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Abstract
We investigated the utility of foraminifera, diatoms, and δ13C and C/N geochemistry as proxies for generating late Holocene relative sea-level (RSL) records from Deep Bay on the eastern side of the Pearl River Delta. We described the contemporary distribution of these proxies from 66 samples across subtidal, intertidal (mudflat and mangrove), and upland environments from three transects. Using Partitioning Around Medoids (PAM) cluster analysis, we identified ten distinct, vertically-zoned groups of foraminifera and two groups of diatoms. Canonical Correspondence Analysis (CCA) revealed that tidal elevation was the primary environmental variable controlling foraminiferal assemblages, while salinity, which covaried with elevation, primarily influenced diatom assemblages. We also identified 6 vertically-zoned, environmental zones on the basis of δ13C and C/N geochemistry using linear discriminant analysis (LDA). Bayesian transfer functions (BTFs) were developed from modern foraminifera and diatom training sets incorporating priors from geochemically-defined environmental zones and BTF predictions derived from the other microfossil group. These BTFs were applied to a sediment core collected from contemporary mangroves, which began accumulating around 1960 CE. Comparison of our RSL reconstructions with local tide gauge records demonstrated that incorporating informative priors improved the accuracy and precision of RSL reconstructions. Among the approaches tested, BTF-derived priors yielded greater improvement, producing lower prediction uncertainties compared to those based on geochemical priors. The foraminifera BTF captured all tide gauge observations within its 1σ uncertainty bounds regardless of whether informed by priors, while using BTF priors led to a reduction in Mean Squared Error (MSE) by 121% (MSE: 0.014 m2), and average 1σ uncertainty by 36%. The incorporation of BTF priors in the diatom BTF did not result in substantial improvements in accuracy but reduced its average 1σ uncertainty by 43%. Our results demonstrate that foraminifera, diatoms, and δ13C and C/N geochemistry together offer robust tools for reconstructing late Holocene RSL in the Pearl River Delta, although their utility in isolation is limited by poor preservation of foraminiferal tests and the influence of planktonic diatom taxa in sediment archives.

1. Introduction
Understanding the rates and patterns of late Holocene relative sea-level (RSL) change can help decipher the underlying processes driving RSL change over a range of spatio-temporal scales (e.g., Khan et al., 2017; Baranskaya et al., 2018; Xiong et al., 2020). Such knowledge is crucial for improving projections of future RSL changes, especially in the low-lying Pearl River Delta (PRD) region where rising RSL could increase the areal extent affected by storm surges (Yin et al., 2017; De Dominicis et al., 2020). Late Holocene RSL records generated from sedimentary archives can extend knowledge of RSL changes beyond the short tide gauge record (e.g., Kemp et al., 2017; Majewski et al., 2022), which in the PRD only extends back to the early 1950s (Ding et al., 2001; Holgate et al., 2013), and allows for the assessment of contributions from these spatio-temporal processes by comparing and contrasting RSL evolution across a network of sites (e.g., Gehrels et al., 2020; Khan et al., 2022; Walker et al., 2022). However, such high-resolution RSL records are concentrated along North Atlantic coastlines owing to the accommodation space resulting from glacio-isostatic adjustment (GIA) subsidence that allows for the continuous accumulation of saltmarsh sediments through the late Holocene (Engelhart et al., 2011; Barlow et al., 2014). In contrast, limited late Holocene accommodation space and the predominance of (sub)tropical mangrove environments occupying low-energy, intertidal niches in far-field regions, such as the PRD, pose challenges to RSL reconstruction (Woodroffe et al., 2015; Dura et al., 2016; Khan et al., 2019).

Microfossils (foraminifera, diatoms) from low-energy intertidal environments (e.g., saltmarshes, mangroves) have widely been used in late Holocene RSL reconstruction (e.g., Kemp et al., 2012; Tam et al., 2018). Microfossil assemblages vary in response to the elevation and environmental gradient across sub-, inter-, and supratidal zones ( e.g., Horton et al., 2006; Kemp et al., 2009; Kemp et al., 2018; Vos & De Wolf, 1993). The distribution of contemporary microfossils can be related to their fossil counterparts in sedimentary archives to reconstruct the past elevation at which they formed, and thus past RSL (Scott & Medioli, 1980). Although fossil foraminifera and diatoms have been used to reconstruct RSL in the PRD and the China coast (e.g., Wang et al., 2012; Xiong et al., 2018), local modern training sets have rarely been used to interpret fossil assemblages (Xiong et al., 2020). Ecological preferences of microfossils can vary depending on local environmental conditions (Verleyen et al., 2009; Plante et al., 2021). Therefore, site-specific sampling is necessary to determine the ecological preferences that control the vertical distribution of microfossils (Horton and Edwards, 2005; Watcham et al., 2013).  

Bulk sediment δ13C and C/N geochemistry has recently been used in RSL reconstruction because it is able to distinguish between C3 and C4 land plant sources, as well as terrestrial and marine sources (e.g., Khan et al., 2015). On the US Atlantic coast, low and high marsh zones differentiated using δ13C values have been used in multi-proxy approaches alongside foraminifera to reconstruct RSL change (Kemp et al., 2013; Cahill et al. 2016; Stearns et al., 2023). In the PRD, δ13C and C/N can differentiate elevation-dependent mudflat, mangrove, and terrestrial environmental zones (Sun et al., 2021), suggesting they have potential to be used as sea-level indicators. However, no prior research has attempted to integrate δ13C and C/N geochemistry into quantitative RSL reconstruction in China.  

Here, we investigate the utility of microfossils and δ13C and C/N geochemistry to generate a high-resolution late Holocene RSL reconstruction from sediments in Deep Bay, PRD. We describe the contemporary distribution of these indicators from three transects that cover subtidal, intertidal (mudflat and mangrove) to upland environments. We use partitioning around medoid (PAM) analysis to define microfossil communities in different biozones and examine the association between contemporary diatom and foraminifera communities and environmental factors across all transects using canonical correspondence analysis (CCA). We develop Bayesian transfer functions (BTF) from modern foraminifera and diatom assemblages with priors derived from δ13C and C/N geochemistry and microfossils, and apply the BTFs to a core collected from a contemporary mangrove environment in Mai Po, Deep Bay to test their performance. Finally, we validate reconstructions against local tide gauge data to assess the relative utility of foraminifera and diatom microfossil groups. Our approach may be used to generate new late Holocene RSL records and improve our understanding of the rates and mechanisms of RSL change in the region.

2. Study area
The receiving basin of the PRD encompasses an area of 9750 km2 (Figure 1B) and is fed by three primary tributaries – the East, North, and West branches of the Pearl River – which collectively produce the second largest water discharge in China (330 x 109 m3 yr-1) with an average annual suspended sediment load of 30.64 x 106 t yr-1 (Hu et al., 2006; Wai et al., 2004). ~80% of this sediment load is deposited within the Pearl River estuary (Yu et al., 2010). The PRD is characterised by a humid subtropical climate. Our study sites lie within the Humid Subtropical with Dry Winter climate zone, with mean annual temperatures from 16 to 26°C and annual precipitation of 1400 to 3000 mm (Hong Kong Observatory, 2020).  

The study sites are located on the southwestern margin of Deep Bay (Figure 1B), which has an average water depth of ~2.9 m (Lee, 2000). Deep Bay exhibits mixed semidiurnal characteristics with a great diurnal range (MHHW-MLLW) of 1.96 m, based on measurements from the nearest tide gauge at Tsim Bei Tsui (Figure 1C). Extensive mudflats and mangroves fringe Deep Bay, where sediments are supplied by the Pearl River, with notable contributions also coming from the Shenzhen and Shan Pui Rivers (exceeding 30,000 t yr-1), particularly during the flood seasons under the influence of summer monsoon (Li and Lee, 1998). Mangroves in the study region occupy elevations from MSL to HAT, as denoted by LiDAR data provided by the Hong Kong S.A.R government (Figure 1D).

Two sites, Mai Po and Sha Kiu, were selected for study (Figure 1C) due to their location in nature reserves and areas where we deemed the natural progression from mudflat to mangrove vegetation to be less disturbed by anthropogenic influence. Mai Po Nature Reserve was selected due to its management by the World Wide Fund for Nature (WWF) and its relative isolation from direct human interference since 1975. The WWF has been responsible for managing a section of intertidal mudflat since 1986 to preserve an open space conducive to waterbirds' roosting and feeding activities. The management scheme includes the manual removal of mangrove tree seedlings and the control of encroaching grasses, such as Paspalum spp. and Schoenoplectus spp. The surrounding coastal plain near the Reserve remains predominantly rural, where in some sections, ponds for fish or shrimp farming have been developed (Sun et al., 2017). Sha Kiu was chosen as a study site because it exhibits a transition from mudflat to mangrove environment with comparatively fewer human activities observed than the remaining coast along Deep Bay. 

A total of 66 samples were collected along two transects (MP_A and MP_B) within the Mai Po Nature Reserve and one transect (SK) at Sha Kiu (Figure 1C). Transect MP_A encompassed 25 sampling stations from subtidal, intertidal mudflat, to mangrove environments (Figure 2A). The mangrove zone was occupied by Kandelia obovata, Acanthus ilicifolius, Aegiceras corniculatum, Avicennia marina and Sonneratia apetala, with K. obovata dominant at landward and seaward sides of the mangrove and A. marina dominant in the middle of the mangrove (Li et al., 2019). The exotic species S. apetala was sporadically identified at the mudflat–mangrove transition. Transect MP_B consisted of 14 sampling stations that extended from a mangrove zone, mainly occupied by A. ilicifolius and S. apetala, to a terrestrial environment occupied by trees and shrubs (e.g., Macaranga tanarius, Sapium spp., and Bridelia tomentosa) accompanied by grasses (e.g., Brachiaria mutica, Cyperus spp.., Digitaria microbachne) (Wills et al., 2006) (Figure 2B). The final surface transect SK included 26 sampling stations from subtidal, mudflat, and A. corniculatum and S. apetala-dominated mangrove environments (Figure 2C).

