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The Mediterranean Basin is known as a global biodiversity hotspot, featuring an impressive variety of plant species, with the Maltese Archipelago playing a significant role. This study assesses plant diversity within Malta’s rocky cliffs, focusing on changes over five decades (1973 and 2024). Using Hill numbers alongside coverage-based and size-based rarefaction and extrapolation methods, the research evaluates species richness, Simpson diversity, and Shannon diversity. Results indicate overall stability in species richness but reveal declining evenness and increasing dominance by a few species, suggesting significant ecological shifts. Statistical analyses, including NMDS, ANOSIM, and PERMANOVA, validate temporal changes in community composition. Notably, some endemic species, such as Salsola melitensis, show slight increases, whereas others, like Chiliadenus bocconei, exhibit severe declines. These findings underscore the importance of rocky habitats as reservoirs of endemic and specialized flora, highlighting the urgent need for conservation efforts to mitigate anthropogenic pressures and adapt to changing environmental conditions. This study demonstrates the effectiveness of Hill numbers and advanced diversity metrics in monitoring biodiversity dynamics and informing conservation strategies.
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1 Introduction

Research on plant diversity plays a fundamental role in understanding biodiversity, especially in the Mediterranean region. This area is internationally acknowledged as a biodiversity hotspot and an essential center of plant species richness and endemism (Medail and Quezel, 1997). The Mediterranean Basin is recognized as one of the 25 global biodiversity hotspots due to its remarkable richness in plant species, featuring approximately 25,000 native species, more than half of which are endemic (Myers et al., 2000). This exceptional diversity results from a unique combination of geography, history, and climate, which has allowed plants to evolve and adapt to the region’s various environments continually. However, this valuable biodiversity faces serious threats. The region is home to 570 million people who experience significant economic disparities (Kiss et al. 2020). As economic development grows, it places increasing pressure on the environment, creating a complex challenge for conservation efforts. The main threats to the Mediterranean flora include human disturbances, mass tourism development, and ongoing climate change (Fischer and Schär, 2010; Gouveia et al., 2017). Mediterranean islands represent a small portion of the land but are home to a remarkable diversity of biological life subject to several changes over time (Sciandrello et al., 2021). Within the Mediterranean hotspot, islands significantly contribute to plant diversity, providing an exceptional research opportunity for botanists (Brullo et al., 2023; Cambria et al., 2023; Minissale et al., 2023).

The Maltese Archipelago, situated in the central Mediterranean, is notable for its distinctive plant life (Lanfranco, 1995). The main islands, Malta, Gozo, and Comino, are home to an assemblage of c. 1000 native plant species, including several endemics such as Cheirolophus crassifolius (Bertol.) Susanna, Atriplex lanfrancoi (Brullo & Pavone) G. Kadereit & Sukhor, and Helichrysum melitense (Pignatti) Brullo, Lanfranco, Pavone & Ronsisvalle (Brullo et al., 2020). The flora of the Maltese Islands represents a fascinating blend of Mediterranean, North African, and Middle Eastern elements, shaped by the archipelago’s strategic location and unique climatic conditions. In the Maltese Islands, chasmophilous phytocoenoses thrive in the cracks and crevices of limestone rock faces, especially on the sheer coastal sea-facing cliffs and within the valleys known as ‘widien’, analogous to the North African ‘wadis’. These habitats host numerous endemic species, many with ancient evolutionary origins, and are taxon-guide of chasmophytic vegetation, adapted to these extreme and often inaccessible environments. Much of the intact biodiversity has been relegated to marginal places, such as cliffs (Brullo et al., 2020). Therefore, it is critical to inventory and understand them.

Currently, there are gaps in knowledge regarding the flora in the Maltese Islands and its conservation status (Tavilla et al., 2023). The first official National Red Data Book, which details the flora of the region, was published by Schembri and Sultana (1989). Since then, there have been no substantial updates, only narrow and unique contributions (Mifsud, 2013; Camilleri et al., 2024a), representing a significant knowledge gap.

