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The promotion of sedimentation by mangrove ecosystems with adequate sediment supply has been well documented. However, predicting the amount of accretion or erosion at a specific point, is difficult due to the inherent stochasticity of sediment movement and deposition. Forcings which have been thought to influence short-term sedimentation rates, such as the amount of suspended matter in the incoming water, the wave regime at the site, elevation above sea level, distance from the low tide mark, and vegetation density, were investigated using large arrays of erosion pins at five sites around Western Port, Victoria over the course of one and a half years. We analyzed large scale/short-term and small-scale/longer-term vertical displacement within and between sites, and quantified small-scale intra-site variability. Results show, that while all study sites within Western Port were accreting sediment, they were not doing so at the same rate, and both intra-site and inter-site variability is high. Short-term large-scale or site wide analysis shows that total suspended matter and significant wave height (SWH) did not significantly affect vertical displacement rates. Surprisingly, neither distance from water nor vegetation density significantly affected vertical displacement or explain the spatial distribution of accretion and erosion within the sites. The coefficient of variation at each pin shows that there is high temporal variability in vertical displacement at each location, with individual pins alternating between erosion and accretion over time. Our study finds that while large scale (1 km2) patterns of sedimentation are temporally consistent, small scale patterns (< 100 m2) are difficult to predict. This small-scale stochasticity therefore compounds management of mangrove ecosystems, especially as it relates to predicting the response to sea level rise. Thus, investment in small scale management of vegetation density, or microtopography, is perhaps not required for overall shoreline stability with sea level rise and blue carbon accumulation, making ecosystem restoration more feasible where resources are limited. However, at larger, forest-wide, spatial scales a higher level of predictability exists such as the overall response of the coastal tract to prevalent wave energy and sediment supply.
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INTRODUCTION

Mangroves have developed morphological adaptations to the dynamic intertidal environments in which they exist. Specific adaptations such as extensive above ground root systems, vary among species and climate zones. These large root systems are known to affect the geomorphology of the coastlines along which they establish. For example, the root systems interact with incoming water by inducing drag forces and decreasing the velocity of the water that is in contact with vegetation, thus promoting the settling of allochthonous suspended sediment (Ellison, 2019).

The ability of coastal vegetation, including mangroves and salt marshes, to promote the settling of sediment through the reduction of flow velocities has been well studied (Furukawa and Wolanski, 1996; Reed et al., 1999; Moskalski and Sommerfield, 2012; Nolte et al., 2013; Sheehan and Ellison, 2015; Horstman et al., 2018). This bio-geomorphic function has become more important as of late because of the imminent threat to global coasts as a result of sea level rise due to climate change. This has led to an increase in research and government backed management schemes to employ nature-based solutions to coastal protection (Saleh and Weinstein, 2016). Some of these schemes fail because of improper planning and the deficit that exists in understanding the complexities of the biophysical interactions that determine sedimentation. The ability of mangroves to influence sedimentation depends on various parameters such as the availability of sediment, distance from sediment supply, prevailing hydrodynamics including wave climate, topography, and vegetation structure. These variables and their interactions affect the spatial and temporal distribution of sediment within vegetated coasts (Van Proosdij et al., 2006). The complexity of this physical environment operates at a range of spatial and temporal scales, thereby resulting in highly stochastic behavior.

Root system geometry of various species such as buttress roots, aerial roots, prop roots, and pneumatophores, each affect flow and sedimentation differently (Furukawa and Wolanski, 1996; Krauss et al., 2003; Krauss et al., 2014; Du et al., 2021). Other vegetation characteristics such as root and tree density affect vegetation induced drag. Pneumatophore density has been shown to be positively correlated to the dissipation of turbulent kinetic energy (Norris et al., 2017). The influence of vegetation elements on energy dissipation and therefore sediment transport, has been shown to occur in two modes. One showing that vegetation can increase drag to result in flow reduction thereby preventing sediment resuspension and promoting sedimentation (Horstman et al., 2018). In other areas of sparser pneumatophores, the generated turbulence can cause the resuspension of sediment within this zone (Mullarney et al., 2017; Horstman et al., 2018). Young and Harvey (1996) found that sediment accretion within Avicennia marina in New Zealand showed no statistical relationship to stem density and other measures of plant physiognomy, except for the density of pneumatophores. In a study to ascertain the sediment accretion abilities of two different species Du and Zhang (2020) found that vertical accretion had a greater relation to the total volume of aerial root structures. The distribution of pneumatophore density, length, and thickness within mangroves are variable as is the occurrence of biotic factors which alter vegetation roughness such as barnacles (Mullarney et al., 2017). Bed roughness, and therefore ease of resuspension is also affected by the presence of bioturbation, soil binding microorganisms (Stokes and Harris, 2015; Kakeh et al., 2016; Horstman et al., 2018), fine rootlets (Spenceley, 1977; Krauss et al., 2014), and detritus.

