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Abstract 22 

Seagrass ecosystems, which have important functions including coastal protection and blue 23 

carbon sequestration, are threatened by anthropogenic pressure including climate change. 24 

Long-term data series from seagrass sedimentary archives (mats) can be used to understand 25 

natural cycles of environmental change and answer key questions related to contemporary 26 

management. A 7500 yr sediment record from Posidonia australis meadows in Oyster Harbour 27 

(Albany, SW Australia) was subjected to multiproxy reconstruction by means of pigment analysis 28 

(UHPLC), analytical pyrolysis (Py-GC-MS), carbonate content, δ13C and δ15N stable isotope ratios, 29 

organic C (Corg) content, Corg/N ratio and glomalin-related soil proteins (GRSP). The study 30 

revealed a brackish lagoon (7500–7000 cal yr BP) that was transformed in an open marine 31 

environment (7000–4100 cal yr BP) due to Holocene transgression. Earliest evidence of seagrass 32 

establishment was detected around 4500 cal yr BP, and meadow extension accelerated between 33 

4100 and 3700 cal yr BP. The meadow environment was surprisingly resilient against 34 

environmental perturbations, as the mat, composed of P. australis seagrass fibres embedded 35 

within a siliciclastic mineral matrix containing biogenic carbonates, continued to develop 36 

steadily until 190 cal yr BP (1830 AD). Then, shifts in several proxies (pigments, GRSP) showed 37 

evidence of terrestrial runoff-triggered eutrophication/turbidity (likely driven by forest 38 

clearance and agricultural activities after European settlement), but the seagrass showed 39 

resilience towards this perturbation. By contrast, since ~1930 AD seagrass retreat is evident in 40 

the biogeochemical record: lighter δ13C values, lower lignin abundance and shifts in pigment 41 

abundance and types, affecting the balance between seagrass inputs and alternative sources. 42 

The findings show that pigment proxies may are useful early indicators of shifts in seagrass 43 

ecosystem condition, while lignocellulose and other pyrolysis products are useful proxies of 44 

more profound ecosystem alteration that influence seagrass abundance. The record of 45 

resilience/vulnerability of seagrass ecosystems indicates that the climax ecosystem condition, 46 

that prevailed for several millennia, had been impacted over the last century. Management of 47 
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seagrass and coastal ecosystems should aim to promote their resilience by implementing 48 

conservation measures prior to reaching critical ecological thresholds and thereby, diminishing 49 

local impacts aggravating those of global change. 50 

 51 

Keywords: Blue Carbon; coastal ecosystem; palaeo-ecology; Posidonia australis; molecular 52 

characterization  53 
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1. Introduction 54 

 55 

 Seagrass meadows rank among the most valuable ecosystems on Earth owing to the 56 

delivery of important ecosystem services such as nutrient cycling, enhanced biodiversity and 57 

contribution to climate change mitigation and adaption through carbon sequestration and 58 

coastal protection (Duarte et al., 2013; Cullen-Unsworth et al., 2014). Coastal vegetated habitats 59 

such as seagrass, mangrove, macroalgae and tidal marsh ecosystems are currently being 60 

investigated for their large organic carbon (blue carbon) sequestration capacity, which is 61 

attributed to both their exceptional productivity and longevity (Ewers Lewis et al., 2019). 62 

Globally, seagrass habitat was being lost at a rate of 110 km2 per year between 1980 and 2009, 63 

equivalent to 7% per year (Waycott et al., 2009). In Australia, at least 1450 km2 (~2.9%) of 64 

seagrass meadows were lost between 1940 and 1997 (Kirkman, 1997), with the loss rate 65 

accelerating over the last century (Evans et al., 2018). Nowadays, despite their listing as a 66 

threatened community and legislative protection, Posidonia seagrass ecosystems are still lost at 67 

a rate of ~1% per year (Evans et al., 2018; Serrano et al., 2019), and restoration efforts are often 68 

unsuccessful and usually incomplete (Statton et al., 2018). The leading causes are direct physical 69 

disturbance due to coastal development (e.g. dredging) and deteriorating water quality, 70 

primarily due to eutrophication and other causes of increased turbidity (Waycott et al., 2009). 71 