This study aims to carry out a first plant diversity assessment using statistical analyses. Assessing biodiversity is crucial for ecological study and conservation, but frequently, the instruments and indices used to measure diversity have drawbacks, particularly when contrasting communities with widely differing species richness and composition. Despite their intuitiveness, traditional metrics like species richness and Shannon entropy have severe disadvantages in real-world applications. Species richness, for instance, is highly sensitive to sample size and is limited in its ability to account for the distribution of species abundances within a community. This sensitivity often results in biased comparisons, especially when assemblages of different ecological complexities, such as temperate and tropical forests, are compared using similar sampling efforts (Colwell et al., 2012; Chao et al., 2014). To address these limitations, Hill numbers have been increasingly promoted as an integrated approach for quantifying species diversity (Chao et al., 2014). By considering species richness and relative abundances and adjusting the sensitivity to common versus uncommon species, Hill numbers, also known as the effective number of species, provide a consistent framework for assessing biodiversity. Strong comparisons across various sample sizes are made possible by the mathematical characteristics of Hill numbers, which enable smooth rarefaction (interpolation) and extrapolation (prediction) of diversity data. For ecological surveys, which frequently encounter logistical challenges in data collecting, these characteristics lessen the inherent biases connected to under-sampling or unequal sample attempts (Colwell et al., 2012; Chao and Jost, 2012). Hill numbers also have the benefit of being able to measure sample completeness using coverage-based methods as opposed to only sample size (Chao and Jost, 2012). Fairer comparisons result from coverage-based rarefaction, which makes sure that samples of various assemblages are normalized by their completeness. This is particularly useful for communities with varying distributions of species abundance, where an equal sampling effort may not capture the full diversity of species. Coverage-based rarefaction also minimizes the risk of discarding data, which is common in traditional rarefaction methods where larger samples are often artificially reduced to match smaller samples (Chao and Jost, 2012). Furthermore, Hill numbers adhere to the replication principle, meaning that diversity effectively doubles when two identical communities are combined. This principle makes Hill numbers intuitive and mathematically consistent, unlike many other indices that fail to capture this property (Chao et al., 2013, 2014, 2020). In addition, Hill numbers allow for the construction of diversity profiles that plot diversity as a continuous function of parameter q, representing different diversity orders (Chao and Jost, 2015). Such profiles enable a comprehensive visual and statistical comparison of the compositional complexities of multiple assemblages, providing insights into both species’ richness and diversity. This capability to produce unified diversity profiles makes Hill numbers a versatile tool for ecological studies, especially for assessing changes in species variety of ecological communities over time or comparing habitats with varying levels of environmental stability (Hsieh et al., 2016; Maturo and Di Battista, 2018). Integrating rarefaction and extrapolation through Hill numbers, supported by advanced tools such as the iNEXT R package, provides an effective means to accurately and meaningfully assess biodiversity (Hsieh et al., 2016). It ensures that the assemblage differences are identified by accounting for sampling effort and species detectability. This approach enhances the robustness and interpretability of ecological studies, supporting conservation management and deepening our understanding of the processes that drive species diversity in different habitats.

Hence, the primary aim of this study is to compare changes over time and, for the first time, assess the floristic diversity of Malta’s cliffs. The goal of this study is to increase our understanding of plant diversity in cliff vegetation, especially considering conservation efforts and environmental change. Our objective is to offer a more precise evaluation of floristic diversity and pinpoint the changes and impacts of this habitat type by utilizing Hill numbers and coverage-based and size-based techniques.




2 Materials and methods



2.1 Study area

Malta, located in the central Mediterranean Sea at approximately 35°53′N latitude and 14°30′E longitude, is the largest island in the Maltese archipelago comprising three main islands: Malta, Gozo, and Comino (Figure 1). The islands are predominantly composed of sedimentary limestone formations resulting from marine deposition during the Oligocene and Miocene epochs. This geological composition has created a rugged topography characterized by cliffs, karst landscapes, and limited soil depth (Schembri, 2019). The landscape of the island of Malta, shaped by the tectonics of the central Mediterranean, particularly the Pantelleria Rift System, is tilted from southwest to northeast. Cliffs of Coralline Limestone characterize the southwestern coast, while the northeastern coast features gently sloping terrain. Malta’s coastal cliffs comprise various geomorphological features, ranging from Upper Coralline Limestone plateau to Blue Clay slopes overlaying older layers of Globigerina Limestone and Lower Coralline Limestone, as seen at Dingli Cliffs. The erosion of Blue Clay leads to the formation of boulder screes, locally known as “rdum,” when blocks of the overlying Upper Coralline Limestone collapse and fragment. The cliffs also incorporate the mouths of dry valleys (widien) that open into the sea and are flanked by garrigue communities and agricultural areas. Some regions feature perennial or near-perennial springs due to seepage from a perched aquifer at the Blue Clay and Upper Coralline Limestone junction, as observed in Baħrija and Għajn it-Tajba (ERA-Environment and Resources Authority, 2019). The climate of Malta is classified as Mediterranean, featuring hot, dry summers and mild, wet winters. Average annual temperatures range from 10°C to 37°C, with precipitation predominantly occurring between October and March (Galdies, 2011). With 519,562 inhabitants in 2021, the Maltese Islands have one of the highest population densities in the EU, with around 1,715 people per square kilometer (National Statistics Office, 2023). Malta’s coastal cliffs and rocky outcrops host unique rupicolous habitats, supporting specialized flora and fauna adapted to these environments. Several of these habitats are protected under the European Union’s Natura 2000 network, which aims to ensure the long-term survival of Europe’s most valuable and threatened species and habitats (Directive, 1992). Notably, over 13.8% of Malta’s terrestrial area, encompassing approximately 43.6 square kilometers, is designated as Natura 2000 sites (ERA - Environment and Resources Authority, 2024). The surveyed sites fall within the Special Area of Conservation named “Rdumijiet ta’ Malta: Ir-Ramla ta·-Ċirkewwa sal-Ponta ta’ Bengħisa” located in the south southeastern and southern side of Malta (code: MT0000024).