In addition to vegetation characteristics, incoming wave energy is an essential factor to be considered in sedimentation studies (Van Proosdij et al., 2006) as waves remobilize mudflat and offshore bed sediments (Fricke et al., 2017). Links between site hydrodynamics and vegetation characteristics alone are not sufficient to explain the dissimilarity seen within and between sites. This was also highlighted in salt marsh studies in Reef et al. (2018). Without a supply of sediment, accretion within these systems is not possible. The concentration of suspended particles in incoming water is therefore another relevant factor in determining sedimentation within a site (Moskalski and Sommerfield, 2012). Distance from this source water is also a parameter to be considered as suspended particle concentration decreases with distance from the source as settling occurs with movement through vegetation (Van Proosdij et al., 2006; Moskalski and Sommerfield, 2012). Site topography is another parameter for consideration in the spatial distribution of sedimentation (Van Proosdij et al., 2006) as elevation affects hydroperiod characteristics, thus both the settlement time for and the energy in tidal currents are impacted (Reed et al., 1999).

Numerous methods exist to spatially examine sedimentation within coastal environments. These include depositional methods such as filters and traps (Nolte et al., 2013) which are useful in shorter term studies that investigate spatial deposition patterns across single tide cycles (Reed et al., 1999; Van Proosdij et al., 2006). These shorter-term studies are useful in providing snapshots of the interaction of water depth, inundation time, and other tidal variables, with parameters such as suspended sediment concentration and elevation (Van Proosdij et al., 2006). Longer term methods such as SETs which also capture compaction do not allow for insight into spatial or temporal variation to be captured. Erosion pins offer an easy deployment of an array of pins across a site or numerous sites, allowing both short/medium term and spatial dynamics to be captured. They provide an advantage over other short term methods such as marker horizons and sedimentation plates, which are more prone to be affected by bioturbation (Nolte et al., 2013). Erosion pins have been shown to sometimes cause localized scour depending on their deployment (Spenceley, 1977; Nolte et al., 2013), however, in low energy environments, if pin distribution or density is not greater than that of pneumatophores, they should reflect the natural processes that occur, accurately. This is reflected in Spenceley (1977) where grids which had a greater density than that of the pneumatophores present displayed intense localized scour.

In this study, the influence of biotic and abiotic characteristics on the spatial and temporal patterns of sedimentation at five different sites around the Western Port embayment are investigated. These characteristics include wave climate, suspended sediment concentration, distance from sediment source, microtopography, and vegetation density. These parameters have been highlighted as significant determinants in the distribution of sedimentation, however, the complex interactions between them are yet to be investigated. The use of five different sites allowed for the capture of the variation of vegetation characteristics of Avicennia marina var australasica as well as specific site wide characteristics of wave climate and sediment input. Spatial variation was analyzed by deploying an array of erosion pins based on the method used by Sheehan and Ellison (2015). Temporal variation was considered by conducting the study over a period of one and a half years with measurements planned during every season.



MATERIALS AND METHODS


Study Location

Western Port is an embayment located 80 km to the east of central Melbourne, Australia. The climate of the bay is temperate; Cerberus station recorded 29-year annual mean minimum, and maximum temperatures of 9.8 and 19.2°C. The bay has a semidiurnal tidal regime and experiences an average tidal range of approximately 2.2 m. The marine flora around the bay includes seagrass meadows, mangroves, and salt marsh. The only species of mangrove in Western Port Bay is Avicennia marina var australasica; the bay is close to the southern latitudinal limit of the Avicennia marina species.

The hydrodynamic complexity of the bay is influenced by the presence of French Island and Phillip Island. Sea water is primarily exchanged with the Bass Strait at the Western Segment entrance, where it is split into the North and East Arms by the presence of French Island (Figure 1).
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FIGURE 1. Location of data collection sites, features and net water circulation around Western Port Bay. Net circulation patterns based on Harris et al. (1979). Map data: Google, Maxar Technologies.


Primary sources of fine sediment (<4 μm) into the north of the bay include the Bunyip river (27%) and Lang Lang river (20%) to the north, as well as the erosion of the Lang Lang cliffs (32%) (Wallbrink et al., 2003). Secondary sources of fine sediments are channel, and gully bank erosion (Wallbrink et al., 2003). The hydrodynamics within Western Port Bay impose clockwise sediment movement around French Island.



Sediment Data Collection

In order to investigate the sediment dynamics and the role of Avicennia marina var australasica in sedimentation within Western Port, five sites were chosen around the bay, as indicated in Figure 1. Mangrove vegetation structure varies around the bay therefore, sites were chosen to capture the breadth of structural variability.