However, recent perturbations caused by climate change, such as marine heatwaves, are 72 

aggravating seagrass ecosystem losses (Arias-Ortiz et al., 2018). 73 

 Restoration or conservation of these ecosystems, especially in regions of the world 74 

where they are concentrated and damaged by human disturbance, is not only necessary to 75 

maintain these unique environments, but also provides an opportunity for climate change 76 

mitigation and adaptation (Nelleman et al., 2009; Duarte et al., 2013). Predicting the future of 77 

sequestered blue carbon or the degree of coastal erosion, requires an understanding of the 78 

resilience capacity of these coastal ecosystems in the face of a wide range of ongoing pressures, 79 
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an understanding that needs to be derived from observations of ecosystems under pressure. 80 

Unfortunately, most monitoring and management programs are too short (years to decades) to 81 

reveal ecosystem responses to the wide array of stressors. One way to obtain such knowledge 82 

is based on “the past is the key to the present” concept, i.e. assessing the (long-term) palaeo-83 

environmental changes recorded in sedimentary archives. 84 

 Marine phanerogams (seagrasses) are known for their capacity to develop thick 85 

deposits of organic detritus mixed with inorganic sediment, creating a mat environment with a 86 

large organic carbon (Corg) storage potential. Seagrasses of the species of the genus Posidonia 87 

have an exceptional capacity to form such environments, which can be attributed to their 88 

growth dynamics (abundant roots and rhizomes, mat development; Mateo et al., 1997; 89 

Kilminster et al., 2015), slow decay of their lignocellulosic tissues (Kaal et al., 2019) and other 90 

factors such as anoxic conditions after burial, similar to accumulation of materials over time in 91 

terrestrial peats (Clymo, 1984; Mateo et al., 2006; Serrano et al., 2016). The mats from 92 

Posidoniaceae have been used as archives of palaeo-environmental change (Serrano et al., 2011; 93 

López-Merino et al., 2017; Leiva-Dueñas et al., 2018). Detailed molecular characterizations of 94 

millennia-years old Posidonia mats have so far been limited to the composition of the seagrass 95 

remains themselves (rhizomes, sheaths and roots), i.e. for Mediterranean-endemic P. oceanica 96 

(Kaal et al., 2016) and Australian-endemic P. australis (Kaal et al., 2019), and a recent study 97 

reconstructing millenary changes in primary producers’ assemblages within P. oceanica seagrass 98 

mats based on fossil pigments (Leiva-Dueñas et al., 2020). 99 

 Several of the proxies that can be measured in sedimentary Posidonia deposits have 100 

the potential to reveal the resilience history of the seagrass meadow. Posidonia species typically 101 

form monospecific meadows and have high levels of below-ground production. These attributes 102 

result in a high degree of dominance of Posidonia material in the organic matter (OM) inputs to 103 

the mat. Systems under stress, and especially those impacted by eutrophication, may face 104 

reduced seagrass productivity and higher abundances of macroalgae, phytoplankton, 105 
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phototrophic bacteria and terrestrial OM inputs. Such changes may be reflected in the 106 

biogeochemical characteristics of the soil/sediment (Serrano et al., 2016). Reconstructing the 107 

resilience of Posidonia ecosystems and the origin of blue carbon, therefore, requires proxies that 108 

reflect the preservation and relative abundance of the potential Corg sources (Geraldi et al., 2019; 109 