Figure 1 | Map of the Maltese Islands showing the locations of the surveyed sites.






2.2 Data collection

The field data collected by Brullo et al. (2020: Table 6.1) and the unpublished data gathered in our study, were obtained in both cases using a phytosociological approach. This method, also known as the Braun–Blanquet approach (Braun-Blanquet, 1964), takes into account the relationships between plant communities and their environment, as well as the interactions within communities. Phytosociological relevés include vegetation plots, vegetation cover, and species occurrence. Following the Braun–Blanquet scale, each species was assigned a cover value ranging from 1 (1–5% coverage) to 5 (75–100% coverage), while sporadic species (<1% coverage) were marked with the “+” symbol. The phytosociological relevés collected in 1973 were carried out in late June, whereas those conducted in 2024 took place in late May. These periods are comparable, as the flowering range of the physiognomic species of these environments falls within this seasonal window. The median plot size used for vegetation surveys by Brullo et al. (2020) was 50 square meters, whereas in this study, unpublished surveys were conducted using 20 square meter plots. This smaller plot size was chosen as it is more suitable for investigating this specific type of vegetation (Chytrý and Otýpková, 2003).




2.3 Taxonomic nomenclature and life forms

The biological forms follow the classification of Raunkiaer (1934) and Pignatti et al. (2017-2019), the latter being used for species shared between the Italian and Maltese flora. The nomenclature of taxa is in accordance with the Portal to the Flora of Italy (2024) and POWO (2024).




2.4 Statistical analysis

The dataset (Supplementary Table S1) comprised presence-absence data from Brullo et al. (2020), collected during 1973, and unpublished field data collected by the authors in 2024. Subsequently, both phytosociological tables were converted into presence-absence values (0 and 1). To assess species diversity, we utilized the iNEXT online tool (Chao et al., 2016), which mirrors the functionalities of the R package iNEXT (Hsieh et al., 2016). The iNEXT tool offers a strong foundation for assessing species diversity across different sample sizes and coverage levels by making it easier to compute rarefaction and extrapolation curves based on Hill numbers. Based on sampling-unit-based incidence data, we produced rarefaction and extrapolation curves for species diversity, both sample-size-based and coverage-based. Interpolation and extrapolation sampling curves of Hill numbers were calculated for the three most widely used orders: species richness (q=0), Shannon diversity (q=1), and Simpson diversity (q=2). Rarefaction was utilized to standardize sample sizes by systematically reducing the number of individuals, allowing for equitable comparisons of species richness across samples of varying sizes. Extrapolation extended the data beyond the original sample size to estimate potential species diversity with increased sampling effort. We applied 200 bootstrap replicates and set the confidence interval (CI) at 95% for these analyses. It was set as a default endpoint and number of knots, doubling the sample size for each reference. The methods for sample-size-based rarefaction and extrapolation for species richness were developed by Colwell et al. (2012), while the corresponding coverage-based approaches were formulated by Chao and Jost (2012). Chao et al. (2014) extended these methods to encompass Hill numbers of varying orders. To evaluate species diversity in more “natural” conditions, i.e., without disturbing conditions, the analyses were conducted again using a refined dataset labeled “clean”. This dataset included only the typical species of Maltese rocky environments, selected in accordance with Biondi et al. (2024) and based on the expert knowledge of the authors regarding characteristic species of these habitats. This method made it possible to compare species diversity in 1973 and 2024 with a specific emphasis on highlighting changes in local flora. Non-metric Multidimensional Scaling (NMDS) ordination was performed using the Jaccard distance metric to visualize differences in species composition between the two time periods. The NMDS provides a two-dimensional representation of the similarity or dissimilarity among samples based on species presence-absence data. To statistically test for differences in species composition between the 1973 and 2024 groups, we performed an Analysis of Similarities (ANOSIM) and a Permutational Multivariate Analysis of Variance (PERMANOVA) using the “vegan” package in R (Oksanen et al., 2020). ANOSIM is a non-parametric test that assesses whether differences between groups are statistically significant based on a dissimilarity matrix. PERMANOVA is a permutation-based multivariate analysis of variance that does not assume normal distributions and is suitable for complex ecological data. Both tests employed 999 permutations to assess the significance of group differences, providing robust statistical support for observed patterns. Multivariate analyses were conducted using R software v. 4.3.1 (R Core Team, 2023).