A total of 50 cm long, 2 mm thick stainless-steel rods (erosion pins) were installed at each site in a grid based on Sheehan and Ellison (2015) in December 2019 at Stony Point, Hastings, Pioneer Bay, and Rhyll. Pins were installed at Tooradin in March 2020. A square grid of pins was deployed at each site, with shore-parallel rows of 10 erosion pins spaced 10 m apart. Row transects were laid at shore-perpendicular intervals from the low intertidal, every 10 m to the back of the mangrove vegetation, as seen in Figure 2 at Pioneer Bay. Each pin was driven 30 cm deep into the sediment. Measurements of the height of each rod above the sediment were taken approximately every 3–6 months, until July 2021.
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FIGURE 2. Configuration of stainless-steel rods at Pioneer Bay, Western Port Bay. Site coordinates are 38°22′11.5″S 145°32′52.2″E.




Supplementary Data Collection

Elevation data was collected at each erosion pin using the Navcom sf-3040 D-GPS unit. The distance from the mean lower low water (MLLW), −0.6 m, as measured using the distance from point to line function in QGIS with MLLW calculated from Western Port bathymetry data. Total suspended matter (TSM) was captured from ESA Globcolour (Doerffer and Schiller, 2007) monthly mean of cloud free data, ACRI-ST company (Sophia Antipolis, France) with 4 km × 4 km spatial resolution. Site relevant monthly TSM measurements were extracted.

An RBR duet logger (RBR Ltd., Ottowa, CANADA) was placed at each site in May 2021 to July 2021 to analyze the differences in wave climate at each site including average incident significant wave height (SWH), wave energy, wave period, and depth. As waves within Western Port Bay are primarily wind driven, the data collected from the loggers was used to calibrate a wind/wave relationship at each site in order to simulate the wave climatology during the extent of the experiment.

Vegetation studies were conducted on site by measuring the percentage of bare sediment in 1 × 1 m quadrat around each pin. The percentage of bare sediment was calculated as 100 minus the total percentage of coverage of raft, pneumatophores, mangrove stems, cyanobacteria, algae, and salt marsh present.



Data Analysis

Differences in the height of the erosion pin above the sediment was calculated between measurements in 6-month intervals during the first year, and 3-month intervals thereafter, as well as the difference from the start of the experiment, T0, when pin height was 20.0 cm. The average change at each site was then calculated. Analysis of results was broken down into three sections: Large-scale short-term site wide changes, small-scale long term within site changes, and finally intra-site variability. Both longer term changes, T0-Tn and shorter-term changes T(n–1)-Tn were averaged across site for comparison. A number of pins were trampled by kangaroos that frequent these sites. Pins that were lost or damaged during the experiment were not included in the long-term averages or analysis, but short-term changes were still tracked with replacement pins. No scouring was evident around the stainless-steel pins.

Large-scale short-term analysis sought to examine the inter-site variability throughout the length of the experiment by comparing the average pin change within sites during each measurement period. The relationship between the site average daily change per time period, total suspended matter (TSM), and wave energy was investigated using a multiple linear regression model in R.

Small-scale longer-term within site change analysis focused on the total daily change over the entirety of the experiment, at each pin at each site. Spatial analysis was conducted using Inverse Distance Weighted (IDW) interpolation in QGIS, and by calculating Moran’s I in R. The dependence of these changes on the variables to MLLW, bare sediment, and elevation were then examined using a multiple non-linear regression model in R. Intra-site variability was scrutinized by calculating coefficient of variation (CV), which was then analyzed using IDW interpolation in QGIS.




RESULTS


Large-Scale Short-Term Analysis

SWH between the sites are mostly distinct (Figure 3A), with Pioneer Bay having consistently higher wave heights than all other sites, with average monthly wave heights being above 0.2 m. Expected wave heights at Rhyll are constantly lower than that of other sites, with an average SWH of only 0.04 m. Hastings has the second lowest expected SWHs, averaging 0.07 m during this entire period. Wave heights at Tooradin and Stony Point are less distinct than that of other sites throughout the experiment. They are slightly higher on average, at Stony Point (0.096 m), than Tooradin (0.095 m).


[image: image]

FIGURE 3. (A) Average monthly calculated significant wave height during December 2019 to June 2021. (B) Total suspended matter (TSM) observed during December 2019 to June 2021.