Leiva-Dueñas et al., 2020). 110 

 Molecular proxies can be obtained by e.g. ultra-high performance liquid 111 

chromatography (UHPLC) analysis of sediment extracts (pigment analysis). Photosynthetic 112 

organisms have a taxon-dependent pigment composition which can be used as a proxy of past 113 

water column ecological assemblages (Leavitt, 1993). In seagrass ecosystems, the main pigment 114 

sources preserved in their sediments originated from planktonic, epiphytic and benthic algae 115 

and microbial communities, higher plant materials from the surrounding catchment and 116 

seagrasses themselves (Leiva-Dueñas et al., 2020). Chlorophyll a (Chl-a) is the most common 117 

pigment being routinely used to estimate phytoplankton biomass in the water column. 118 

However, most pigments, including Chl-a, are partially but differentially degraded within the 119 

water column and surface sediments (Leavitt, 1993). Therefore, in the sediment record, 120 

chlorophyll derivatives and specific carotenoids are more suitable than Chl-a as proxies of past 121 

phytoplankton dynamics (Leavitt and Hodgson, 2001; McGowan et al., 2005; Buchaca and 122 

Catalan, 2008; Buchaca et al., 2011). Marker pigments from phototrophic organisms have been 123 

used to unravel historical changes in primary production or gross community composition in 124 

marine systems (Kowalewska et al., 2004; Rabalais et al., 2004; Reuss et al., 2005, 2010) and 125 

more recently in seagrass systems to study factors regulating primary producer assemblages 126 

(Leiva-Dueñas et al., 2020). Another molecular approach to palaeo-environmental 127 

reconstruction from marine sediments is based on the characteristics of bulk organic matter 128 

(OM), which can be analyzed by analytical pyrolysis techniques to determine relative 129 

proportions of macromolecular OM components (lignin, polysaccharides, protein, etc.), with a 130 

level of detail that is adequate for identifying different sources such a seagrass debris 131 
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(recognized by a signal of herbaceous higher plants), algae (high protein content and isoprenoid 132 

aliphatic products), zooplankton (chitin) and black carbon, among others (e.g. Derenne and 133 

Nguyen, 2014; Kaal, 2019). Finally, the geographical distribution of seagrasses (coastal areas) 134 

and associated fluxes of particles from catchment sediment run-off, allow for the tracking of the 135 

connectivity between terrestrial and marine environments and reconstructing landscape 136 

changes within the catchment (Lopez-Merino et al., 2017). Such fluxes include that of glomalin-137 

related soil protein (GRSP), a glycoprotein produced by arbuscular mycorrhizal fungi, that has 138 

been successfully used in seagrass archives to reconstruct long-term changes in land-use and 139 

other effects of human activities on seagrass habitats (Adame et al., 2012; López-Merino et al., 140 

2015). 141 

 The present research aims to reconstruct the long-term (last 7500 years) palaeo-142 

environmental conditions recorded in a marine archive from Oyster Harbour by means of a 143 

multi-proxy approach (pigments, macromolecules, GRSP, Corg, Corg/N, CaCO3, δ13C and δ15N), in 144 

order to understand its current state in the light of natural background fluctuations and shifts in 145 

ecosystem condition in response to anthropogenic disturbances, and finally to predict future 146 

trends and inform management. 147 

 148 

  149 

2. Materials and methods 150 

2.1 Study site and coring 151 

The sediment core was obtained in 2016 using manual percussion and rotation (PVC 152 

sampler with an inner diameter of 72 mm) in a monospecific P. australis seagrass meadow at 153 

1.5 m depth (water column) in Oyster Harbour (Albany, Western Australia; 34°58.024' S, 154 

117°57.672' E; Fig. 1). This large (16 km2) and shallow coastal inlet is naturally protected and 155 

receives freshwater inputs from the King and Kalgan rivers (~3,000 km2 rural catchment; Hodgkin 156 
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and Clark, 1990; D’Adamo, 1991). Oyster Harbour is permanently connected to the open ocean 157 

through a 200 m-wide channel. Seagrass meadows cover an area of ~6.5 km2 in Oyster Harbour, 158 

with a dominance of P. australis and P. sinuosa (Bastyan and Cambridge, 2008). The area of hard 159 

substrate within the estuary is small and therefore most algae are epiphytic on seagrasses or 160 

free-floating species such as Cladophora. Inorganic materials are mostly siliciclastic sands 161 

combined with biogenic carbonates (Hodgkin and Clark, 1990). 162 

Oyster Harbour is known for archaeological structures on the foreshores of the King 163 

estuary, in particular stone structures (>15 km total length) which probably correspond to fish 164 

traps. Ethnographic information indicates that they had considerable economic significance for 165 