3 Results

Our results provide an analysis of the plant diversity of Maltese rocky cliffs (Figure 2), both currently and historically, by comparing present data with that from 1973, highlighting changes in species richness, Shannon and Simpson diversity, and community structure over time. Among the species with the highest frequency of occurrence were Cheirolophus crassifolius (15 in 1973 and 18 in 2024), Salsola melitensis (13 in 1973 and 17 in 2024), and Hypericum aegypticum subsp. webbii (18 in 1973 and 15 in 2024). Comparative analysis between 1973 and 2024 revealed minimal discrepancies; notably, Salsola melitensis exhibits a slight increase in 2024, while Hypericum aegypticum subsp. webbii shows a modest decline. A significant deviation is observed in Chiliadenus bocconei, which shows more than 50% reduction in occurrences in our 2024 surveys.




Figure 2 | Maltese rocky cliffs landscape: (A) Dingli cliffs; (B) Għar Ħasan; (C) Miġra l-Ferħa; (D) Ta’ Ħammud. Photographs by Gianmarco Tavilla.



Analyzing the chart of life forms (Figure 3), it is evident that in 1973 the flora of Maltese rocky cliffs was predominantly represented by chamaephytes (44.74%), hemicryptophytes (26.32%), and nanophanerophytes (18.42%). Although the differences were not particularly striking, a shift in the percentages of these life forms can be observed in 2024. Overall, there is a reduction in some life forms, accompanied by a sometimes-substantial increase in others. This is particularly evident in the case of therophytes, which now account for 17.95%, while for phanerophytes and geophytes there was an approximate doubling in relative representation.




Figure 3 | Life form spectra of taxa recorded: (CH) chamaephytes; (H) hemicryptophytes; (NP) nanophanerophytes; (T) therophytes; (P) phanerophytes; (G) geophytes.





3.1 Coverage-based method

Regarding diversity order q=0 (species richness), in 1973, estimated sample coverage (SC) starts at 0.494 with minimal sampling effort (t = 1) and gradually increases to 0.999 as the sample size reaches t = 36 (Figure 4). The estimated species richness (qD) rises from 11.67 to 38.19, indicating that a significant portion of species diversity was captured even at low sampling levels, with further sampling leading to incremental increases in species discovery. In 2024, the initial sample coverage is slightly lower at 0.453 (t = 1), reaching 0.991 by t = 36. The estimated species richness increases from 8.39 to 39.98. Notably, at lower coverage levels, species richness in 2024 is less than in 1973, suggesting fewer species are initially detected in 2024 despite similar sampling efforts. However, at higher coverage levels (SC ≈ 0.94), the estimated richness in 2024 (35.46) surpasses that of 1973 (33.66). Achieving this level of coverage requires a larger sample size in 2024 (t = 17) compared to 1973 (t = 10), indicating a higher prevalence of rare species or a more uneven distribution in 2024. In 2024, sample coverage was lower (0.946) with an estimated richness of 36.00, but in 1973, sample coverage was 0.984 with an estimated richness of 37.00. These contrasts are further highlighted by the observed data at t = 18.




Figure 4 | Diversity results: (A) Sample completeness curve; (B) Coverage-based rarefaction and extrapolation sampling curve for q=0; (C) Coverage-based rarefaction and extrapolation sampling curve for q=1; (D) Coverage-based rarefaction and extrapolation sampling curve for q=2; (E) Sample-size-based rarefaction and extrapolation sampling curve for q=0; (F) Sample-size-based rarefaction and extrapolation sampling curve for q=1; (G) Sample-size-based rarefaction and extrapolation sampling curve for q=2.



For diversity order q=1 (Shannon diversity), in 1973, at SC = 0.494 with minimal sampling effort (t = 1), the estimated diversity is 11.67 species, indicating a relatively high diversity even at low coverage. In 2024, at a similar coverage level of 0.453 (t = 1), the estimated diversity was significantly lower at 8.39 species, suggesting that the 1973 plant community was more diverse and species were more evenly distributed. As sampling effort and coverage increase, diversity estimates in both years rise, but 1973 consistently shows higher diversity. For instance, at SC ≈ 0.95 (t = 11 in 1973), estimated diversity reaches 26.45, while in 2024, at a comparable SC of 0.95 (t = 19), it is lower at 24.38. Examining observed data at t = 18, the estimated diversity in 1973 is 27.81 species with high sample coverage (0.984), whereas in 2024, at the same sampling effort, diversity is 24.21 with a lower sample coverage of 0.946.