Patterns of TSM (Figure 3B) during the experiment also follow a distinct pattern, despite monthly fluctuations at each site. Pioneer Bay has sustained significantly higher TSM values than other sites throughout the duration of the experiment, except in June and July, 2019. A substantial peak of 47.9 g/cm3 was observed at this site in December 2020. The average value of TSM during the entire observation period is 28.3 g/cm3 at Pioneer Bay, compared to 10.8 g/cm3 at Tooradin. The maximum recorded value at Tooradin was 20.8 g/cm3. TSM at Tooradin remained the second highest throughout the period, despite monthly fluctuations. This remained true, except in June 2021, when it was surpassed by Rhyll with an observed value of 4.87 g/cm3. Average TSM at Rhyll was 5.03 g/cm3 compared to 4.70 g/cm3 at Hastings. Values at Hastings mostly remained slightly lower than that of Rhyll, except for a noticeable peak of 12.3 g/cm3 in September, and smaller but notable increases in November 2020 and January 2021. TSM values at Stony Point remained lower than all other sites at an average of 3.48 g/cm3, except in June 2020, when it peaked at 4.87 g/cm3. This occurred during the same month that Pioneer Bay TSM values plummeted to its lowest of 11.2 g/cm3. TSM at Tooradin 8.15 g/cm3 was not significantly higher or lower than average, while Rhyll recorded its second lowest value of 3.80 g/cm3 during this period. A value for Hastings was not recorded during this period. Missing values were only recorded in Dec 2019 for Pioneer Bay, October 2020 at Tooradin, June 2020 at Hastings, and in January 2020, April 2020, and March 2021 at Stony Point.

Average site change during measurement period (Figure 4) showed that sites have accreted during every period except during T0-T2, at both Hastings and Rhyll. During T0-T1 average change was 2.0 cm at both Rhyll and Hastings. Reported values at other sites were much lower, with a measured change of 0.9 and 0.7 cm, at Pioneer Bay and Stony Point, respectively. Change at Tooradin was 0.8 cm. However, it should be noted that T0 for Tooradin, is March 2020. During T0-T2 average total change decreased to 1.8 and 1.5 cm, at Rhyll and Hastings, respectively. This shows that during T1-T2 more pins across the two sites recorded erosion, however, the total long-term change was still positive. Accretion was observed at Pioneer Bay with at increase to 1.3 cm, at Tooradin with a total change of 1.1 cm, and an increase to 1.2 cm at Stony Point. Changes during T0-T3 were much more conservative at Pioneer Bay, Tooradin, and Stony Point, with increases to 1.4, 1.2, and 1.3 cm, respectively; compared to a much more substantial jump to 2.1 cm at Rhyll and 1.8 cm Hastings. Between December 2019 and June 2021, Rhyll experienced the largest increase of 3.0 cm, followed by Pioneer Bay with 2.4 cm, Hastings with 2.2 cm, and Stony Point with 1.6 cm. For the period March 2020–June 2021, a change of 1.4 cm was noted at Tooradin.
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FIGURE 4. Dumbbell plot showing long term average changes at each site.


The average daily change per site during each measurement period was plotted against TSM (Figure 5A) and average SWH (Figure 5B). No relationship was found between TSM or SWH with average daily change, as the calculated p-value was 0.5673 and 0.575, respectively. Therefore, neither TSM or SWH was statistically significant. An equation to predict short-term sedimentation based on these parameters could not be developed; R2 was calculated as 0.02.
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FIGURE 5. (A) Relationship between daily change between measurement periods and total suspended matter at the various sites. (B) Relationship between daily change between measurement periods and average significant wave height at the various sites.


Rhyll had the highest average accretion of 3.0 cm over the course of the measurements, despite a period of erosion during the second measurement period, between July and November 2020. During this period of erosion, the average SWH was at its highest and average TSM was at the lowest recorded for the site. Rhyll experienced the highest average accretion during the final measurement period, between March and June 2021. Average calculated SWH during this time was only 0.01 m lower than that of the second measurement period. Average TSM was 0.363 g/cm3 higher than that of the second measurement period (an increase of 10%). From December 2020 to February 2021, average net sedimentation at Pioneer Bay was 0 cm despite having the highest TSM on record. The lowest calculated wave heights, and average change during the next measurement period at Pioneer Bay was 1.1 cm. During this same period, SWH was the highest recorded, and TSM was lower than in the December to February period. Pioneer Bay had the second highest total accretion during the experiment of 2.4 cm over 18 months.



