51 ± 0.36 a
	10.14 ± 1.89 c
	9.00 ± 1.2 bc
	7.85 ± 1.81 ab

	LDMC (%)
	35.01 ± 2.13 b
	28.84 ± 1.51 a
	34.46 ± 3.00 b
	35.36 ± 2.82 b

	SI (mg cm-2)
	28.65 ± 2.18 c
	24.78 ± 2.43 b
	21.48 ± 2.33 a
	24.03 ± 3.37 ab

	Juniperus

	LA (mm2)
	23.72 ± 4.15 ab
	20.15 ± 3.53 a
	21.06 ± 2.58 a
	26.56 ± 3.31 b

	SLA (mm2 mg-1)
	5.49 ± 0.77 ab
	4.99 ± 1.11 a
	7.13 ± 1.05 c
	6.30 ± 0.65 bc

	LDMC (%)
	46.81 ± 2.18 a
	47.36 ± 2.04 ab
	44.92 ± 3.67 a
	50.06 ± 1.59 b

	SI (mg cm-2)
	21.13 ± 3.19 b
	23.22 ± 4.69 b
	17.51 ± 2.34 a
	15.96 ± 1.40 a

	Phillyrea


	LA (mm2)
	537.01 ± 94.46 b
	416.88 ± 74.01 ab
	266.48 ± 280.02 a
	408.92 ± 121.12 ab

	SLA (mm2 mg-1)
	4.70 ± 0.43 a
	3.99 ± 0.39 a
	5.26 ± 6.65 a
	4.95 ± 0.36 a

	LDMC (%)
	50.53 ± 1.43 ab
	52.41 ± 2.49 b
	48.46 ± 1.40 a
	50.81 ± 1.31 b

	SI (mg cm-2)
	21.01 ± 2.10 a
	22.97 ± 2.64 a
	42.50 ± 19.70 b
	19.64 ± 1.04 a


Data are mean of ten replicates ± SD. Means followed by the same letters are not significantly different at 5% according to one-way ANOVA, followed by multiple comparisons by Tukey’s test after Bonferroni correction. Abbreviations: LA, leaf area; LDMC, leaf dry matter content; SI, succulence index; SLA, specific leaf area

During spring, we also recorded the lowest value of LDMC (28.84 ± 1.51 %). The succulence index showed the highest value (28.65 ± 2.18 mg cm-2) in winter. No significant differences in SLA were detected between seasons.
Functional traits of Juniperus did not display a clear pattern of variation between seasons (Table 1). Only for SI, winter and spring leaves reached the highest values (21.13 ± 3.19 mg cm-2 and 23.22 ± 4.69 mg cm-2 respectively) when compared with summer and autumn leaves.
Phillyrea showed the highest value of SI (42.50 ± 19.70 mg cm-2) during summer, while no seasonal variation pattern in the other functional traits was detected (Table 1).
Lastly, spring and summer leaves of Spartium showed statistically significant differences (Table 2) in respect of LA, which reached the highest value in spring (162.97 ± 19.34 mm2), and SLA, the highest value of which was detected in summer (18.45 ± 2.85 mm2).

Table 2. Functional traits of spring and summer leaves of Spartium junceum
	Leaf traits
	spring
	summer

	LA (mm2)
	162.97 ± 19.34 b
	121.47 ± 28.64 a

	SLA (mm2 mg-1)
	14.34 ± 2.03 a
	18.45 ± 2.85 b

	LDMC (%)
	19.91 ± 1.88 a
	19.54 ± 1.60 a

	SI (mg cm-2)
	28.48 ± 1.80 a
	22.81 ± 3.34 a


Data are mean of ten replicates ± SD. Means followed by the same letters are not significantly different at 5% according to one-way ANOVA. Abbreviations: LA, leaf area; LDMC, leaf dry matter content; SI, succulence index; SLA, specific leaf area

3.5. Effects of temperature and precipitation

Linear regression models were calculated, for each species and each parameter, to evaluate the influence of two main climatic variables on the response of plants. Overall, 36 models were computed and almost none proved significant. Just two models revealed a level of significance below 0.05; they are included in the Supplementary material. The first model highlighted a significant, positive effect of the rainfall:temperature interaction and of rainfall alone on ΦPSII in Phillyrea. The second showed that, in Spartium, temperature influenced Car negatively.