For diversity order q=2 (Simpson diversity), in 1973, the estimated diversity at low sample coverage (SC = 0.494, t = 1) is 11.67 species, reflecting a community with no overwhelming species dominance. In contrast, in 2024, diversity at a similar coverage level is lower at 8.39 species, indicating that dominant species in 2024 are more abundant relative to others, leading to lower overall diversity. As sampling effort and coverage increase, both assemblages show rising diversity, but consistent gaps between the two years reveal important differences. In 1973, at SC ≈ 0.95, the estimated diversity was 21.62 species; in 2024, it decreased to 17.37 species. The analysis of observed data at t = 18 indicates that species diversity in 1973 was at 22.36 species (SC = 0.984), whereas, in 2024, it declined to 17.37 species (SC = 0.946).




3.2 Size-based method

In 1973, for diversity order q=0, at the smallest sample size (t = 1), the estimated species richness (qD) was 11.67 species (SC = 0.494). As sampling extends to t = 10, nearly all species are detected (Figure 4), with estimated richness reaching 33.66 (SC = 0.94). By t = 18, the richness reaches 37.00 (SC = 0.984), suggesting that most of the total diversity has been detected with relatively modest effort. In 2024, initial richness is lower at 8.39 species (SC = 0.453, t = 1). At comparable sample sizes (t = 10), estimated richness is also lower (30.13, SC = 0.876), and at t = 18, it reaches 36.00 but with lower coverage (0.946), indicating that fewer species are detected within similar sampling limits compared to 1973. When sampling extends to t = 36, the estimated richness in 2024 surpasses that of 1973, reaching 39.98 species (SC = 0.991). However, confidence intervals are more comprehensive, suggesting more significant uncertainty due to a higher prevalence of rare species.

For diversity order q=1, in 1973, with minimal sampling (t = 1), the estimated diversity was 11.67 species (SC = 0.494). At t = 10, diversity rises to 26.11 species (SC = 0.94), indicating a well-distributed diversity among species. In 2024, diversity starts lower at 8.39 species (SC = 0.453, t = 1) and reaches 21.87 species (SC = 0.876) by t = 10, suggesting a less even species distribution. At t = 18, the diversity estimate in 1973 is 27.81 species (SC = 0.984), while in 2024 it is 24.21 species (SC = 0.946).

For diversity order q=2, in 1973, starting with t = 1, the estimated diversity was 11.67 species (SC = 0.494). By t = 10, diversity among dominant species is 21.44 (SC = 0.94), showing a balanced distribution. In 2024, diversity estimates are consistently lower, indicating an increase in dominance and a decline in the evenness of common species over time. At t = 18, the estimated diversity in 1973 is 22.36 species (SC = 0.984), compared to 17.37 species (SC = 0.946) in 2024, reinforcing the observation that species dominance has increased, reducing diversity.




3.3 Assessment in a hypothesis of naturalness

To assess the naturalness of rocky cliffs in Malta, we compared the comprehensive datasets from 1973 and 2024 with simplified versions that exclude species not specific to these environments. The following results present this comparative analysis (Figure 5). Concerning the cover-based approach for order q=0, the whole dataset shows a uniform species distribution throughout the rocky environment in 1973, with a greater starting species richness and a progressive rise with sample coverage. The full data set for 2024 shows a delayed increase in species detection and a lower initial richness of species, indicating fewer species overall and a greater prevalence of rarer ones. In the simplified dataset, this trend is exacerbated by a quicker plateau and decline in species richness, suggesting fewer typical species in 1973. The dataset from 1973 shows a high Shannon diversity index for diversity order q=1, reflecting both a balanced distribution of species and a wide range of them. Substantial diversity is still present in the more recent condensed dataset, indicating that the distinctive flora continues to play a vital role in maintaining the evenness of the community. In both datasets, Shannon diversity declined by 2024, with the simpler version emphasizing the dominance of fewer species. For diversity order q=2, in 1973, the Simpson diversity values suggest a stable community with multiple co-dominant species in the complete dataset, which is similarly reflected in the simplified dataset. In contrast, the 2024 complete dataset and simplified version show a marked decrease in Simpson diversity, indicating that a few species have become increasingly dominant.




Figure 5 | Diversity results with clean dataset: (A) Sample completeness curve; (B) Coverage-based rarefaction and extrapolation sampling curve for q=0; (C) Coverage-based rarefaction and extrapolation sampling curve for q=1; (D) Coverage-based rarefaction and extrapolation sampling curve for q=2; (E) Sample-size-based rarefaction and extrapolation sampling curve for q=0; (F) Sample-size-based rarefaction and extrapolation sampling curve for q=1; (G) Sample-size-based rarefaction and extrapolation sampling curve for q=2.