Small-Scale Longer-Term Analysis

TSM and SWH were treated as site wide parameters used in inter-site and temporal compositions. Smaller scale (intra-site) parameters included distance from MLLW, elevation, and vegetation characteristics (measured as a percentage of bare sediment) for each individual pin. Results of IDW interpolation at Stony Point in Figure 6A, show randomness in the distribution of areas of accretion and erosion across the site. The calculated p-value from Moran’s I test was 0.058 indicating no significant spatial autocorrelation at this scale. At Hastings (Figure 6B), results show a pattern of erosion at the front of the mangrove, more accretion occurring in the middle of the site and erosion or less accretion occurring at the back of the site. There are still areas of erosion occurring within this area, and pins with higher rates of accretion are also randomly spread throughout. Moran’s I test shows significant autocorrelation at Hastings (p = 0.04). At Tooradin (Figure 6C) spatial autocorrelation is present (Moran’s I, p < 0.0017) but is opposite in pattern to that of Hastings, with more areas of higher accretion located at the seaward edge of the mangrove. Areas of accretion and erosion were randomly dispersed throughout the middle and back of the site. Pioneer Bay (Figure 6D) does not show any discernible large-scale pattern of accretion, but erosion and accretion patches occur, with a significant spatial autocorrelation (p = 0.01). Most of the site was accreting. At Rhyll (Figure 6E), similar to Pioneer Bay, accretion and erosion do not follow a larger pattern but some clustering is present (p = 0.00018).
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FIGURE 6. Long term changes recorded at each erosion pin during experiment across the sites (A) Stony Point, (B) Hastings, (C), Tooradin, (D) Pioneer Bay, (E) Rhyll.


We found no significant relationship between average daily sedimentation and elevation above sea level (multiple non-linear regression, p = 0.32 and p = 0.32, respectively) or with the distance from MLLW (Figures 7A,B). The clustering of values at distances greater than 400 and 200 m from MLLW represent pins located at Pioneer Bay and Rhyll, respectively, where high wave energy restricts the mangrove to higher intertidal elevations. We found no relation between percentage of bare sediment in the immediate area around the pin and daily change (Figure 7C); pins surrounded by 100% bare sediment showed both erosion and accretion. While there is no significant increase in deposition with increased vegetation cover (p = 0.065), less erosion seems to be occurring at heavily vegetated pins. The synergistic relationships between bare sediment and distance or elevation, elevation and distance and finally bare sediment, distance and elevation were all found to be statistically insignificant with p-values of 0.663, 0.844, 0.557, and 0.433, respectively. An equation to predict long-term sedimentation or erosion could not be developed here; R2 for the model was reported as 0.065.
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FIGURE 7. The relationship between long term change and (A) elevation, (B) distance from MLLW and (C) percentage bare sediment.




Intra-Site Variability

The change in sedimentation at each pin over the measurement periods was assessed using the coefficient of variation (CV) of the long term mean (Figure 8). On average, CV at Rhyll (panel e) is lowest and spatially uniform, indicating the highest rate of stability in the sedimentation process. At other sites such as Stony Point and Hastings, higher CVs occur overall and the instability in sedimentation is distributed in a complex pattern that is not explained by the measured geographical parameters of distance from MLLW, vegetation density or elevation. At Pioneer Bay CV is low within the forest, but exceptionally high on the mudflat. This pattern was not seen at other sites. On average, temporal variation between measurements is highest at Tooradin, particularly to the north of the site.
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FIGURE 8. Inter and intra-site measurement coefficient of variation at sites (A) Stony Point, (B) Hastings, (C), Tooradin, (D) Pioneer Bay, (E) Rhyll.


At Stony Point, the site showed an average of 1.6 cm accretion over the 18-month period. The pin which showed the largest erosion at this site (4 cm) is surrounded by both accreting and eroding pins. The 1 × 1 m quadrat around this pin had a high cover of mangrove vegetation and raft, including shells. Distance from MLLW was measured as 125.5 m and elevation was 0.612 m AHD. This pin is located firmly in the middle of the site. In comparison, the pin with the largest accretion of 11.5 cm was located at a similar elevation of 0.645 m and distance from MLLW of 146.3 m. It is surrounded by mostly accreting pins, however, none have accreted quite as much. Its distance from MLLW is greater, at 146.4 m, however, 74% of its surrounds was bare sediment. The difference between the elevations of these pins is not substantial either, with a difference of 0.033 m.

Measurements at Hastings range from −4.2 to 17.5 cm. The pin showing the most erosion at this site is located toward the front of the site, at a distance of 100.5 m from MLLW with 98% bare sediment. The pin with the largest increase is located toward the back of the site, at a distance of 136.6 m from MLLW, and was surrounded by 9% bare sediment. It is away from other highly accreting pins, and is surrounded by much slower accreting pins with measurements of 0.4, 0.5, and 1.2 cm.

Tooradin presents a unique situation. The pin with the highest accretion of 7.5 cm is located in the second row; erosion was only recorded at this pin during the final measurement period. The seaward rows at Tooradin were accreting. Points of higher erosion to the back of the site were randomly dispersed. The greatest sediment loss recorded at Tooradin was 4 cm; this pin showed periods of alternating erosion and accretion over the course of the experiment. Surrounding pins show a mix of erosion and accretion to varying amounts. Both of these pins are located within 100 m of the MLLW, and elevation was recorded as −0.322 and −0.486 m, respectively. Bare sediment around these pins were also recorded as 84 and 93%.