A 0.6-metre core (MPSC01) was collected at Mai Po to reconstruct paleoenvironmental and RSL change (Figure 1C). The selection of this site was guided by an analysis of aerial photography and stratigraphic investigations reported in Sun et al. (2021) (Figure 1D; Supplementary figure 1), which suggested that this location had the longest occupation of mangroves since at least the mid 20th century.

3. Methods
3.1 Sample collection
We conducted sampling on the mudflat at ~10 cm elevation intervals. Due to the relatively flat topography in the mangrove environment, sampling was carried out every ~50 m horizontally. Our approach was designed to evenly sample sediments across an elevation gradient spanning from below lowest astronomical tide (LAT) to above highest astronomical tide (HAT) (Kemp and Telford, 2015). This strategy was employed to capture the range of environments we anticipated finding in core samples. At each sampling location, we collected three replicate samples of the top 1 cm of the sediment surface: 20 cm3 of sample for foraminifera analysis, 5 cm3 of sample for diatom analysis, and 20 cm3 of sample for analysis of stable isotope geochemistry and other environmental variables (Zong, 1997; Culver and Horton, 2005).  

Core MPSC01 was collected in overlapping 0.5-m intervals using an Eijkelkamp peat sampler to prevent compaction and contamination during sampling. Core sections were placed in split PVC pipe, wrapped in plastic, and refrigerated prior to analysis to minimize moisture loss and microbial activity. One core replicate was sampled for foraminiferal analysis within three hours after fieldwork by placing 20 cm3 of sample from a 1-cm thick interval into vials of buffered ethanol solution and stained with rose Bengal (e.g., Scott and Medioli, 1980b).

Elevation of sampling sites and core top locations was measured by an auto level and referenced to a temporary benchmark. The elevation of the benchmark was surveyed using a Leica GS18 GNSS system and referenced to the Hong Kong Principal Datum (PD). A Solinst Levelogger® 5 was deployed to measure tidal levels in the Mai Po mangrove (Figure 1C). These data were corrected for atmospheric pressure using the nearest (<3 km) observation station operated by the Hong Kong Observatory and compared to observations recorded at the Tsim Bei Tsui tide gauge to assess if tides were dampened further inland. Because tidal amplitude at transect MP_B was 18% less than at Tsim Bei Tsui, the elevation of modern surface samples was expressed relative to standardized water level index (SWLI) units (Horton et al., 1999), where a value of 100 corresponds to MTL and a value of 200 corresponds to MHHW. 

3.2 Foraminiferal and diatom analysis
Foraminiferal samples were preserved using a buffered ethanol solution and treated with rose Bengal, which stains proteins to distinguish living foraminifera from dead assemblages (Walton, 1952; Murray and Bowser, 2000). Dead assemblages were used in all analyses because of their reduced sensitivity to seasonal variations (Horton and Edwards, 2003; Culver and Horton, 2005). Sample preparation followed Horton and Edwards (2006). Samples were sieved to isolate the 63 to 500 μm fraction. Foraminiferal tests in this fraction were wet-picked under a binocular microscope until at least 100 individuals were enumerated (Kemp et al., 2020; Walker and Cahill, 2024). Foraminifera were identified following the taxonomy of studies from estuaries and intertidal zones along the China coast (Chen et al., 2020; Garrett, 2010; Lei et al., 2017), mangroves in Southeast Asia (Culver et al., 2012; Culver et al., 2015), and a global analysis of the genus Ammonia (Hayward et al., 2021). Due to the challenges in identifying broken specimens, all species within the genera Ammobaculites (including Ammobaculites exiguous and Ammobaculites agglutinans) and two out of six Ammonia species (Ammonia beccarii, Ammonia confertitesta) were grouped into a single taxon, referred to as Ammobaculites spp. and Ammonia spp., respectively (Culver and Horton, 2005; Kemp et al. 2009; Khan et al., 2019). We also grouped the genus Miliammina (including Miliammina fusca, Miliammina obliqua and Miliammina petila) as Miliammina spp. because the tooth that is the crucial feature for distinguishing these species was rarely preserved, and their outer chambers were often incomplete, which made the estimation of their width difficult (Saunders, 1958). 

Diatom analysis was conducted following the methodology described by Khan et al. (2015). Sediment samples were digested using a 20% H2O2 solution at 50oC to remove organic matter.  Digested samples were then cleaned by three cycles of dilution by MilliQ water and 4 minutes of centrifugation at 1200 rpm. The cleaned samples were mounted on glass slides using Naphrax® mountant. Diatom counts were performed under an optical microscope at 1000x magnification using oil immersion. For each sample, we counted more than 300 diatom valves. The identification of diatom species followed taxonomic keys from van der Werff and Huls (1958), Simonsen (1987), Denys (1991), Ettl et al. (1999), Lange-Bertalot (1995), Witkowski et al. (2000) and studies from East Asian coasts (e.g., Chin and Cheng, 1979). 

3.3 δ13C and C/N geochemistry and environmental variables 
Samples for the measurement of δ13C, total organic carbon content (TOC), and C/N ratio were treated with 5% HCl overnight to remove inorganic carbon and were subsequently rinsed with 1500 mL of MilliQ water before analysis. Analysis of δ13C, TOC, and total nitrogen content was performed on a EuroVector EA3028 Nu Horizon isotope-ratio mass spectrometer (IRMS) at the Stable Isotope Laboratory of the University of Hong Kong. The measured values were standardized to the Vienna Pee Dee Belemnite (VPDB) scale by referencing them to the average values obtained through triplicate analysis of certified reference materials provided by the United States Geological Survey, namely USGS40 (average 15N = -4.52 and 13C = −26.39) and USGS41a (average 15N = 47.55 and 13C = 36.55). The root mean square of the standard deviation of three sample replicates from each environment type were individually pretreated for δ13C and C/N analysis for estimation of analytical error (Figure 2). We also compiled the range of δ13C and C/N values from vegetation collected from marine to terrestrial environments from Hong Kong (Xiong et al., 2018; Sun et al., 2021) and the PRD (Yu et al., 2010; Wu et al., 2017) to assess the source of organic matter to our surface sediment samples (Figure 4A, B).

To examine the relationship between microfossil assemblages and environmental factors, we conducted measurements of grain size, pH, and salinity. Samples for grain-size analysis were treated with 30% H2O2 solution to remove organic matter. The grain-size composition of these digested sediment samples was subsequently determined using a Beckman Coulter LS 13 320 Particle Size Analyzer. We classified sediment based on the method of Wentworth (1922) and adopted the statistical description of Folk and Ward (1957). We used a Thermo Scientific™ A3255 pH/conductivity multimeter to measure pH and salinity of porewater samples. To extract the porewater, samples were centrifuged under 3000 rpm for 30 minutes. If this procedure did not yield any porewater, 5 mL of MilliQ water were added to the sample before completing the centrifugation process again (e.g., Sawai et al., 2016; Hong et al., 2021). 

3.4 Statistical analysis
3.4.1 Cluster analysis
We employed Partitioning Around Medoids (PAM) cluster analysis using the ‘CLUSTER’ package (Maechler et al., 2012) in the statistical programme R to identify distinct microfossil groups across three transects (e.g., Kemp et al., 2012; 2017; Williams et al., 2021). PAM analysis reduces variance within clusters while enhancing the differentiation among them (Rdusseeun and Kaufman, 1987). We determined the number of distinct foraminifera and diatom assemblages by calculating the maximum average silhouette width for group numbers ranging from 2 to 10. Silhouette widths close to 1 represent a sample that was accurately classified, whereas values close to -1 indicate poor classification (Rousseeuw, 1987). 

3.4.2 Ordination analysis
To elucidate the relationship between foraminiferal and diatom assemblages and their respective environment, we conducted canonical correspondence analysis (CCA) (Ter Braak, 1986, Horton et al., 1999; Horton et al., 2008) on taxa that had an abundance >5% in any one sample. CCA related community composition to known variations in the environment. In a CCA biplot, diatom or foraminifera samples located in closer proximity to each other indicate greater similarity in their characteristics, reflecting that these samples shared a similar environment that corresponds to underlying environmental variables in the data set (Figure 3E and J). Additionally, the direction of environmental vectors revealed their correlation with the principal axes and interrelations with other environmental variables (Ter Braak, 1986). The canonical eigenvalues were used as the measures of the amount of variation accounted for by each environmental variable and were transformed to percentages of total variation of species data (Horton et al., 2008). In CCA and partial CCA, canonical eigenvalues are measures of the amount of variation accounted for by environmental variables (e.g., Sawai et al., 2004; Horton and Culver, 2008). This analysis was performed using the ‘vegan’ package in R (Okasanen et al., 2007).