Regarding the size-based method for diversity order q=0, the size-based analysis of the complete dataset shows a steady increase in species richness with sampling in 1973, indicating that more species would be detected with increased sampling effort. The simplified dataset, focusing on characteristic species, reaches an earlier plateau, showing the core flora is well-sampled with fewer efforts. In contrast, the 2024 simplified dataset shows a rapid plateau at lower richness values, suggesting limited species diversity in characteristic species and indicating a more homogenized and potentially stressed ecosystem. For diversity order q=1, the 1973 data show balanced Shannon diversity across the community, with the simplified dataset maintaining diversity among typical species. In 2024, however, both datasets exhibit reduced diversity, with the simplified version showing significant declines in the diversity of the core species. For diversity order q=2, Simpson diversity values in the complete and simplified datasets indicate a well-balanced dominance structure among species in 1973, showing a healthy ecosystem with multiple co-dominant species. The 2024 results, however, show that Simpson diversity in the simplified dataset is markedly lower, indicating that only a few characteristic species dominate the community.




3.4 Asymptotic analysis

Analyzing empirical and estimated diversity and entropy profiles for 1973 and 2024 offers insights into the shifts in floristic composition over five decades (Figure 6). These profiles allow us to assess species richness, evenness, and dominance changes by examining diversity across different orders (q), with empirical values reflecting observed data and estimated values based on modeled predictions. In 1973, empirical species richness (q=0), which does not account for species abundances, was 37.00 species (s.e. = 1.50; CI: 34.40–39.42). For 2024, the estimated species richness at q=0 is slightly lower, at 36.00 species (s.e. = 2.02; CI: 32.11–39.11), indicating relative stability in total species counts. Despite overlapping confidence intervals, the minimal difference hints at a stable number of species. As q increases, giving greater weight to species abundances, differences between years become more apparent. For example, at q=0.25, diversity in 1973 drops to 34.29 species (s.e. = 1.34; CI: 31.51–36.80), while in 2024, it declines more steeply to 32.65 species (s.e. = 1.80; CI: 29.41–35.87). By q=1 (Shannon entropy), which balances richness and evenness, 1973 has 27.81 species (s.e. = 1.18; CI: 25.46–30.18), versus 24.21 species in 2024 (s.e. = 1.43; CI: 21.64–27.13), suggesting lower evenness in the latter year. The divergence intensifies at higher orders like q=2 (Simpson’s diversity index), which emphasizes common species. In 1973, diversity at q=2 is 22.36 species (s.e. = 1.10; CI: 20.23–24.61), significantly higher than 2024’s 17.37 species (s.e. = 1.18; CI: 14.94–19.78). By q=3, these values shift to 19.29 species (1973) and 14.10 species (2024), indicating increased dominance by a few species in 2024. Entropy values reinforce these findings. Higher entropy denotes greater evenness and diversity. In 1973, entropy at q=1 is 3.33 (s.e. = 1.18; CI: 2.15–4.50), slightly exceeding the 2024 value of 3.19 (s.e. = 1.43; CI: 1.76–4.61). While the difference is minor, it becomes more evident at higher q values. In summary, while overall species richness remains similar across decades, the decreased diversity at higher q values suggests a reduction in evenness and an increase in species dominance by 2024.




Figure 6 | Asymptotic analysis – Diversity profiles: (A) Empirical with full dataset; (B) Estimated with full dataset; (D) Empirical with clean dataset; (C) Estimated with clean dataset.






3.5 Multivariate analysis of floristic diversity changes (1973–2024)

The NMDS analysis, conducted on presence-absence data from two floristic datasets (1973 and 2024), revealed distinct clustering patterns between the two time periods (Figure 7). The NMDS plot shows two main clusters, with Group 1 representing the 1973 dataset and Group 2 representing the 2024 dataset. The distinct separation between these clusters suggests notable changes in species composition over time. We performed ANOSIM test to evaluate these differences statistically. The ANOSIM results (Supplementary Table S2) yielded an R statistic of 0.371 with a significance level of 0.001, indicating a significant distinction in community composition between the two groups. The distribution of dissimilarity ranks shows that the median rank for “between-group” dissimilarities is substantially higher than those within each group, confirming the temporal divergence in species assemblages. Furthermore, a PERMANOVA analysis was conducted to validate the observed compositional differences between the two datasets (Supplementary Table S3). The PERMANOVA results (F = 5.744, p = 0.001) confirmed a significant variation in species composition across the two periods. The R-squared (R²) values further indicate that approximately 66.67% of the variation in species composition can be attributed to temporal changes.




Figure 7 | Non-Metric Multidimensional Scaling (NMDS): Group 1, 1973 dataset; Group 2, 2024 dataset. Stress = 0.2057.