The pin with highest accretion, a measurement of 7.5 cm at Pioneer Bay was located in an area with 99% bare sediment. This is the same bare sediment percentage as the pin which recorded the most erosion at this site, and across all sites: −6.2 cm. As seen so far at other sites, this pin was not continually eroding over the course of the experiment, but instead gained sediment during the first and last measurement periods. This, in stark contrast with the highest accreting pin which continually gained sediment throughout the experiment.

At Rhyll, highly accreting pins of more than 4.1 cm seem to occur in pairs (the distance between pin pairs is 10 m), and accreting pins make up a larger proportion of the total of pins deployed than other sites, and accretion was more stable over time (as indicated by lower CVs). The pin that experienced the highest accretion, of 13 cm, was continuously accreting throughout the entirety of the experiment, and was located in the center of the site. Two other highly accreting pins are located near it, with a few surrounding pins showing erosion. 92% of the quadrat surrounding this pin was bare sediment in comparison to 19% around the pin with the lowest long-term erosion of 1.5 cm. The elevation at these pins were 0.263 and −0.459, respectively.




DISCUSSION


Large Scale Order

While intra-site variability was high, on average all sites exhibited net accretion over the 18-month period. The differences in environmental conditions, as defined by TSM and SWH in this study, did not significantly explain the overall erosion and accretion that occurred at these sites during these periods. Rhyll also experienced erosion between July and November 2020. In comparing these parameters at Hastings to that of Rhyll, average TSM was at its highest during this time of high erosion, and the average calculated SWH was at its second lowest value. The variation in sediment supply between measurements periods did not to significantly affect sedimentation, despite the importance placed on sediment supply by findings of Willemsen et al. (2016) in mangroves and Moskalski and Sommerfield (2012) in salt marshes. The overall net accretion over the measurement period could indicate that sediment supply is sufficient, which could be why sediment supply was not a governing factor of sedimentation within the mangrove. Variation in SWH was also insufficient to explain differences between measurement periods at all sites. These sites do show some important similarities. These sites receive the lowest wave energies of the five sites, and have similar TSM values. Vegetation within these sites is more, similar than other sites with trees being taller, stems being wider, and/or less multi-stemmed. Vegetation at the sites show differences at the vegetation edge and at the mangrove/salt marsh interface. At Rhyll, seaward vegetation is especially short with single stemmed, more flexible vegetation, whereas at Hastings seaward vegetation is quite tall. At the saltmarsh/mangrove interface at Rhyll there is a sharp change from tall mangrove vegetation to saltmarsh, whereas at Hastings, there is a more gradual change with a decrease in the height of mangrove with an intermingling of saltmarsh and mangrove. The differences between the vegetation at these sites are apparent when looking at the spatial distribution of areas of erosion and accretion. The similarities of the parameters investigated between the two sites, and differences compared to the other three sites, are not sufficient to explain the erosion that occurred at these two sites between T1 and T2.

Pioneer Bay, the site which consistently received significantly higher SWH and TSM than all other sites the second highest sedimentation of all sites during the experiment. This high accretion in the presence of higher wave action was also noted by Fricke et al. (2017) in their study which found that the site with greater hydrodynamic energy showed more progradation due to the greater sediment input. The major fluvial sediment inputs in Western Port are highlighted in Figure 1. Erosion of the Lang Lang cliffs is also a known sediment input in the bay. Sediment transport within the bay and to the sites is then governed by the net clockwise circulation of water. Areas near Pioneer Bay and Rhyll sites are considered important depositional areas for mud (Harris et al., 1979). Differences in sedimentation between Rhyll and other sites could be partially linked to the difference in site hydrodynamics; where other sites are fringed by mangroves and sediment is delivered via wave action across the front margin of the mangrove. Sediment delivery and movement at Rhyll may be governed by tidal creek hydrodynamics as well as exchange along the sea margin given its location at the entrance of Rhyll Inlet. In considering the hydrodynamics at this site, the front or North of the site is located along the edge of the Rhyll Inlet. In a study of marsh surface deposition, Reed et al. (1999) showed that high tides which increase creek velocities may provide an increased supply of sediment to the vegetation edge through the amplified potential for sediment remobilization within the creek. Horstman et al. (2017) showed similar patterning at Whangapoua Harbour, New Zealand where greater deposition was recorded at the fringe. The site at Whangapoua Harbour is located behind a land spit, meaning, it is not exposed to direct wave action like most of the sites in this study (Horstman et al., 2017). The east of the site at Rhyll may then receive some more dampened wave energy from the sea/shore margin.



Small Scale Stochasticity

Despite the statistical insignificance of distance from MLLW, elevation, and vegetation characteristics, they can be useful in identifying and examining patterns within the sites as well as the similarity and dissimilarity of adjacent points.