[bookmark: OLE_LINK1][bookmark: OLE_LINK2]3.4.3 Linear discriminant analysis
We applied linear discriminant analysis (LDA) to the δ13C, TOC, and C/N dataset to detect paleoenvironmental shifts within core MPSC01 (e.g., Kemp et al., 2012; Khan et al., 2019). LDA assigns observations into one of several predefined categories (Venables and Ripley, 2002). The categories applied in the analysis corresponded to contemporary environmental zones observed at our study sites reported in Section 2, which include subtidal, mudflat, mangrove fringe, mangrove, terrestrial transition, and terrestrial environments (Figure 4). To estimate how well LDA was able to correctly assign samples to their respective environments in the modern training set, we estimated the frequency of sample misclassification by cross-validation (leave one out) (Kemp et al., 2012). 

The subsequent linear discriminant functions from LDA was applied to the core samples to calculate the likelihood of each sample belonging to the predefined environmental zones. A sample was categorized into a distinct environmental zone if the probability of its affiliation to that zone exceeded a threshold >0.9. We considered samples could be from more than one environmental zone when the probability was <0.9. The elevation range of each respective environment was used as prior information in a Bayesian transfer function (BTF) (see Section 3.5). In cases where samples were assigned to multiple environmental zones, we combined the elevation ranges of those zones as prior information in the BTF. 

3.5 Development of Bayesian transfer functions
We developed Bayesian Transfer Functions (BTF), which allow for non-parametric species response curves using penalised spline functions to describe the relationship between tidal elevation and foraminifera or diatom abundance (Cahill et al., 2016). This approach used taxa abundances (>5% of the assemblage in any sample, as in the CCA) expressed as counts, which allows the model to account for the decreased uncertainty inherent in larger count sizes and to provide flexibility in depicting multi-modal and non-Gaussian responses of species to environmental variables (Cahill et al., 2016). Bayesian transfer functions provided two distinct advantages over conventional regression-based (e.g., weighted average partial least squares) methods, including 1) the ability to model species response curves flexibly using spline functions (i.e., not assume parametric unimodal or linear functional forms) and 2) the potential to include informative priors from independent evidence, which in this study was provided by elevation-dependent zones identified by stable carbon isotope geochemistry. Following Juggins and Birks (2012), we used the single pass approach (i.e., screening was performed once, rather than iteratively) (Williams et al., 2021) to screen out samples that had residuals exceeding two standard deviations from the mean of the residuals in cross-validation (e.g., Kemp and Telford, 2015; Williams et al., 2021) for both foraminifera- (F-BTF) and diatom-BTFs (D-BTF). We conducted a series of sensitivity tests to examine how the composition of training sets influenced BTF performance (Supplemental table 1) given that the modern dataset, which includes subtidal, intertidal and supratidal samples, may not reflect a single environmental gradient (e.g., Gehrels et al., 2001; Kemp et al., 2009). These tests included: 1) exclusion of subtidal and supratidal samples, 2) exclusion of mudflat samples, 3) exclusion of samples from site SK due to site specific differences observed in foraminiferal assemblages, and 4) grouping of all planktonic diatom taxa into a pseudotaxon. Based on these tests, subtidal that do not carry elevation signals were excluded from both training sets, and we used a site-specific training set comprising only samples from MP_A and MP_B to develop the D-BTF. We also tested whether prior information from 1) the elevation range of environmental zones independently inferred by δ13C and C/N geochemistry in the LDA (Cahill et al., 2016; Hong, 2019) and 2) elevation ranges predicted by the F-BTF and D-BTF improved BTF performance. 

The BTFs were applied to core MPSC01 to predict changes in paleo-mangrove elevation (PME). The performance of the BTF models was evaluated using the following metrics: 1) the average 1σ uncertainty, average bias (mean difference) and average absolute bias (mean absolute difference) between predicted and observed values of surface samples based on 10-fold cross-validation of the modern training sets; 2) the 1σ uncertainty derived from the core prediction results; and 3) thresholds of dissimilarity and goodness of fit between modern and fossil assemblages and their elevation (Kemp and Telford, 2015). The dissimilarity between the assemblages of foraminifera and diatom in surface sediment and their closest fossil counterpart was investigated by the Bray Curtis and Chi-squared metrics (Kemp et al., 2013; Kemp et al., 2013b). Thresholds for evaluating the degree of analogy were established through pairwise analysis within the modern dataset. The threshold for determining whether a sample possesses a good modern analogue was defined as the 20th percentile of dissimilarity scores calculated among all possible modern foraminiferal sample pairs, and the 10th percentile for diatom sample pairs, due to the greater taxonomic diversity within diatom assemblages (Kemp et al., 2009; Kemp et al., 2013a; Stearns et al., 2023). As the absolute threshold values can differ between foraminifera and diatom training sets, the dissimilarity was normalized such that a value of 1 corresponds to the established thresholds. Values <1 suggest that a core sample has a modern analogue, whereas values >1 indicate the absence of a suitable modern analogue (Stearns et al., 2023). Because it is possible to have a fossil sample closely match a modern analogue but exhibit a poor fit to tidal elevation (Birks, 1998; Kemp et al., 2013), we evaluated the fit between fossil samples and elevation by goodness-of-fit statistics. We integrated core samples into a constrained ordination using CCA of the contemporary dataset with the 'analogue' package in R (Simpson, 2007). The 95% threshold of squared residual lengths from the foraminifera and diatom datasets was normalised to 1, with values <1 indicating a poor fit to elevation. Sample that exceeded the thresholds were excluded from RSL reconstruction.

3.6 Reconstruction of relative sea level
We calculated RSL following the equation:

,							(1)

where Elevationi is the elevation of each core sample i and PMEi is its estimated paleo-mangrove elevation reconstructed by the BTFs (Kemp et al., 2009), both expressed relative to Principal Datum. Vertical uncertainties of RSL were derived from the sample-specific 1σ uncertainties from the BTFs. 

A chronology for the RSL changes was obtained from five radiocarbon dates from plant macrofossils. We targeted pieces of mangrove wood, branches, or twigs deposited horizontally within the core that showed minimal signs of reworking (e.g., Kemp et al., 2014; Khan et al., 2022). Samples were sent for accelerator mass spectrometer (AMS) dating at Beta Analytic in Miami, FL, USA or for MICADAS (mini radiocarbon dating system) AMS dating at the Yale Analytical and Stable Isotope Centre (YASIC) in New Haven, CT, USA. We estimated the age and 2σ uncertainty of each 5 cm core interval using the Bacon age-depth model (Blaauw and Christen, 2011) applied to the five radiocarbon ages in core MPSC01 (Table 1; Supplementary figure 2) using the CALIBOMB (Northern Hemisphere Zone 3) (Reimer and Reimer, 2024) and Intcal20 (Reimer et al., 2020) calibration datasets. The age-depth model from MPSC01 was cross-checked against other 14C and 210Pb-137Cs ages reported in Sun et al. (2021) using the Rplum age-depth model (Blaauw et al., 2021) (Supplementary figure 3).  

Reconstructed RSL was compared to tide gauge data from Hong Kong to assess the accuracy of reconstructions. Given the rapid sedimentation rate observed in MSPC01 (Section 4.3.2), we calculated the annual average of tide gauge measurements relative to a 5-year averaged value (2017–2022 CE) from currently-operating tide gauges in Tai Po Kau, Tai Miu Wan, Tsim Bei Tsui, Shek Pik, and Quarry Bay to allow comparison between reconstructed RSL and observed RSL measurements from 1960 to 2020 (Figure 1B; 8D). An Errors-in-Variables Integrated Gaussian Process (EIV-IGP) model (Cahill et al., 2016) was applied to tide gauge data to compare estimates of RSL change (Kemp et al., 2015; Gerlach et al., 2017; Dean et al., 2019). This Bayesian model derives RSL magnitudes as the integral of the rates of RSL change, while accounting for both vertical and temporal uncertainties in the data. A Gaussian Process prior is placed on the rates of RSL change to capture the underlying rate process, and temporal uncertainties are addressed within an Errors-In-Variables framework, providing a more accurate representation of the data's uncertainties (Cahill et al., 2016). We calculated the mean squared error (MSE) between the midpoint of reconstructed RSL and RSL predicted by EIV-IGP from tide gauge observations to assess the quality of our RSL reconstruction (e.g., Cahill et al., 2016). 

4. Results and interpretation
4.1 Microfossil assemblages
4.1.1 Foraminifera assemblages
Along the three transects established in Mai Po and Sha Kiu, we identified 22 taxa in Sha Kiu and Mai Po, 20 of which exceeded 5% of the assemblage in at least one sample. Foraminifera were absent from 3 upland samples in transect MP_B and the Highest Occurrence of Foraminifera (HOF) occurred at 303 SWLI units (Figure 3A). Ten foraminiferal groups were identified from the PAM analysis (Figure 3C; Table 3), with site-specific differences observed in foraminiferal assemblages. 

The majority of mudflat and all mangrove fringe samples from Sha Kiu are categorised within Groups F-1 to F-4. The CCA biplot showed that Groups F-1 to F-3 were associated with low elevation, high salinity and sand content (Figure 3E). Group F-1 comprised low elevation samples (-5 to 37 SWLI units) from lower mudflat environments. This group was characterised by high abundances of Ammobaculites spp. (29–39%) and Rosalina sp.1 (11–43%). Group F-2 represented a localised outlier (88 to 97 SWLI units) within the mudflat zone dominated by patches of Nonionella stella (~64%). This opportunistic species forms in localised patches in nutrient-rich and anoxic environments (Asteman & Schönfeld, 2015; Gomaa et al., 2021; Rossi et al., 2021). Group F-3 included samples spanning the entire mudflat environment and featured high abundances of Ammobaculites spp. (69–93%). 