Aboriginal (Noongar) communities during late 18th and early 19th centuries (Dortch, 1997; Dortch 166 

and Reynolds 2006), but the traps may have been exploited much earlier (1500-2000 cal yr BP 167 

in SE Australian deposits). Anthracological studies also revealed an increase in low-intensity fire 168 

occurrence during the last 4000 years in forests surrounding Oyster Harbour (Winter et al. 2016, 169 

Hudson 2013; Dortch and Reynolds 2006). After European colonization (since the 1820s) the 170 

area was cultivated with maize and other crops (Winter et al., 2016). Elevated nutrient inputs 171 

and terrestrial run-off into the estuary resulted in the loss of ~80 % of seagrass cover between 172 

1960s and 1980s (Hillman, 1990). Land clearance and application of fertilizers for agriculture 173 

(especially phosphates), mining, smelting and coal combustion, and the development of 174 

seaports and human settlements (Martin et al., 1993; Brunger and Selwood, 1997; Mudd, 2007) 175 

affected the environmental dynamics within Oyster Harbour. In conclusion, the area has a rich 176 

and long record of human impact on the landscape. 177 

 178 

2.2 Core processing and biogeochemical analyses 179 

 The 2. m-long sediment core was sliced into 0.5 cm-thick slices for the top 20 cm, and 180 

into 1 cm-thick slices for the rest of the core. For pigment analysis, sub-samples (~4 g fresh 181 
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weight) were kept in dark conditions and frozen with liquid nitrogen prior to storage at -80 °C. 182 

The other subsamples were dried at 70°C until constant weight and ground to fine powder. Large 183 

bivalve shells (> 2 cm) found between 180 and 195 cm were removed before milling (Fig. 1).  184 

Nine samples, composed of seagrass matter or shells (Supplementary Material 1), were 185 

radiocarbon dated at AMS Direct Laboratory following standard procedures (Stuiver and Pollack, 186 

1977). Shell samples were partially digested with 10% HCl and rinsed with ultrapure water prior 187 

to radiocarbon dating. The organic samples (seagrass sheaths and roots) were rinsed in ultrapure 188 

water, placed in a sonic bath (5 min) to dislodge attached sediment particles and inspected 189 

under a microscope before radiocarbon analyses. The 14C age-depth model was produced using 190 

the raw radiocarbon dates and the R routine “Bacon” (Blaauw and Christen, 2011), after 14C 191 

calibration using the marine13 radiocarbon age calibration curve (Reimer et al., 2013) assuming 192 

a local Delta R of 91±35 years (Bowman, 1985). The age-depth model (Supplementary Material 193 

1) was forced through zero (i.e. assuming that the top sample corresponded to present, i.e., 194 

2016 AD). 195 

A model to assess the changing water column depth during the last 8000 yr was created 196 

on the basis of the sea level reconstructions for South Australia by Belperio et al. (2002), using 197 

the fourth-order polynomial line of fit in that work. The sea level (relative to today) obtained 198 

that way, was transformed to estimations of water column depth by correcting for sediment 199 

thickness relative to the base of the core (dynamic in time, base 2.04 m) and the present-day 200 

1.5 m high-tide water column depth with respect to the sediment surface. 201 

Sediment grain size was measured with a Coulter laser diffraction particle analyzer 202 

following digestion of bulk samples with 10% hydrogen peroxide at the University of Barcelona. 203 

Calcium carbonate (CaCO3) content was determined with a calcimeter (Pressure Gauge Model 204 