4 Discussion

Our approach has effectively assessed the current plant diversity of Maltese coastal cliffs by comparing it with data collected in 1973, 51 years prior. The NMDS suggest a significant temporal shift in community structure between 1973 and 2024, potentially reflecting ecological changes or anthropogenic impacts over the intervening decades. Utilizing Hill numbers, we evaluated plant diversity in 2024 and compared it to 1973. Based on the coverage- and size-based method results, the 1973 community exhibited higher species richness and a more balanced distribution of abundances. In contrast, the analysis under the naturalness hypothesis indicates a decline in the variety of distinct species over time, likely driven by environmental stress or habitat degradation altering the natural composition of the community. By 2024, Shannon diversity had decreased in both datasets, with the simplified dataset emphasizing the growing dominance of fewer species. This trend suggests a shift towards a less evenly distributed community, potentially due to the expansion of invasive species or habitat modifications that disrupt the equilibrium of rocky vegetation. Evidence of reduced dominance diversity among characteristic species is particularly apparent in the simplified dataset, indicating a decline in community resilience as the natural species balance deteriorates. Moreover, the marked reduction in Simpson diversity within the 2024 simplified dataset suggests that only a few dominant species now prevail, further reinforcing the impact of environmental disturbances, such as urbanization, habitat fragmentation, and tourism. These factors appear to have altered the habitat structure, favoring dominant species while reducing the characteristic diversity of natural rocky environments. Additionally, high diversity does not always correspond to a favorable conservation status; for instance, the presence of invasive or non-native species can increase diversity but may indicate habitat degradation.

To achieve a more accurate assessment of conservation status, we also focused on evaluating the presence of key or indicator species specific to Maltese rocky cliffs, aiming to assess conditions that reflect greater naturalness (Morabito et al., 2024). The results show a strong representation of both common and unusual species, and this pattern points to a diversified environment. Conversely, the simplified dataset, which excludes non-typical species, presents a somewhat reduced species richness yet still captures a large portion of the characteristic flora. This reduced dataset plateaus earlier, indicating that typical species are well-detected with moderate sampling effort, reflecting a stabilized natural community. To better understand these findings, it is essential to consider the ecological characteristics of rocky habitats, which play a crucial role in shaping species diversity and distribution.

Rocky habitats, often perceived as inhospitable, surprisingly harbor specialized flora. In fact, rocky outcrops are stressful habitats, in which local processes constrain diversity by the action of strong physical local filters, competition for scarce resources (e.g., soil, nutrients, water), and frequent disturbances (Scrosati et al., 2011; Chappuis et al., 2014; Keddy and Laughlin, 2022). However, substrate availability can also negatively impact species richness, likely due to competitive exclusion in areas where resources are more abundant and microenvironmental conditions are more homogeneous. On the other hand, vegetation cover enhances plant diversity likely due to the presence of more individuals. This increase can occur through the gradual colonization of species from the regional pool or through facilitation mechanisms among different species (Callaway, 1997; Storch et al., 2018; Sánchez-Martín et al., 2023). In this study, we observed relatively high species richness, which also demonstrated considerable temporal stability. The rocky substrate enhances the structural complexity of the landscape, providing refuge from extreme environmental conditions and encouraging species specialization (Lambrinos et al., 2006; Peters et al., 2008). This could represent the case of Atriplex lanfrancoi, a rare and endemic species unique to Malta. It is thought to represent an ancient lineage that likely endured the Ice Age exclusively within the Maltese Islands, serving as a potential ancestor to the more recently evolved sea-purslanes. Hence, these cliffs host numerous Maltese endemic species, which have had sufficient time to undergo all the necessary speciation processes. Additionally, Camilleri et al. (2024b) found topographic complexity was a consistent and significant predictor for both the number of taxa and the proportion of endemic taxa, whereas isolation was significant only for the proportion of endemic species. This highlights that complex topography, which creates diverse microhabitats and isolation within an island, supports speciation by providing varied ecological niches and limiting gene flow. The complex topography of rocky areas creates a variety of microhabitats, each characterized by different exposures to sunlight, temperature fluctuations, soil moisture levels, and nutrient availability (Crous et al., 2013; García et al., 2020). This heterogeneity facilitates the presence of a broader range of plant species, each specifically adapted to its unique environmental conditions. Moreover, the crevices and cliffs can mitigate extreme temperature variations, providing refuge for more sensitive species (García et al., 2020). Recent studies have shown that topography produces temperature mosaics with variations at small spatial scales that are comparable to those found over long elevational gradients (Scherrer and Köerner, 2010, 2011; Suggitt et al., 2018). Hence, we can understand the landscape not just as a random assortment of species, but as a means of recognizing the role of specific functional groups and their abiotic correlates in shaping patterns of plant biodiversity (Purvis and Hector, 2000).