Group F-4 was associated with a wider range of grain sizes and encompassed environments from the upper mudflat to the mangrove fringe (44 to 144 SWLI units). The assemblages in this group featured Ammonia spp. (56%), Ammobaculites spp. (2–62%), and Glomospirella fijiensis (26%). The taxa identified in Groups F1–4 have commonly been observed in mudflat environments on the northern China coast (Lei and Li, 2016; Lei et al., 2017) and other tropical and subtropical mudflats in Indonesia, New Zealand, and South Africa (Hayward and Hollis, 1994; Horton et al., 2005; Franceschini et al., 2005). Despite the overlapping elevation range of mudflat samples with Group F-7 in Mai Po, the mangrove fringe assemblage in Group F-4 was distinguished by the unique presence of G. fijiensis. One possible reason for the absence of this species at the mangrove fringe in Mai Po is the management strategy employed at the Mai Po Nature Reserve. To preserve the feeding grounds of water birds, the WWF has been curtailing the mangrove expansion by cutting them at the mudflat margin (WWF-Hong Kong, 2024). This has resulted in elevations that would typically be occupied by mangroves being retained as mudflats, thereby altering the natural habitat. Another possible reason is that the substrate in the mangrove fringe in Sha Kiu is higher in sand content (Figure 2C), making it a different habitat to that in Mai Po. This is supported by the presence of G. fijiensis in lower mangrove environments composed of peaty sand in Malaysia (Culver et al., 2015).  

In Mai Po, the subtidal samples (-162 to -135 SWLI units) in Group F-5 (average silhouette width: 0.67) were mostly composed of Ammobaculites spp. (42–30%) and Ammonia falsobeccarii (52–73%). The latter species is observed in anoxic organic sediment from estuarine to shallow marine environments (water depths up to ~140 m) (Fotanier et al., 2002; Hart et al., 2017; Mojtahid et al., 2006), consistent with the tide-dominated geographic setting of Deep Bay, where cohesive sediment and minimal wave action limit sediment resuspension (Dashtgard et al., 2012).  

PAM identified distinct mangrove environment groups in the Mai Po transects (Groups F6–10). These groups were associated with high elevation, mud, and TOC in the CCA analysis, and shared common agglutinated taxa including Arenoparrella mexicana, Haplophragmoides wilberti, Miliammina spp., and Trochammina inflata. These cosmopolitan species (Abd Malek et al., 2021) have been reported across all geographical regions, including tropical (Culver et al., 2013; Culver et al., 2015; Khan et al., 2019a) and subtropical mangroves (Berkley et al., 2009) and temperate saltmarshes (e.g., Horton and Culver 2008; Leorri and Cearreta 2009; Hawkes et al. 2010). In particular, Miliammina spp. are universal taxa that are tolerant of conditions across mudflat and mangrove environments in Group F-7 (average silhouette width: 0.52) from -2 to 303 SWLI units. This broad elevation range has also been reported in saltmarshes in the UK (Horton et al., 2003; Rush et al., 2021) and subtropical mangroves in Australia (Woodroffe et al., 2005; William et al., 2021). 

Groups F-6, F-8 and 9 (average silhouette width: 0.11–0.71) were associated with higher TOC within the mangrove zone and featured intra-environmental variation in species assemblages. These groups occupied a similar elevation range within the mangrove zone (157 to 199 SWLI units). Group F-6 was distinguished by higher abundance of A. mexicana (37 – 41%) and Miliammina spp. (46 –58%). Group F-8 was characterised by high abundance of Ammonia spp. (27–55%) and Ammonia tepida (27–55%), while Group F-9 exhibited assemblages broadly similar to those in F-6 but with a greater relative abundance of Ammonia spp. (18%),) T. inflata (1–21%). Finally, Group F-10 (average silhouette width: 0.19) featured higher abundance of common mangrove agglutinated taxa H. wilberti (7–40%) and T. inflata (3–29%) from 191 to 289 SWLI units (Culver et al., 2013; Kemp et al., 2013a).

4.1.2 Diatom assemblages
We identified 178 taxa from samples collected across the three transects, with 45 taxa constituting at least 5% of the assemblage in a single sample. 

PAM analysis recognised two diatom groups (highest average silhouette width of 0.47) (Figure 3H; Table 4). Group D-1 (average silhouette width: 0.66) did not display a strong association with any specific environmental variables in the CCA biplot (Figure 3J). However, samples within this group spanned a broad range of lower elevation settings (–163 to 258 SWLI units). The group was dominated by planktonic species including Cyclotella atomus var. gracilis, (66%), Thalassiosira cedarkeyensis (15%), and Cyclotella litoralis (5%). It included samples from subtidal, mudflat, mangrove fringe and mangrove environments from all transects (Figure 3I). Assemblages from subtidal (-162 to -135 SWLI units) and mudflat (-34 to 157 SWLI units) environments in Group D-1 consisted of >80% marine–brackish planktonic taxa, including C. atomus var. gracilis (48–86%), T. cedarkeyensis (5–25%) and C. litoralis (1–21%). Mangrove (178–213 SWLI units) and terrestrial transition (230–258 SWLI units) samples in the group contained >70% planktonic taxa, with a small percentage of marine–brackish benthic taxa including Navicula microdigitoradiata (5%), Diploneis subovalis (3%), and marine benthic taxa such as Tryblionella victoriae (3%). The high planktonic composition of the assemblages indicates strong tidal influence in the environment where strong tidal currents (up to 0.6 m s-1 in Deep Bay) can transport planktonic taxa to mudflat environments (Wong and Sheung, 1990; Zong, 1997). This planktonic-dominated assemblage has also been reported on mudflats on the eastern and northern China coast (Xiong et al., 2018; Shang et al., 2023). 

Group D-2 (average silhouette width: 0.34) was associated with lower salinity, higher mud and TOC content in CCA. The group was dominated by C. atomus var. gracilis (22%), C. litoralis (10%), D. subovalis (7%), Diploneis smithii (4%), and Fallacia diploneioides (4%). It had a higher elevation range of 34–380 SWLI units with samples from mudflat to terrestrial environments (Table 3; Figure 3I). Compared to Group D-1, mudflat samples (34–181 SWLI units) in Group D-2 contained a lower percentage of marine–brackish planktonic taxa (11–82%) and had more marine–brackish benthic taxa, including Gyrosigma. beaufortianum (25%), N. microdigitoradiata (1–23%), and Halamphora holsatica (<11%). The mangrove fringe (104–144 SWLI units) and mangrove (188–260 SWLI units) samples in this group were also lower in planktonic taxa (19–59%) and higher in marine–brackish benthic taxa D. subovalis (23%), Tryblionella apiculata (16%), and F. diploneioides (10%), with some freshwater benthic taxa, such as L. mutica (15%), suggesting shorter inundation periods and extended exposure to subaerial conditions. This is supported by the presence of epipelic species (e.g., N. microdigitoradiata) that inhabit muddy substrate, and aerophilous species (e.g., D. subovalis) which are adapted to frequent subaerially exposure (Denys, 1991). These brackish–marine benthic taxa (e.g., Denticula subtilis, D. smithii, D. subovalis) are commonly observed in subtropical mangroves of South China (Chen et al., 2010), Malaysia (Tam et al., 2018) and Indonesia (Horton et al., 2007). Although their abundance may differ among regions, D. smithii and D. subovalis are universal mangrove taxa (Horton et al., 2007). Finally, terrestrial samples (274–380 SWLI units) in this group exhibit high percentages of L. mutica (33%), Humidophila contenta (12%), and Luticola celebesica (3–8%). While L. mutica and L. celebesica are freshwater salt tolerant taxa (Zong, 1998), H. contenta is typically found in soil and subaerial habitats (Van de Vijver et al., 2021). These key taxa indicate minimal marine influence and limited inundation among the studied environments. Our terrestrial assemblage is similar to studies from the US (Sawai et al., 2016) and UK (Zong and Horton, 1998), which report a high percentage of freshwater salt tolerant taxa such as Luticola spp. Some studies have found terrestrial sediments from freshwater swamps or rivers are dominated by freshwater planktonic taxa (e.g., Aulacoseira granulata) (e.g., Sawai et al., 2016; Xiong et al., 2020) but they are rare in our terrestrial samples (<5%), likely due to subaerial exposure and weak freshwater inflow from the adjacent tidal creek (Sawai et al., 2016).

4.2 δ13C, TOC, and C/N geochemistry 
In MP_A, δ13C values increased from -28‰ in the subtidal zone to -24.0 to -25.6‰ in the mudflat, and ranged from -27.9 to -29.2‰ in the mangrove. TOC content was low in the mudflat (0.9%–1.7%) and increased to ~14% in the mangrove interior. The C/N ratio rose from 8.1-10.5 in the subtidal area to ~16 in the mangrove interior (Figure 2A). In MP_B, δ13C values increased from -27.2‰ in the mangrove to around -20.9‰ at the terrestrial transition. TOC increased from 3.5% in the mangrove to 8.8% in the terrestrial upland. The C/N ratio rose from 8.9 to 13.5 in the terrestrial transition, then decreased to 10.5 in the terrestrial upland (Figure 2B).  In transect SK, δ13C values ranged from -22.6‰ in the mudflat to -25.0‰ in the mangrove fringe, and TOC was low in the mudflat and increased to 1.3–1.7% in the mangrove fringe. C/N ratios ranged from 3.2-7.8 in mudflat sediments and 8-10 in mangrove sediments (Figure 2C). The mean, standard deviation, range of TOC, δ13C , C/N and elevation for each environmental group and the number of sample in each group are listed in Table 2 and shown in Figure 4.