432; Fann, Houston, USA) by reacting the CaCO3 present in the sample with 10% HCl in a sealed 205 

reactor. The pressure was measured with a bourdon tube pressure gauge that was pre-206 
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calibrated with reagent grade CaCO3. Sediment grain size and CaCO3 content were analyzed in 207 

all samples. 208 

For determining Corg and N content, and stable isotope ratios δ13C and δ15N, 1 g of ground 209 

bulk sediment sample was acidified with 4% HCl in a silver capsule to remove inorganic C 210 

(Kennedy et al., 2005). After drying and encapsulation, the residues were analyzed using a 211 

Thermo Delta V Conflo III coupled to a Costech 4010 device (UH Hilo Analytical Laboratory, USA). 212 

Carbon and N isotope ratios are expressed as δ-values in parts per thousand (‰) relative to the 213 

Vienna Pee Dee Belemnite and atmospheric N2 (air) standards, respectively. NIST 8704 (Buffalo 214 

River Sediment) standard was run together with the samples to verify accuracy and precision. 215 

Replicate assays and standards indicated measurement errors of 0.04 % for Corg and 0.03 % for 216 

N contents, and of 0.07‰ for δ13C and 0.06 ‰ for δ15N values 217 

The GRSP content was determined in 114 ground bulk sediment samples following the 218 

extraction method described by Wright et al. (1996) and Wright and Upadhaya (1998) to obtain 219 

the immunoreactive soil protein (IRSP). IRSP was analyzed with an indirect enzyme-linked 220 

immunosorbent assay (ELISA). The IRSP solution and phosphate-buffered saline solution (in 96 221 

wells microtiter plates) were used with the monoclonal antibody MAb32B11 that has a high 222 

affinity for an antigenic site on GRSP (Wright and Upadhaya, 1998). The samples were read 223 

spectrophotometrically at 405 nm (BMG FLUOstar OPTIMA microplate Reader). IRSP values 224 

were calculated using a standard curve calculated from a high immunoreactive soil sampled 225 

(Queensland, Australia). Due to the lack of commercial standards, IRSP values are displayed as 226 

unit-less measurements, providing a comparative mean to test the relative amount of GRSP 227 

using the same standard curve as the one developed by Adame et al. (2012). 228 

For pigment analysis (48 samples, with higher resolution for the more recent periods), 229 

0.2-1.0 g of freeze-dried sediment was extracted in 90% acetone with a probe sonicator. The 230 

extract was centrifuged (4 min at 3000 rpm, 4°C), filtered through Whatman ANODISC 25 (0.1 231 
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µm) and analyzed with UHPLC (Acquity UPLC Waters, Milford, MA, USA). Pigments were 232 

separated using a modification of Buchaca and Catalan (2007). Pigments were identified by 233 

comparison with a library of pigment spectra obtained from extracts of pure algae cultures from 234 

the Culture Collection of Algae and Protozoa (CCAP, Oban, Scotland, UK), photosynthetic 235 

bacteria cultures (Institut d’Ecologia Aquàtica, University of Girona) and pigment standards (DHI 236 

Water and Environment, Hørsholm, Denmark). Pigment concentration was expressed as nmol/g 237 

sediment using molecular weight data from Jeffrey et al. (1997) and Borrego et al. (1999). 238 

Pigment data was evaluated using multivariate statistical techniques. Linear models were used 239 

for unconstrained (principal component analysis; PCA) ordinations (Ter Braak, 1994). 240 

Computations were performed using CANOCO (Ter Braak and Šmilauer 2002). 241 

For analytical pyrolysis (47 samples), 1 ml aliquots of 1 M HCl were added to 100 mg 242 

sample in 50 ml polyethylene tubes to dissolve carbonates (2-4 additions). The OM was 243 

concentrated by hydrofluoric acid (HF) treatment to eliminate reactive minerals and reduce 244 

mineral-catalyzed secondary rearrangements during Py-GC-MS (Miltner and Zech, 1997; 245 