3.6. Multivariate analysis

[image: ]The NMDS bidimensional plot showed a clear segregation of Juniperus and Phillyrea, which were positioned at opposite ends of the first axis of ordination, compared with the other species (Fig. 6). Three parameters – LA, Car and Chl_tot – showed a significant correlation with the samples (Pearson correlation > 0.7), particularly regarding spring and winter leaves of Cistus, in which they reached the highest values. 


Fig. 6. NMDS diagram based on the similarity (measured by Bray-Curtis coefficient) occurring in the four species for the physiological and functional traits analysed. Three variables have a Pearson correlation coefficient >0.7 with the two axes. Variable abbreviations: Car_tot, total carotenoids; Chl_tot, total chlorophyll; LA, leaf area. Species abbreviations: Cis, Cistus creticus subsp. eriocephalus; Jun, Juniperus macrocarpa; Phi, Phillyrea angustifolia; Spa, Spartium junceum; aut, autumn leaves; spr, spring leaves; sum, summer leaves; win, winter leaves.

The most interesting result from multivariate analysis is that the first NMDS axis can play an allometric/dimensional role, segregating the different taxa according to the size of leaves, from the largest ones found in Cistus and Phillyrea, through to the intermediate leaves of Spartium and the smallest leaves of Juniperus. Along the second NMDS axis, samples were arranged in the bidimensional space according to the Car and Chl_tot content, regardless of taxonomic identity. The good stress index (value = 0.12) demonstrated the reliability of sample segregation.

4. Discussion

The period analysed was generally drier than previous decades, with 8 months out of 14 seeing precipitation below average and only 4 months above. The seasons with the most marked water deficit were late summer-early autumn 2014 and spring 2015, while July and August 2015 were characterized by abundant precipitation. Autumn 2014 and early winter 2014-2015, along with early summer 2015, were slightly warmer than average. The species studied did not show visible evidence of climate-induced stress; nonetheless, climate anomalies could affect the physiology of these plants, or even their survival, should they occur with increasing frequency. 
The ecophysiological responses of each species during the period of observation are discussed below.