4.3 Characteristics of core sediment
4.3.1 Downcore variations in Core MPSC01 lithology, microfossils, and δ13C and C/N geochemistry
We observed 2 lithostratigraphic units in core MPSC01 (Figure 6). The bottom unit from 1.71 to 1.89 m PD is composed of brown mud with increasing plant material toward the top. Foraminifera included A. mexicana (13–33%), Ammoastuta inepta (2–21%), Ammonia convexa (8–16%), and T. inflata (3–9%), with A. inepta and A. convexa not observed in surface samples. The diatom assemblage featured D. subovalis (up to 5%), N. microdigitoradiata (1–2%), and C. litoralis (46–80%). Within this unit, from bottom to top, δ13C values decreased from -25.3 to -27.4‰, TOC increased from 1.85 to 2.86%, and C/N ratio increased from 9.4 to 11.6. 

The top unit (1.89-2.31 m PD) of the core is muddy peat with degraded mangrove plant material and roots. Foraminifera were dominated by Miliammina spp. (36–81%), T. inflata (20%), and A. mexicana (10–39%). Compared to the bottom unit, diatoms included increased D. subovalis (1–24%), N. microdigitoradiata (3–11%), and T. victoriae (5–13%). From bottom to top of this unit, δ13C decreased from -28.5‰ to -29.5‰, TOC increased from 5.62% to 15.5%, and C/N ratio ranged between 13.2 and 16.4. 

We applied LDA to core MPSC01 to estimate the probability of each core sample belonging to each of the six environmental zones (Figure 6). At the base of the core between 1.7–1.85 m PD, LDA predicted a 90% probability that samples were associated with mudflat, mangrove fringe, and mangrove environments. Above the depth of 1.9 m PD, the samples were predicted with 90% probability to be associated with mangrove zone. The predicted paleoenvironmental changes are consistent with trends in δ¹³C, TOC, and C/N reported from three late Holocene cores in Sun et al. (2021), which suggests a shift from mudflat to mangrove environment and a pattern of coastal progradation. 

4.3.2 Core chronology
The chronology of core MPSC01 was constructed from a total of five radiocarbon dates (Table 1). The sample at 1.68 m depth (0.63 m below the surface) yielded an age range of 1959–1984 CE (2σ) and was estimated to date to 1963 CE by the Bacon age-depth model (Figure 7), with an average sedimentation rate of 1.09 cm yr-1 from 1963 to 2022 CE (Supplementary figure 2). Our chronology was in agreement with a radiocarbon date of 1958–1994 CE (2σ) at 1.8 m PD and the 210Pb profile reported by Sun et al. (2021) from nearby cores. To test the correspondence among ages, we aligned our new radiocarbon dates with this 210Pb profile using the Rplum age-depth model (Blaauw et al., 2021) and found the 2σ age predictions derived from Rplum and Bacon were in agreement (Supplementary figure 2,3).

4.4 Bayesian transfer function
[bookmark: OLE_LINK3]4.4.1 10-fold cross-validation
We used 10-fold cross-validation to evaluate the performance of BTFs developed from foraminifera and diatom datasets (Cahill et al., 2016). Both the F-BTF and D-BTF demonstrated strong correlation (R2) between predicted and observed elevations of 0.78 and 0.60, respectively (Figure 5A; Table 7). Within 2σ prediction uncertainties, the F-BTF was able to predict the true elevation of 93% of samples in the modern training set, compared to 85% for the D-BTF. The average 1σ uncertainty for the F-BTF (35 SWLI units) is larger than that of the D-BTF (17 SWLI units), suggesting the F-BTF is more successful at capturing true elevation within its predictions but at lower precision. The pattern of residuals indicates the F-BTF overpredicted elevation (average bias: -17 SWLI units), particularly between 175–200 SWLI units, suggesting environmental parameters (e.g., TOC, salinity) other than elevation in the flat mangrove may have influenced the foraminifera assemblage (e.g., Culver et al., 2012) (Section 5.1.1).

The D-BTF captured true elevations with higher accuracy (average bias: 9 SWLI units) with an asymmetric spread of residuals. The model overpredicted elevations between 178–213 SWLI units, and underpredicted elevations between 260–275 SWLI units. These outliers were from mudflat and mangrove samples near tidal channels in transect MP_B, which were enriched in the planktonic taxa C. atomus var. gracilis and T. cedarkeyensis (Figure 3F).

While the F-BTF exhibited a higher average absolute bias (26 SWLI units, 32% of the great diurnal range) than the D-BTF (30 SWLI units, 34% of the great diurnal range), indicating a larger prediction error, its overall performance aligns with the regional foraminifera training set from Cascadia in Kemp et al. (2018a) (average absolute bias: 15 SWLI units, 6.0–39.8% of the great diurnal range), which used saltmarsh and tidal flat samples to produce BTFs. Although there are no recent studies directly comparable to our D-BTF results, the two BTFs both display a strong relationship between observed and predicted elevation, with the F-BTF showing higher accuracy but lower precision compared to the D-BTF.

4.4.2 Prediction of paleomangrove elevation
We reconstructed PME from 13 samples in core MPSC01 using the F-BTF and D-BTF models with and without priors provided by 1) the elevation range of geochemically-defined environmental zones identified by LDA (Figure 7), and 2) the elevation range predicted by F-BTF and D-BTF without prior information. The F-BTF estimated a rise in PME from 179 SWLI units at the bottom of the core to 198 SWLI units at the surface, with an average 1σ uncertainty of 13 SWLI units (range: 9–27 SWLI units). The D-BTF also estimated a rise in PME from 163 to 191 SWLI units, with an average 1σ uncertainty of 10 SWLI units (range 5–40 SWLI units) (Table 8).  

[bookmark: OLE_LINK4]Incorporating geochemistry priors reduced the uncertainty and variability of PME estimates, lowering the average 1σ uncertainty of the F-BTF by 9% (from 13 to 12 SWLI units). Although the average 1σ uncertainty for the D-BTF remained unchanged (10 SWLI units), the overall range of uncertainty narrowed from 5–40 SWLI units to 4–34 SWLI units, indicating reduced noise in the predictions. Using the PME range predicted by the F-BTF and D-BTF as priors for one another reduced the uncertainty in PME predictions. The uncertainty associated with the F-BTF decreased by 39% (from 13 to 10 SWLI units), while that of the D-BTF decreased by 43% (from 10 to 7 SWLI units), indicating BTF priors offer improved precision.

5. Discussion
5.1 The relative utility of foraminifera and diatoms as proxies to reconstruct relative sea level 
Microfossil-based reconstructions of RSL rely on establishing a quantitative relationship between their vertical distribution and tidal elevation (e.g., Horton and Edwards, 2006). Although many studies document foraminiferal and diatom assemblages on the coast of China (e.g., Chen et al., 2010; Lei et al., 2016; 2017; Chen et al., 2019; Meng et al., 2020; Xu et al., 2022; Yuan et al., 2023), few focus on mangrove environments (Lee, 1999; Qiao et al., 2023) or on their relationship to elevation gradients (Xiong et al., 2020; Shang et al., 2023). For the first time, we assess the contemporary distribution patterns of foraminifera and diatoms in mudflat and mangrove environments of the South China Sea, along with the environmental controls that govern their assemblage structure.

5.1.1 Distribution and deposition of contemporary microfossil samples
The utility of the BTF approach depends on how accurately microfossil assemblages reflect elevation signals. Until recently, traditional transfer functions relied on regression methods that assume parametric (e.g., unimodal or linear) responses of foraminifera and diatom taxa to tidal elevation (e.g., Horton et al., 1999; Gehrels, 2000; William et al., 2021). Although this assumption is ecologically reasonable (Zong and Horton, 1998; Juggins and Birks, 2012), our observations show that it is not valid for all taxa in our modern training sets (Figure 5B, C). The BTFs estimated a response curve (mean with a 95% credible interval) for each foraminifera and diatom taxa to tidal elevation (SWLI units) (Figure 5B, C). Some taxa (e.g., foraminifera G. fijiensis and N. stella and diatoms A. allanta and L. mutica) exhibit a unimodal distribution with tidal elevation; however, foraminifera (e.g., H. wilberti and Miliammina spp.) and a greater number of diatom (e.g, D. subovalis and G. beaufortianum, C. atomus var. gracilis, C. litoralis, T. cedarkeyensi) taxa exhibit a bimodal or multimodal response to tidal elevation (Supplementary figure 8). Our observations are consistent with findings from saltmarshes of the US Atlantic coast, which demonstrate not all taxa exhibit a unimodal response function with elevation (Cahill et al., 2016; Kemp et al., 2018; Hong, 2019; Stearns, 2023). This complex mode and variability of distribution for both foraminifera and diatoms can be attributed to 1) ecological complexity, 2) secondary variables other than elevation that can influence their distribution (Horton and Edwards, 2006; Barlow et al., 2013), and 3) the allochthonous nature of planktonic diatom frustules (e.g., Zong and Horton, 1998; Hong, 2019). 