Measurements at Stony Point fit the initial hypothesis of this site, showing lower accretion due to its location within Western Port Bay and the lower supply of sediment to this area. In a closer examination of the coefficient of variation of the pins which showed maximum erosion and accretion, neither of them were consistently eroding or accreting during the entire experiment with both experiencing one period of movement in the opposite direction. Larger scale patterns are not discernible at this site. There are some areas of clustering of accreting pins at the back edges of the site, with some occurring in the mid-back of the site. Both the foremost and hindmost rows show a mix of erosion and accretion. Stony Point also has some clear pathways for faster flow of water through the site. These are unlike smaller creeks or channels observed at other sites, which show erosion within the channel but accretion along the edges. Topography within Stony Point is more heterogenous than other sites. Within site topographic variation was shown to have an influence on sediment deposition through modeling by Horstman et al. (2015) that demonstrated that decreasing this characteristic lead to an increase in average deposition at a site. However, topography at the scale measured was not a significant forcing of sedimentation, suggesting a more complex incorporation of the planform is required. Bed roughness within Stony Point is extremely variable both within site and in comparison to other sites. The site is mostly sandy with muddier areas located in more vegetated areas. Shells are a frequent sight throughout; they were treated as raft in the calculation of bare sediment due to their influence on surface drag and due to covering the erodible material.

Patterns at Hastings were more apparent, with clearer erosion and lower rates of accretion at the foremost (seaward) and hindmost row (the transition zone between mangrove and salt marsh vegetation). Patterning at Hastings could be explained by the presence of runnels at the front of the site which have been shown to have the potential for erosion and resuspension of sediments (Fagherazzi and Mariotti, 2012). Hastings is an archetype for the expected sedimentation pattern where the sediment at the marsh/mudflat interface is remobilised and deposited further into the forest. Turbulence at the vegetation edge is particularly high because it introduces the first obstacles to flow of incoming water and waves (Horstman et al., 2018). Greater vegetation edge erosion than in site was also observed during field measurements by Le Nguyen and Vo Luong (2019) in an overall eroding site. Young and Harvey (1996) also found that sedimentation was lower toward the seaward edge of their study site in Hauraki Plains, New Zealand where the same species variety was present. Increasing pneumatophore density with distance from the sea was found to be the driver for this spatial pattern (Young and Harvey, 1996). Measurement at the highest accreting pin has not changed since the first measurement. There are large low-lying branches near this pin as well as a pathway for large marine debris. This measurement may reflect a combination of these factors. The pin showing the largest erosion exhibited erosion during periods one and two, but accretion during period three and four; a recurring pattern exhibited by the high CV of many of the pins (Figure 8). It should be noted that this pin is located near a crab hole so bioturbation could be a contribution this higher rate of erosion. Our visual inspection suggests that Hastings had a higher occurrence of crab holes throughout the site than the other sites measured, but bioturbation was not quantified in this study. Bioturbation affects bed roughness; the subsequent created drag could be double that of a smooth bed (Shull, 2019). Bioturbation can also result in biostablization of sediments (Horstman et al., 2014; Shull, 2019).

The biophysical characteristics of Tooradin are interesting, as vegetation here is markedly different from other sites with trees with anomalous roots and structure occurring at the front of the site. Tree geometry may play a role in the disparity observed at this site. Differences between the vegetation characteristics of Avicennia marina observed in tropical regions as opposed to temperate regions like these, can have an effect on the distribution of zones of accretion and erosion across a site (Horstman et al., 2018). Vegetation observed at Tooradin was the most heterogenous of all the sites with clustering of younger trees with anomalous roots in the south (front) and south east of the site. Despite this array of vegetation, clear patterns of increased or decreased sedimentation could not be observed between these areas. There is also a small channel that snakes parallel to a few of the pins located at the front of the mangrove. This could imply that hydrodynamics within this part of the site may be different from that of the back of the site. There is the added complication of the proximity of this site to a boat ramp, though wave logger readings did not reveal any significant occurrences of boat wake during the deployment period.