4.1. Cistus creticus

The highest ΦPSII in Cistus was reached in spring and, secondarily, in autumn. The reason for these peaks might be the high efficiency of the freshly produced leaves which, in the Cistus species, generally appear twice a year: by the end of spring (summer leaves) and after the first autumn rains (winter leaves). In our work, we found that summer leaves were small, with lower values of LA and SI, while winter ones were larger, showing higher LA and SI values, and lower values of LDMC.
As a summer semideciduous species, Cistus may reduce sunlight absorption by marked leaf shedding during summer (Correia and Ascensao, 2016). In this way, Cistus might have prevented photoinhibition: PIchr in summer resembled that of the other species, although the pigment profile might potentially expose the leaves to the risk of excess light absorption. Indeed, Cistus did not rely primarily on pigment modulation for protecting its photosynthetic apparatus. This species also displayed low values of ChlA/B, an indicator of the relative investment in antenna complexes (the lower the value, the greater the size of antenna complexes; Givnish, 1988), hence indicating a lack of response to high levels of radiation. This was consistent with the results of Zunzunegui et al. (2011), Grant et al. (2015) and Ciccarelli et al. (2019) and is considered indicative of the stability of the photosynthetic apparatus. A comparable pattern of response was detected in winter, for both PIchr and pigment profile. Moreover, in Cistus creticus, the ChlA/B ratio did not change in winter or in summer, thus providing further evidence of the different behaviours occurring within this genus. For instance, in C. albidus, ChlA/B increased slightly in winter (Pérez-Llorca et al., 2019), while decreasing in C. monspeliensis in summer (Ciccarelli et al., 2019); conversely, in C. salvifolius, ChlA/B did not change significantly between May and November (Grant et al., 2015). 
One of Cistus’s primary means of defence from excess radiation might be the steep leaf angle, along with other morphological and physiological adaptations of its leaves, as suggested by Werner et al. (1999) and Oliveira and Peñuelas (2000). This strategy did not appear to lend Cistus photochemical advantages over the other species during the two most critical seasons (i.e. winter and summer). Nonetheless, it might have helped to keep PIchr low and, if the Fv/Fm data are compared with those of other Cistus species growing at different Mediterranean sites (Grant and Incoll, 2005; Zunzunegui et al., 2011; Grant et al., 2015), it becomes apparent that Cistus exhibited considerable photochemical efficiency and notable resistance to climate-imposed limitations. This also holds true for water potential: values recorded on Cistus were higher than those from other Cistus species growing at different Mediterranean sites (Zunzunegui et al., 2005; Grant et al., 2015), probably because summer 2015 was wetter than average: in July and August 2015, precipitation was nearly two and four times the average, respectively. Since drought stress may downregulate photosynthesis under high photon flux density (Galmés et al., 2007), the adequate water balance of Cistus might have contributed to its positive photosynthetic performance in summer.

4.2. Juniperus macrocarpa

Whilst the photochemical efficiency of Juniperus never reached high values, it proved very stable across all four seasons. According to PIchr, the photochemical performance only fell in winter; nevertheless, Juniperus generally performed better than the other species throughout the course of the year. This matched the data of Castillo et al. (2002), showing low photoinhibition for Juniperus macrocarpa which was particularly evident when compared with another species of the same genus, i.e. Juniperus phoenicea, which was included in that study. The steady nature of the photochemical parameters might depend partly on the concentrations of both ChlA and ChlB, which were relatively low and constant across the seasons, likely limiting the absorption of sunlight and helping protect PSII from photoinhibition. Furthermore, the low values of Chl/Car point at a possible role played by Car in photoprotection. The ChlA/B ratio was mostly high, indicating that investment in antenna complexes in Juniperus is lower than in Cistus and Phillyrea, and are comparable with that of Spartium. This could contribute further to lessening sunlight absorption, although it was surprising that the lowest ChlA/B values were detected in winter and summer, when maximum photoprotection was expected.
From a functional point of view, the leaves of Juniperus did not show any major changes during the year. In some cases, we found statistically significant differences, especially between winter and summer (e.g. SLA and SI), but the traits seem are maintained to a certain extent. Leaf morphology may help to prevent damage from excess sunlight throughout the year, owing to the small surface. This trait, along with the thick cuticle, also helps to slow down transpiration, which might partly explain why we recorded high and stable values of Ψw, even in summer. Data of Castillo et al. (2002) indicate that the resistance of Juniperus to drought is also determined by its deep root system. As discussed above, it cannot be ruled out that these unexpectedly high Ψw figures were due in part to the abundant rainfall of summer 2015, which was wetter than average.