Partial CCA analysis demonstrated that elevation is the dominant factor controlling foraminiferal assemblages (explaining 29% of variation), with mud content (15.9%) and salinity (15.2%) also important (Table 6). This aligns with previous studies from temperate marshes in the UK (Mills et al., 2013) and US Atlantic coast (Horton and Culver, 2008) showing the dominant role of elevation in explaining 32% and 16% the variation in foraminiferal assemblage, respectively (Table 6). Although elevation covaries with other environmental variables along the elevation gradient, it does not act as an exclusive control on foraminiferal distribution (Figure 3E; Horton and Edwards, 2006; Wright et al., 2011). For example, the higher bias in 10-fold cross-validation of the modern training set between 175 and 200 SWLI units suggests environmental parameters other than elevation may affect foraminiferal assemblages in this flat mangrove zone (e.g., Culver et al., 2012). The higher bias is likely due to the greater variability in species assemblages within the mangrove zone driven in part by seasonal bloom dynamics. The elevated relative abundances of Ammonia spp. and A. tepida in Groups F-8 and F-9 (Figure 3C) may reflect their susceptibility to seasonal reproductive blooms, a phenomenon documented in other tropical to subtropical intertidal zones (e.g., Dey et al., 2012; Papaspyrou et al., 2013; Wukovits et al., 2017). These taxa are opportunistic generalists that thrive in organic-rich substrates (Figure 3E) (Wukovits et al., 2018), particularly during warmer periods when increased organic input from mangrove litter fall enhances food availability, supporting their growth and reproduction (Horton et al., 2005; Martins et al., 2015). 

Salinity is the dominant factor controlling diatom distribution, explaining 33.8% of variance, followed by pH (15.4%) and mud content (11.9%) (Table 6). The CCA biplot shows salinity negatively covaries with elevation, with benthic species like D. subovalis, L. mutica, and T. victoriae linked to higher elevations and lower salinities (Figure 3J). However, allochthonous planktonic taxa such as C. atomus var. gracilis and T. cedarkeyensis, transported by tidal pumping and water column mixing (Kemp et al., 2009), cluster centrally in the biplot and reduce the explanatory power of elevation to 7%, despite most benthic species covarying with it. Their enrichment near tidal channels (Figure 3F) accounts for cross-validation outliers (Figure 5A), while the freshwater–marine planktonic C. litoralis, with a bimodal response peaking at higher elevations (Figure 5C), increases PME prediction uncertainty and leads to underestimated RSL reconstructions (Figures 7, 8). Moreover, failing to account for bimodal species distributions from inter-site differences, as seen in taxa like D. subovalis and H. holsatica (Figure 3F; Supplementary Figure 8), biases D-BTF PME estimates by overrepresenting lower-elevation peaks, causing underpredictions even when elevations align with higher peaks (Supplementary Figure 9). These localised inter-site differences caused by limited sampling sites complicate the training set development for D-BTF (Horton et al., 2007; Kemp et al., 2009; Woodroffe and Long, 2010). A regional training that encompasses broader range of environmental variability by capturing a full spectrum of species responses (e.g., Zong and Horton, 1999; Wilson and Lamb, 2012) can possibly smooth out such site-to-site difference, although this approach remains untested along the China coast and requires further investigation. This is particularly important for D-BTF development in the region (e.g., Xiong et al., 2018; 2020), where RSL reconstructions have been largely relied on taxonomic framework based on ecological relationship established in Europe (e.g., van der Werff and Huls, 1958; Denys, 1991), and no other studies have statistically assessed the relationship between the vertical distribution of intertidal diatoms and key environmental variables.

Despite the complications discussed above, our multivariate analysis supports the well-established concept that foraminiferal assemblages are vertically zoned according to their tolerance to tidal inundation frequency and duration (Scott and Medioli, 1978; Gehrels, 1994; Kemp et al., 2012), while diatom assemblages are primarily driven by salinity, which negatively covaries with elevation (e.g., Denys, 1991; Vos and de Wolf, 1993; Hill et al., 2007; Roe et al., 2009; Hassan et al., 2009; Tam et al., 2018). Together, the vertical zonation patterns of both foraminifera and diatoms demonstrate their potential utility as proxies in relative sea-level reconstruction (e.g., Sawai et al., 2004; Roe et al., 2009).

5.1.2 Analogy between modern and fossil assemblages
Transfer functions require modern training sets analogous to fossil assemblages (Horton and Edwards, 2006b). Most core samples from MPSC01 have good analogues in the modern training sets, but two foraminifera samples and one diatom sample fell outside dissimilarity thresholds, indicating poor analogy (Figure 7). This can partly be explained by 1) the greater taxonomic diversity of diatoms (178 taxa vs. 22 foraminifera taxa), and 2) the lack of modern analogues of past nutrient influx and energy dynamics. The higher diversity of diatoms increases assemblage complexity and the likelihood of encountering fossil taxa that are underrepresented or absent in the modern training set. For instance, none of the surface samples contained more than 5% Giffenia coconeiformis, yet this species reached up to 10% in core assemblages below 2 m PD (Figure 7), contributing to the poor analogy and greater PME prediction uncertainty range (5–40 SWLI units) for that core sample. Our result aligns with previous findings that highly diverse diatom assemblages often differ between modern and fossil samples (e.g., Gehrels et al., 2001; Kemp et al., 2009).

Anthropogenic factors may explain the poor analogy for core foraminiferal samples at 1.85 and 1.95 m PD, due to the occurrence of Ammoastuta inepta and Ammonia convexa, which are absent from the modern training set. Both species have been recorded in modern mangroves from Malaysia (Culver and Horton, 2005), French Polynesia (Langer and Lipps, 2006), and the Philippines (Berdin et al., 2003), and appear better adapted to freshwater influence or pollution. A. inepta is commonly found in saltmarsh environments characterised by strong fluvial influence and low salinity in New Jersey (Kemp et al., 2013a) and in hydrodynamic tidal channels such as the Little Manatee River and Nassau River in the USA (Gerlach et al., 2017). The species has also been observed near tidal channels connected to lagoons in the Arabian Gulf (Amao et al., 2016) and nearshore environments of the Red Sea (Abu-Zied et al., 2011) where fluvial influence or wave energy is high. Additionally, A. convexa have been shown to be capable of withstanding pollution from municipal sewage outlets, chemical and thermal effluents, and fertilizer byproducts in heavily industrialized port areas (Fajemila et al., 2020). Similarly, the core diatom sample at 1.80 m PD is enriched in Gyrosigma beaufortianum (19.9%), exceeding its maximum abundance in the modern set (12.8%). While specific pollution tolerance data for G. beaufortianum are limited, related Gyrosigma species thrive in coastal areas with elevated organic loads and resist heavy metal pollution (Fisher, 1981; Cibic et al., 2012; Du et al., 2017; Franzo et al., 2014). 

Before its Ramsar designation in 1995, Mai Po’s coastal wetlands were reclaimed for paddy farming and Gei Wai shrimp ponds between the 1940s to 1970s (Melville and Morton, 1993). Pollutant loads from the adjacent Shenzhen River increased from 1985, peaking in 1994 (Qin et al., 2014). Frequent freshwater and pollutant influxes—including heavy metals and fertilizers (Li et al., 2019b)—combined with the core site’s proximity to the less sheltered mangrove fringe, likely created a higher-energy, lower-salinity, and more polluted environment favoring these tolerant species. Additionally, mangrove management practices in Mai Po may have altered the environmental variables (e.g., grain size and TOC) of natural habitats occupied by species typically found between MTL and MHHW, such as H. wilberti (Kemp et al., 2009; Hayward et al., 2014). These anthropogenic alternations may have resulted in the absence of suitable analogues, thereby creating bias in PME predictions. Our findings underscore the importance of expanding the training set by incorporating additional samples from a broader range of environments not represented in this study, particularly those with more dynamic settings characterised by higher discharge velocities. This expansion is also critical for identifying suitable analogues for fossil diatom samples, given their greater taxonomic variability and the likelihood of increased environmental heterogeneity during the earlier Holocene (Wilson and Lamb, 2012).  

5.1.3 Taphonomy and preservation of fossil samples 
Poor preservation of microfossils may bias comparisons between modern and fossil assemblages (Goldstein and Watkins, 1999; Barbieri, 2001). Diatom frustules and foraminiferal tests differ in their preservation within mangrove sedimentary environments, which affects their performance as paleoenvironmental proxies. Diatom densities remained relatively stable throughout the core (>300 individuals per 10 cm³), indicating consistent preservation despite the challenges posed by high species diversity and assemblage variability. In contrast, foraminiferal densities decreased below 100 individuals per 10 cm³ in the lower sections of the core, suggesting preservation bias. Foraminiferal preservation is influenced by dissolution, degradation, and bioturbation. The dissolution of calcareous foraminiferal tests complicates species identification and partly contributed to the reduced foraminiferal density (Supplementary figure 5). Dissolution can be driven by low pH resulting from carbonic acid produced by decomposition of organic matter. In the terrestrial transition and mangrove zones at transect MP_B in SK, pH can drop below 5 (Figure 1C) (Berkeley et al., 2007; Horton, 1999). A pH of 7 for 35 days is enough to decalcify A. beccarii, which may explain the loss of chamber walls in calcareous species (Le Cadre et al., 2003). Additionally, differential degradation rates among agglutinated taxa may introduce further bias in core assemblages. A. mexicana, H. wilberti, and T. inflata are relatively resistant to post-mortem breakage and disintegration because their tests are composed of finer particles, offering greater structural integrity (Culver and Horton, 2005). In contrast, M. fusca is more susceptible to degradation; bacterial activity can break down the cement binding the agglutinated particles (Goldstein and Watkins, 1998; 1999; Culver and Horton, 2005). This differential degradation may account for the reduced abundance of Miliammina spp. in core assemblages and the associated misfit in F- and D-BTF PME predictions between 2.2 and 1.85 m PD (Figure 7). Because Miliammina spp. has the greatest abundance between 178 and 304 SWLI units (Figure 5), its post-mortem loss may weaken the elevation signal, leading to underprediction of PME and overestimation of RSL. Finally, bioturbation in the mudflat can physically damage foraminifera, further affecting preservation (Furukawa, 2005; Kristensen and Kostka, 2005). These factors collectively limit the applicability of foraminifera-based transfer functions in mangrove sedimentary contexts.