To survive in rocky environments, plants develop unique adaptations to address challenges related to water and nutrients. These adaptations may include deep root systems that reach water, succulent leaves for water storage, or prostrate growth forms that resist wind. All morphological features are also found in the dominant species of the Maltese cliffs. The variety of these adaptation strategies contributes to the diversity of plant species. However, while rocky environments create unique habitats, the availability of substrate for plant growth can limit species richness due to competitive exclusion (Mai et al., 2024). Light acts as an environmental filter that influences which species can survive and thrive under specific conditions. In areas with high light exposure, such as open rock outcrops, plant communities are often dominated by species that are adapted to high solar irradiance. These species typically possess traits such as thick, leathery leaves to minimize water loss, or specialized photosynthetic mechanisms that optimize efficiency in intense light conditions (Rafiee et al., 2022; Mai et al., 2024). Among the most common species, we find two Amaranthaceae: Atriplex lanfrancoi and Salsola melitensis. All exhibit clear adaptations that enable them to thrive in these environments, such as the succulent leaves present in the latter two species.

Rupicolous plant communities, while seemingly resilient, face several significant threats. Coastal urbanization, habitat fragmentation, and the invasion of non-native species pose considerable challenges to conserving these unique ecosystems. Human activities and climate change cause habitat loss, threatening the survival of many species, particularly endemic ones (Laface et al., 2023). Changes in micro-relief, the introduction of alien species, and alterations to natural conditions due to the marine stress gradient can undermine the factors that support species coexistence and biodiversity (Gadino and Taveira, 2020). Several Maltese areas that are popular with climbers, may see a substantial decline in plant abundance, coverage, and diversity due to climbing activities, regardless of their intensity (Baldacchino and Caruana, 2024). Recent studies have highlighted this issue, showing that the dominant plant species, along with some rare species, have been particularly affected (March-Salas et al., 2023; Morales-Armijo et al., 2024). Therefore, effective conservation and management strategies are essential to mitigate the harmful effects of human activities on these biodiversity-rich habitats.

Based on both the calculated diversity indices and the analysis of biological forms, this habitat appears to be in relatively good condition, as the overall decline has been minimal. However, the most severe threat currently affecting these habitats seems to be climate change and rising temperatures. Increased temperatures and shifts in precipitation patterns can also significantly affect rocky plant communities (Kazakis et al., 2021). A significant warning sign is the notable increase in therophytes. These annual plants, which survive unfavorable conditions as seeds, are particularly favored by hot, seasonal, and dry climates. They thrive in habitats with low water and soil nitrogen availability (Taylor et al., 2023; Prochazka et al., 2024). The impact of climate change on natural habitats in Malta appears to be continually increasing, with noticeable shifts in species composition already evident over relatively short timeframes (Tavilla et al., 2024b).

To conclude, our findings provide a valuable basis for sustainable environmental management. They also highlight the significance of utilizing Hill numbers to assess plant diversity when evaluating the conservation status of rocky cliffs. This study represents a preliminary assessment of Maltese plant diversity in this environment. Such research is essential, as this habitat type falls under 8210 “Calcareous rocky slopes with chasmophytic vegetation”, a habitat listed in Annex I of the Habitats Directive. The significance of this work lies not only in its findings but also in the methodology applied, marking the first study of its kind in Malta. In contrast to previous investigations by Brullo et al. (2020), which focused solely on phytosociological analysis, this study integrates a broader ecological perspective to better understand the underlying dynamics of these plant communities. To deepen our understanding of the ecological processes governing these environments, future research should incorporate a long-term monitoring strategy, addressing both biotic and abiotic factors influencing vegetation dynamics. A key step in this direction would be the establishment of permanent plots, systematically monitored using high-resolution drone imagery and remote sensing techniques. This approach would allow for the detection of subtle vegetation monitoring especially in protected areas (Tavilla et al., 2024a). This would be particularly valuable given the increasing pressures from rising temperatures, demographic expansion, and tourism, which are likely to be key drivers of vegetation shifts in the Maltese Islands. From a conservation perspective, limiting human disturbance in the most vulnerable areas should be a priority. The implementation of visitor regulations and awareness campaigns aimed at promoting responsible tourism would contribute to the sustainable management of these fragile ecosystems. Additionally, fostering collaborations with local authorities and conservation organizations could facilitate the development of adaptive management strategies tailored to the specific needs of these environments. By establishing a robust, interdisciplinary monitoring framework, this research aims to provide a foundation for long-term conservation efforts, ensuring that the exceptional plant biodiversity of Maltese rocky habitats is preserved for future generations.
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