4.3. Phillyrea angustifolia

Data of photochemical efficiency suggest that Phillyrea might have effectively protected its photosynthetic apparatus from excess radiation, particularly in summer. This appears to be confirmed by PIchr, which was higher in winter and, surprisingly, in autumn. This pattern might be the consequence of the susceptibility of Phillyrea photochemistry to winter conditions, while the high value of PIchr in autumn might be attributable to the prolonged drought of the previous summer (in 2014, when the analyses had not started yet, because our investigation was still at the preliminary stage) and of early autumn 2014, which were drier than average. Conversely, summer 2015 was wetter than average, and this could explain why the photochemical performance of Phillyrea was better than in autumn and winter; the adequate water status of Phillyrea during the above season is demonstrated by the relatively high Ψw. This was also confirmed by the highest significant value of SI found in summer.
Phillyrea seems to be particularly susceptible to low temperatures and peaks of high photosynthetic photon flux density (PPFD) typical of the Mediterranean winter climate, but also summer aridity might strongly influence its photochemistry, because our linear regression models found a significant, positive effect of the rainfall:temperature interaction, and of rainfall alone, on ΦPSII. In this respect, the abundant rainfall of summer 2015 might have been crucial for alleviating the stress caused by strong radiation.
Our data agree with those of several authors (García-Plazaola et al., 1999; Karavatas and Manetas, 1998; Oliveira and Peñuelas, 2000; Baquedano and Castillo, 2007), who demonstrated that Fv/Fm is generally depressed during winter in evergreen sclerophylls. Species of this functional group do not as a rule possess efficient light-avoidance defences, hence their photochemistry is also vulnerable to the harsh summer climate: nonetheless, there is evidence that drought-induced constraints on leaf photochemistry prevail in seedlings and for only a limited number of species and certain light irradiance conditions (Flexas et al., 2014).
The concentration of photosynthetic pigments did not show wide variations across the seasons, but a complex pattern of changes may be highlighted, agreeing with those observed by Ciccarelli et al. (2019). Phillyrea invests a comparably large amount of resources in photosynthetic antennas to enhance light absorption. The ensuing risk of photoinhibition/photodamage might have been curbed by the protective action of Car, and by lower concentrations of ChlA and ChlB in summer.

4.4 Spartium junceum

Photochemical efficiency of Spartium was lower in winter and autumn: as previously hypothesized for Phillyrea, Spartium might also be particularly susceptible to winter conditions, while the high PIchr in autumn could have been the consequence of the potentially stressful conditions of summer 2014, and the drought which occurred in early autumn 2014.
Regarding water status, in summer (2015) Ψw was significantly higher than that of the other species. One unusual feature was that the minimum value was not recorded in summer, although the abundant precipitation in summer 2015 might have played a decisive role. The somewhat surprising physiological performance of Spartium during summer, in comparison with the other species, may be attributable to several factors. The plant loses its leaves in late spring-early summer; therefore, the stems are the only photosynthetic organs. This reduces transpiration and enhances resistance to summer drought. Indeed, stem photosynthesis is an adaptation to water shortage, high temperatures and high PPFD (Bezić et al., 2003). This may be related to the ability to recycle the internal CO2 from the sapwood, which makes species with photosynthesizing stems more efficient at using water. These plants generally display low stomatal density and must rely largely on internal CO2 re-assimilation (Chen et al., 2018 and references therein). Furthermore, Spartium growth produces a relatively closed canopy, thereby reducing water evaporation from the soil (Gavilán et al., 2016).
From a functional point of view, we found that leaves in spring were larger and had lower values of SLA than summer leaves, indicating more favourable conditions during spring. With the onset of summer, leaf shedding left the plant with photosynthesizing organs (the green stems) that contained lower amounts of pigments, which may have helped prevent excessive light absorption.
Whilst not investigated in this study, the symbiosis with N-fixing bacteria might play a role in Spartium’s response to the Mediterranean coastal environment, by enriching the soil with this often-limiting nutrient, thus enhancing plant photosynthesis, and giving it a further ecological lead over coexisting species (Gavilán et al., 2016). 