5.2 Elevation-dependent environments defined by stable carbon isotope and C/N geochemistry
δ¹³C, TOC, and C/N geochemistry provide elevation constraints on RSL reconstructions because they systematically vary with vegetation type (C₃ vs. C₄) and the source of organic matter (marine vs. freshwater) across the intertidal zone, which results in distinct environmental signatures tied to tidal elevation (Khan et al., 2015; 2019; Sun et al., 2021). Across three transects, six environmental zones exhibiting vertical zonation were identified, showing distinct δ¹³C, TOC, and C/N ranges (Figure 4C; Table 2). However, linear discriminant analysis (LDA) revealed that subtidal, mudflat, and mangrove fringe environments share similar geochemical values, reflecting mixed marine (e.g., algae, seagrass) and terrestrial (e.g., mangroves, C₃ plants) organic matter inputs (Lee, 2000; Perez et al., 2017; Sun et al., 2021). This overlap likely results from the shared sources of geochemistry signals spanning from the estuary to the outer Deep Bay (Li et al., 1999; Yu et al., 2010), as well as anthropogenic disturbances such as mangrove trimming within the Reserve, which may have altered the geochemical composition of mudflat samples. Subtidal samples notably indicate stronger terrestrial organic matter input from the Shenzhen River, shown by lower δ¹³C and higher C/N values (Yu et al., 2010; Figure 4B). In contrast, mangrove and terrestrial transition environments were geochemically similar but distinct from all other environments. Their geochemical signatures suggest dominant contributions from mangrove, freshwater, and C₃ terrestrial plants to their sediments (Figure 4B), consistent with mangrove sites in Puerto Rico (Khan et al., 2019), Vietnam (Tue et al., 2012), and South China (Tang et al., 2023). Terrestrial environments, distinguished by higher δ¹³C values, reflect the influence of C₄ plants such as Brachiaria mutica and Cyperus spp., which alongside C₃ trees, dominate these areas (Wills et al., 2006). 

The clear separation among mudflat, mangrove, and terrestrial environments along the first two linear discriminants of the LDA biplot (Figure 4D) suggest that the geochemical signatures of these zones and their transitional boundaries can serve as elevation constraints. In contrast, subtidal samples appear less suitable for constraining low-elevation environments because they function as depositional sinks for organic matter from multiple sources (Yu et al., 2010), reducing geochemical distinctiveness. This limitation is reflected in the higher error rate (<0.19) observed in leave-one-out cross-validation tests (Venables and Ripley, 2002) when subtidal samples and disturbed mudflat samples from MP_A (1.77–1.36 m) were included. Removing these samples reduced the error rate to <0.16, although some misclassifications persisted among mangrove fringe and terrestrial transition samples, which were often incorrectly assigned to the mangrove zone. 

The potential degradation of organic carbon in core samples should be considered when applying geochemical priors. At the base of the core (1.7–1.85 m PD), the LDA did not assign samples to a single dominant environment but distributed the classification probabilities across mudflat, mangrove fringe, and mangrove environments, in contrast to the more precise predictions above 1.9 m PD where the samples were predicted with a 90% probability to be associated only with the mangrove zone. This broader probability distribution with greater depth reflects increased uncertainty in environmental attribution, potentially due to organic carbon degradation over time. Such degradation weakens the distinctiveness of geochemical signals, reducing the model’s ability to differentiate among environmental zones (Figure 6). While δ¹³C and C/N values in all core samples aligned well with those from modern surface sediments, TOC values in four samples below 2 m PD deviated from the modern range, contributing to the multi-zone predictions by the LDA (Figure 4E, F). This deviation is likely the result of diagenetic loss of organic carbon in older sediments (Khan et al., 2015; 2019). Alternatively, anthropogenic disturbance, such as the systematic trimming of mangroves at the fringe, may have significantly altered the quantity and composition of organic matter inputs in this zone. This modification could have reduced organic carbon accumulation and disrupted the natural geochemical signatures, thereby diminishing the representativeness of contemporary samples as analogues for historical environmental conditions. Nonetheless, the absence of systematic offsets in δ¹³C and C/N values supports the continued application of this approach for paleoenvironmental interpretation in mangroves of the PRD region. 

5.3 The utility of informative priors in enhancing BTF performance
Alternative or complementary proxies beyond microfossils have been used to constrain past RSL (e.g., Nelson, 2015; Plater et al., 2015; Wilson et al., 2024). However, until the recent development of BTFs (e.g., Cahill et al., 2016), there has been no formal framework for integrating inferences from multiple proxies. We demonstrate how informative priors from independent constraints – δ¹³C, TOC, C/N geochemistry, and microfossil BTF-derived predictions – improves the accuracy and precision of RSL reconstructions in a mangrove setting.
 
Without incorporating priors and after excluding samples beyond dissimilarity index thresholds, both foraminifera-based (F-BTF) and diatom-based (D-BTF) reconstructions captured tide gauge observations within 1σ uncertainty bounds (Figure 8A, E). The F-BTF estimated an RSL rise from -0.36 to 0.07 m (1969–2022 CE) with a mean squared error (MSE) of 0.032 m², while the D-BTF estimated a rise from -0.21 to 0.12 m with a notably lower MSE of 0.01 m². Despite the D-BTF’s higher accuracy—attributable to its site-specific training set from MP—its predictive uncertainty increased markedly in earlier sediments, reaching up to 47% higher than the F-BTF at its maximum. This increase likely results from growing planktonic diatom influence and reduced elevation signal strength, which compromises precision in paleo marsh elevation (PME) estimates.

Incorporating geochemical priors improved the F-BTF’s performance by reducing MSE by 18.4% and uncertainty by 9% (Figure 8B). This improvement primarily corrected bias in the upper core, where linear discriminant analysis (LDA) assigned high probabilities to a single mangrove zone, enabling more confident environmental constraints. In contrast, geochemical priors did not enhance D-BTF accuracy but improved precision by narrowing uncertainty intervals (Figure 8F). This limited benefit stems from broader, less definitive prior distributions in the lower core, where environmental assignments were uncertain and samples spanned multiple zones. These findings underscore that geochemical priors most effectively reduce prediction uncertainty when environmental zones are clearly delineated, consistent with prior studies (Cahill et al., 2016).

Given the complementary strengths and limitations of foraminifera and diatoms—balancing elevation signal strength and preservation biases—integrating their BTF predictions offers a promising avenue for improved RSL reconstructions. Using D-BTF predictions as informative priors for the F-BTF halved the latter’s MSE from 0.032 to 0.014 m², while the D-BTF’s MSE remained stable at 0.01 m². This synergy was particularly evident between 2010 and 2020 CE, when benthic diatoms dominated, as D-BTF priors helped align F-BTF predictions more closely with tide gauge data (Figure 8C). However, limited preservation of foraminifera in deeper sediments constrained reciprocal improvements for the D-BTF, especially where planktonic diatoms prevailed (Figure 8G). Nonetheless, using BTF predictions as priors substantially enhanced precision, reducing uncertainty by 36% for the F-BTF and 44% for the D-BTF. Where possible, it is recommended to use predictions from D-BTF to constrain the F-BTF when applied to mangrove sediments, although the balance between time required for microfossil counting and the overall model performance should also be considered. 

Notably,  the development of BTFs offers a unique alternative approach for RSL reconstruction in far-field locations across South China, where the falling trajectory of RSL in late Holocene (Zong 2004; Khan et al., 2015) has driven deltaic progradation and caused shifts in the position of the intertidal zone over time (Zong et al., 2009; Xiong et al., 2020). As such coastal evolution has inhibited the continuous accumulation of marsh peat, unlike in intermediate-field settings such as the U.S. North Atlantic coast (Engelhart et al., 2011; Kemp et al., 2013b; 2014), persistent challenges arise in identifying intertidal facies particularly in distinguishing between mangrove and mudflat environments (e.g., Xiong et al., 2018; Fu et al., 2020). By quantitatively examining the relationship between microfossil distributions and environmental variables, and relating their vertical zonation to tidal elevation, our approach enables effective differentiation between these facies and supports accurate and precise RSL reconstructions from older progradational sequences further inland within the PRD.   

6. Conclusion
We constructed a local modern training set using surface foraminifera and diatom samples from three transects in the eastern part of the PRD to develop BTFs for RSL reconstruction. Our study highlights the modern distribution of intertidal foraminifera and diatoms in Mai Po and Sha Kiu, showing clear ecological partitioning across the intertidal zone. Higher elevation mangroves are characterised by agglutinated foraminifera and benthic diatoms, while lower elevation mudflats feature calcareous foraminifera and planktonic diatoms.

The results from the BTFs indicate that bimodal and multimodal species distributions are more prevalent among diatoms, underscoring the utility of the Bayesian method for predicting RSL. The PAM analysis displays vertical zonation in foraminifera and diatom species, while CCA indicates that elevation is the primary control on foraminifera distribution, with salinity exerting a major influence on diatom distribution.