Like Hastings, the last row of erosion pins at Pioneer Bay is located at the transition zone between mangrove and salt marsh vegetation. However, unlike Hastings, there is no clear pattern in this zone with pins showing varying degrees of accretion, and a few of erosion. The differences at these vegetation transition zones can provide insight into the effects of mangroves on sediment supply and accumulation in salt marshes. Coleman et al. (2021) showed that fringing mangroves had no negative impact on sediment delivery or sedimentation in landward saltmarshes in New South Wales. However, results at Hastings show that further investigation could be needed. The vegetation edge at Pioneer Bay is also pointedly different from that of Hastings in terms of vegetation density. The mangrove edge at Hastings is denser and more clearly defined than that of Pioneer Bay, which has areas of large trees as well as areas of little or no vegetation in the first 20 m of the grid. The effect of epiphytic algae which is thought to increase friction (Adame et al., 2010; Le Minor et al., 2021) can also be investigated at Pioneer Bay. While all sites did display the typical landward gradient of a decrease in algal accumulation on pneumatophores, epiphytic algae were particularly prolific at Pioneer Bay. Some pneumatophore diameters were measured as 4 cm due to these algae. Wolanski (1995) mentions that particles sticking to algal mucus, amongst others, is an important process to trapping clay particles. However, sedimentation in these areas at Pioneer Bay were not markedly higher than other areas, in fact, some pins located in these sites showed erosion. A denser fringe can contribute to enhanced deposition within the forest as a result of increased flood dominance (Bryan et al., 2017). This denser fringe is also absent at Stony Point. It is important to note, however, that incident wave energy at Hastings is substantially lower than that of Pioneer Bay and even Stony Point. Sediment deposition may be encouraged in sites with low incoming wave energy where this coincides with higher inundation time (Van Proosdij et al., 2006), but differences in inundation dynamics were not considered in this study. At first glance, patterning at Pioneer Bay seems to be related to the presence or density of vegetation specifically in the North East of the site. Upon closer investigation, some pins located in areas of higher vegetation density are eroding. This is contradictory to findings by Horstman et al. (2015), where sediment deposition was controlled by microtopography (rather than vegetation density). In this study, neither of these factors are sufficient to explain the spatial variation observed.

Analyzing the distribution of sediment gain and loss throughout these sites show that small scale sedimentation is a stochastic process. Thresholds within the data could not be ascertained. This study further highlights the complex interplay of all the factors investigated here. Where previous mangrove and saltmarsh studies highlighted the importance of wave climate and sediment supply to sites (Moskalski and Sommerfield, 2012; Horstman et al., 2015; Willemsen et al., 2016), results from this study show that neither of those factors are statistically significant to explain the spatial variation observed between the study sites here. Young and Harvey (1996) showed that pneumatophore density was a significant factor in determining the distribution of sedimentation in their study while Horstman et al. (2015) stated that within site topography and relative elevation as opposed to vegetation density were determinant factors. This study found that neither of these characteristics were sufficient to explain the intra-site spatial variation exhibited. Findings of Reef et al. (2018) found that the interaction of vegetation characteristics and hydrodynamics are not sufficient to explain sediment deposition patterns was supported by the results found here. Clustering of similarly accreting or eroding pins was significant at all sites but Stony Point at the measured spatial scale (10 m), indicating that for some areas, erosion or deposition events occur at larger scales than the pin grid resolution. Where such clustering occurs, varied among sites and between time points. The clusters of eroding points were observed to be larger in size than clusters of accreting points, however, variation of cluster shape and size within and between sites is large making generalizations difficult (Figure 5). There is also heterogeneity associated with temporal patterns of sedimentation, with not all eroding pins continuously eroding or vice versa, even though some pins show less variation between consecutive measurements than others.

The parameters examined did not explain the temporal and spatial variability exhibited by these sites. In order to understand the spatial and temporal variation observed here and in other studies, more instrumentation and field studies would be needed (Le Minor et al., 2021). This could include short-term experiments which measure tidal characteristics such as inundation depth, time, and tidal pumping. Site specific measurements such as bed shear stress and erodibility would enable the exploration of the binding effects of the biological elements present such as fine rootlets and soil binding microorganisms. Particle size distribution can also provide useful insight into the dynamics on display here. It is important to note, however, that while this study only measured five parameters; TSM, SWH, elevation, distance to MLLW, and vegetation density, using a simple array of erosion pins, it did prove useful in allowing the replication of the study across multiple sites. A complex study which would encompass more variables and equipment would be expensive (Le Minor et al., 2021) and would limit the simultaneous deployment at this many sites, at such a scale. The deployment of grids of erosion pins were also sufficient to provide the data gathered here. Issues with localized scour which was noted in Spenceley (1977) and Nolte et al. (2013) was not observed here. Data gathered here can therefore be used to define further experiments to continue to delve into sediment transport and retention within mangrove ecosystems. The study showed that all the sites are accreting, with the highest accretion occurring at Rhyll and Pioneer Bay. This is in keeping with previous studies which show that these areas are important depositional areas within Westernport Bay (Harris et al., 1979). These results are also in line with some horizontal measurements of growth of the shoreline within the bay with sites such as Tooradin and Hastings showing 0.5 and 0.3 m growth since 1988 (Bishop-Taylor et al., 2021a,b). These results also show that these sites are keeping up with predicted sea level rise in Southern Australia (IPCC, 2021).
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