4.5. Responses of functional groups

The chosen species are tree-shrub plants characteristic or diagnostic of fixed dune habitats, and belong to four functional groups: drought-semideciduous (Cistus), conifers (Juniperus), evergreen sclerophylls (Phillyrea) and N-fixing leguminous (Spartium). Multivariate analysis clearly separated the taxa with large leaves – such as Cistus and Phillyrea – from Juniperus, which is characterized by needle-like leaves. The strategy of Spartium lies between the semideciduous Cistus and Juniperus. Juniperus and Phillyrea invest in long-lived leaves, which in theory are more exposed to environmental stresses such as drought and high PPFD, especially during summer. Conversely, the strategy of a semideciduous plant such as Cistus, or a deciduous plant like Spartium, should allow plants to avoid such environmental stressors. During the year of our observations, the photochemistry of these species underwent the most critical conditions in winter. This confirms the results of several authors who have demonstrated that Mediterranean plants have evolved efficient photoprotective mechanisms, which are fully operational in summer (Munné-Bosch et al., 2003; Peñuelas et al., 2004; Galmés et al., 2007; Peguero-Pina et al., 2008). Photochemical efficiency in winter is higher in the semideciduous Cistus than in the sclerophyll Phillyrea, confirming the behaviour of other species belonging to these two functional groups (Karavatas and Manetas, 1998; Oliveira and Peñuelas, 2000; Ciccarelli et al., 2015). 
Multivariate analysis also showed that Chl_tot and Car were significant for segregation of samples along the second axis of NMDS: in this case, they were separated regardless of their taxonomic identity. The samples that seemed to be most affected by the physiological variables were Cistus leaves collected in spring and winter. Our data suggest that, beyond the reduction of leaf surface, there is a further protective mechanism operating in Cistus: the decrease of Chl_tot, which occurred in summer and mirrored the response of other semideciduous species (Flexas et al., 2014 and references therein; Ciccarelli et al., 2019). In Spartium, the reduction of both photosynthetic area and pigments, which occurred in late spring/early summer, probably allowed this species to bolster its high photochemical efficiency throughout summer. As for Juniperus, its strategy appears to be rather cautious, allowing it to sustain a regular, average photochemical efficiency throughout the year. To achieve this goal, the xeromorphic features of Juniperus leaves may be decisive, but it has been proposed that this species may also rely on the ability to escape drought stress through a deep root system (Castillo et al., 2002).
Cistus and Phillyrea invested more pigments in antenna complexes and Phillyrea seemed to partly balance the ensuing risk of excess light absorption by keeping the Chl/Car ratio relatively low. From this point of view, Juniperus again displayed prudent behaviour, with high ChlA/B and low Chl/Car values across the seasons, while in Spartium both these ratios were high. In addition to the above mechanisms, the relatively wet summer experienced by the plants during our study may have helped their photosynthetic machinery to better tolerate this challenging season. Moreover, the sclerophyllous nature of leaves of Phillyrea and Juniperus may explain the higher stability of the functional traits throughout the seasons, as opposed to those found in Cistus and Spartium.

5. Conclusions

This study highlights that the strategies of the four species appear to be clearly distinct and attributable to the functional group to which they belong. However, all displayed efficient adaptation to the Mediterranean environment analysed, demonstrating that different combinations of ecophysiological and morpho-functional adjustments are crucial for plant success. Three parameters - LA, Car and Chl_tot - displayed a prominent role in the adaptation of the studied plants to the fixed dune environment. The semideciduous Cistus exhibited a high photochemical efficiency, except in summer months, and did not change its pigment profile to deal with the high PPFD in either winter or summer. The photochemical efficiency and Chl_tot of the conifer Juniperus remained consistent throughout the year. The deciduous Spartium exhibited the highest photochemical efficiency in summer, high PIchr in winter, and the highest ΨW in summer, although this physiological performance might have been the consequence of a relatively wet season. However, the species studied showed little sensitivity to rainfall and temperature, and only the sclerophyll Phillyrea showed significant responsiveness to climate. 
From our point of view, the best conservation strategy would be to preserve biodiversity of the fixed dunes as a whole: the greater the wealth of flora, the greater the functional complexity of these ecosystems, ensuring their resilience to disturbance factors. None of the analysed species showed a superior strategy of adaptation to the ecological conditions of the fixed dunes, but each species may guarantee an adequate response to changes due to natural and/or anthropogenic factors.
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