Without the incorporation of informative priors, the D-BTF exhibits higher accuracy but reduced precision in RSL predictions for earlier periods, primarily due to greater species diversity and the dominant influence of planktonic taxa. Although the F-BTF shows potential to produce accurate predictions, poor preservation of foraminiferal tests may limit its effectiveness in reconstructing RSL in the region. Surface sediment geochemistry indicates mixing of organic sources across the intertidal zone, with LDA distinguishing between mangrove and mudflat environments based on δ13C, TOC, and C/N ratios. The elevation ranges inferred from these geochemical parameters can be used as informative priors in BTFs to reduce prediction variability and uncertainty.

We assessed the performance of BTFs in RSL reconstruction by comparing their results to observed tide gauge data from Hong Kong. The 1σ uncertainty bounds of RSL reconstructions produced by BTFs with informative priors effectively captured tide gauge observations. Notably, RSL estimates based on samples predicted as mangrove zone, consistently captured tide gauge observations within their 1σ uncertainty bounds, regardless of the BTF used. This indicates that both BTFs perform best when estimating RSL from mangrove facies, demonstrating their ability to predict RSL across both mudflat–mangrove fringe and mangrove environments. The D-BTF exhibited higher precision overall but also greater uncertainty when planktonic taxa were present in high abundances. However, the incorporation of informative priors significantly improved its precision under these conditions. Our practical test suggests that, where foraminifera tests preserve and benthic diatom taxa prevails, incorporating informative priors derived from BTF predictions is the most effective approach for generating accurate and precise RSL reconstructions in the PRD.
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Figure 1. A) Regional geography of South China highlighting the location of the Pearl River Delta. B) Detailed map of the Pearl River Delta indicating the study site at Deep Bay. C) Site map showing the locations of the surface sampling transects (MP_A, MP_B, and SK) in Mai Po Nature Reserve and Sha Kiu, the short core MPSC01, location of stratigraphic cores, the nearest tide gauge at Tsim Bei Tsui, and the land surface elevation as represented by the LiDAR digital elevation model provided by the Hong Kong S.A.R government. Historical boundaries of mangrove in Mai Po Nature Reserved are labelled by black dash line (See supplementary figure 1 for aerial images). D) Stratigraphy of Mai Po Nature Reserve with radiocarbon and 210Pb-137Cs ages reported in Sun et al. (2021) and this study. E) Elevation profile of the mangroves at the study site obtained from LiDAR DEM provided from the Hong Kong S.A.R government, compared with a normal distribution curve. The pixel count represented in the histogram is obtained from the LiDAR DEM using the software ENVI®.
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Figure 2. Surface sample transects showing the location of the sampling stations and major environmental zones relative to distance and elevation. A) Mai Po transect A (MP_A). B) Mai Po transect B (MP_B).  C) Sha Kiu transect (SK). Salinity, total organic carbon content (TOC), δ13C, C/N ratio, grain size composition, and sorting in each sampling station are plotted relative to distance.
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Figure 3. Relationship between major diatom taxa and elevation and other environmental variables in transect MP_A, MP_B and SK.  A) Vertical distribution of major foraminifera taxa coloured by site according to their species optima. Elevation is referenced to Standardised Water Level Index (SWLI units) where the value 100 represent mean tide level (MTL), and the value of 200 represents mean higher high water (MHHW).  B) Average silhouette of foraminifera groups divided by partitioning around medoids (PAM) cluster analysis. C) Foraminifera dataset divided into ten groups by PAM and coloured by site, and assemblage of each group. D) Box plot of elevation range of foraminifera groups divided by PAM, with sample labelled by site. E) Canonical Correspondence Analysis (CCA) biplots of foraminifera species-environment from all sites. Species abbreviations: Ambs = Ammobaculites spp., Ams = Ammonia spp., Arm = Arrenoparella mexicana, Gfi = Glomospirella fijiensis, Hpw = Haplophragmoides wilberti, Msp = Miliammina spp., Nns = Nonionella stella, Rsp = Rosalina sp.1, Tin = Trochammina inflata. Taxa such as Tin and Hwi were associated with higher mud content, TOC, and elevation, and lower pH and salinity, whereas Ambs and Nst were associated with lower mud content, TOC, and elevation, and higher pH and salinity. F) Vertical distribution of major diatom taxa coloured by site. Elevation is referenced to SWLI units.  G) Average silhouette of diatom groups divided by PAM cluster analysis. H) Diatom dataset divided into two groups by PAM and coloured by site following the highest average silhouette width. I) Box plot of elevation range of diatom groups divided by PAM, with samples labelled by site. J) Canonical CCA biplots of diatom species-environment from all sites. Species abbreviations: Aal = Amphora allanta, Dsu = Diploneis subovalis, Gbe = Gyrosigma beaufortianum, Hol = Halamphora holsatica, Lmu = Luticola mutica, Nmi = Navicula microdigitoradiata, Cat = Cyclotella atomus var. gracilis, Cli = Cyclotella litoralis, Tce = Thalassiosira cedarkeyensis. Taxa such as Dsu, Lmu, and Tvi are associated with higher elevations and lower salinities. Only abbreviation of key species are shown here; for abbreviation of all species, see Supplementary information 2. 
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Figure 4. Geochemistry of surface sediment, vegetation, core samples. A) δ13C and C/N vegetation endmembers from Sun et al. (2021) and Yu et al. (2010). Shaded boxes represent the range of values for mangrove, freshwater and terrestrial plant (green), C4 plants (orange), and marine algae and plant (blue). The ranges shown in A) are illustrated in B) to enable comparison between vegetation endmember and surface sediment samples collected from transect MP_A, MP_B and SK. C) Elevation range of modern samples from six categorised environmental zones (subtidal, mudflat, mangrove fringe, mangrove, terrestrial transition, terrestrial) used for Linear Discriminant Analysis (LDA). Elevation is referenced to Standardised Water Level Index (SWLI) units. D) Modern samples from the six categorised environmental zones situated on the two discriminant axes derived from LDA of δ13C, TOC, C/N ratios. The placement of δ13C, TOC, C/N ratios are depicted on the discriminant axes. E) δ13C and TOC bi-plots of surface sediment samples collected from environment zone covered by the surface sampling transect. F) δ13C and C/N biplot for of surface sediment samples collected from respective environment zones.  Data from core MPSC01 are plotted on E) and F), and colour coded in reference to their respective core depth.
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Figure 5. Cross validation and species response curves from the Bayesian transfer functions. A) Observed elevation measured during the time of sample collection are compared with elevation predicted by Bayesian transfer function under 10-fold cross validation for the foraminifera (orange) diatom (green) modern training set. Vertical bars represent 2σ uncertainty. Dashed line represents parity between observed and predicted values. Elevation is presented in standardised water index (SWLI units) where 100 represent mean tide level (MTL), and the value of 200 represents mean higher high water (MHHW). Residuals are calculated by subtracting observed from predicted values.  Samples exceed 2σ uncertainty are labelled in red colour. B) Modern relationship between common foraminifera and diatom taxa and tidal elevation (SWLI units) quantified by the Bayesian transfer function. Circles represent observed sample elevations, red solid line and grey shaded envelope represent the model mean and 95% credible interval respectively.
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Figure 6. Stratigraphy, lithology, total organic carbon (TOC) content, δ¹³C values, C/N ratios, LDA predictions of environmental zones, and the elevation range of paleomangrove elevation (PME) as predicted by LDA for core samples from MPSC01. The yellow envelope represents the full range of the predicted elevations, while the grey envelope indicates the mean ± 1σ of the elevation range. Tidal datums are marked with dashed lines, and the core top elevation is shown by a solid black line.
[image: ]
Figure 7. Stratigraphy, lithology, chronology, foraminifera and diatom abundance, results of paleomangrove elevation (PME) reconstruction, dissimilarity index, and goodness-of-fit statistics from core MPSC1.  Core top elevation is represented by a solid black line, while the green envelope shows changes in mangrove accommodation space based on change in mean sea level (MSL) from 1963 to 2022. The elevation range for mangrove accommodation is derived from LiDAR data, indicating mangrove growth between mean tide level (MTL) and highest astronomical tide (HAT). For the dissimilarity index, the 20th percentile of the foraminifera and the 10th percentile of the diatom dataset is normalized to 1, with values below 1 indicating a modern analogue and values above 1 suggesting the absence of a suitable modern counterpart. For goodness-of-fit statistics for core samples, the 95% threshold of squared residual lengths normalized to 1, values below 1 indicate a poor fit of the transfer function to elevation.
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Figure 8. A–G) Comparison of relative sea-level (RSL) reconstructions from foraminifera- and diatom- Bayesian transfer functions with tide gauge data from Hong Kong. Boxes represent ±1σ uncertainties for the reconstructions. Core samples of which dissimilarity index exceed predefined threshold are excluded in RSL reconstruction and not shown in form of boxes in the figure. Grey line represents prediction of Errors in Variables Integrated Gaussian Process (EIV-IGP) Model from tide gauge observations. Black circles represent RSL averaged from tide gauge data from Hong Kong, as shown in H). H) Changes in mean sea level (MSL) (±1σ) relative to 5-year average value from 2017 to 2022 of operating tide gauges in Hong Kong.

Data Availability
The files of Supplementary Information 1 and 2 contain chronology, species response curves, result of sensitivity tests, environmental parameters, δ13C, sediment TOC and C/N and microfossil data.
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