Zegouagh et al., 2004). A 2 % aqueous HF solution was added to the 40 ml mark and the resultant 246 

suspension allowed reacting overnight under orbital shaking. After centrifugation (3000 rpm, 10 247 

min), the supernatant was discarded and the HF treatment was repeated (three times). The 248 

suspension was then acidified to pH 1 with 0.1 M HCl to dissolve fluorosilicates. The supernatant 249 

was discarded after centrifugation and the residue rinsed with distilled H2O until pH exceeded 250 

6. The final residue was dried at 35 °C. For Py-GC-MS, the HF-treated sample residues were 251 

embedded into quartz tubes using quartz wool. Pyrolysis was performed with a CDS Pyroprobe 252 

5000 for 20 s at 650 °C (10 °C/ms heating rate). The pyrolysis products were separated on a 6890 253 

gas chromatograph from Agilent Technologies (Palo Alto, USA), using He flow (1 ml/min) and a 254 

HP-5MS column (temperature program 50–325 °C at 20 °C/min), and identified using an Agilent 255 

5975 mass spectrometer in 70 eV electron impact mode (m/z 50–500). The main peaks in the 256 

chromatograms were semi-quantified as percentage of total quantified peak area (% TQPA). The 257 
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database, consisting of 101 compounds, was evaluated based on relative proportions and PCA 258 

(Tanagra software). 259 

 260 

3. Results  261 

3.1 Depth/age model and biogeochemical analyses 262 

Figure 2 shows the variation with depth along the core of Corg and N elemental and stable 263 

isotope values, and the concentrations of GRSP and CaCO3. The estimated radiocarbon age at 264 

the bottom of the core, after correction and calibration to years before present (2016 AD), was 265 

7565 cal yr BP. The depth/age model based on all the samples showed that there are no 266 

apparent hiatuses in the record and that accumulation rates were highest during the last 1000 267 

years (upper 70 cm) and between 4500 and 5000 cal yr BP (110–140 cm). The %Corg ranged 268 

between 10 and 0.5%, decreasing progressively until 110 cm depth and remaining relatively 269 

constant below (Fig. 2). The δ13C was consistently heavier (between -10 and -15 ‰) within the 270 

top 110 cm than below (-18 to -25 ‰), signalling the establishment of seagrasses by 4080 cal yr 271 

BP. The CaCO3 showed a similar pattern, with 40–60% CaCO3 within the top 110 cm and 20–40% 272 

CaCO3 beneath that depth. The Corg/N molar ratio was relatively low (10–20) in the upper 110 273 

cm and below 170 cm, and higher in between (25–35). The δ15N was lightest at the bottom of 274 

the core (< -5 ‰), but increased gradually until 110 cm after which it remained relatively 275 

constant at 1 ‰. GRSP was relatively constant along the core (average content of 0.16 ± 0.01, 276 

unit-less), but increased and fluctuated within the top 20 cm likely related to catchment 277 

alterations after European settlement. Finally, granulometric analysis showed that the 278 

concentration of particles <4 m (clay and fine silt) was relative constant along the core, but 279 

increased towards the base of the deposit (Fig. 2; Supplementary Material 2).  280 

The sequential regime shift software (significance level = 0.1; Rodionov, 2004) was used 281 

to detect discontinuities in %Corg and %N, δ13C, δ15N, %CaCO3 and % particles <4 m, signalling 282 
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at the presence of ecological thresholds and regime shifts over three main phases: 7300 cal yr 283 

BP (boundary between Phase A and Phase B), 4080 cal yr BP (Phase B/C1) and 185 cal yr BP (i.e. 284 

1830 A.D.; Phase C1/C2; Fig. 2). Phase C2 was subdivided into C2a and C2b on the basis of a shift 285 

in δ13C (from -11 ‰ before 1930 AD to values below -13.5 ‰ afterwards).  286 

The reconstruction of water column depth (Fig. 3) shows the last period of the post-287 

glacial marine transgression until ca. 6000 cal yr BP (Holocene high-stand, approximately 2 m 288 

above current sea level; Belperio, 1993; Belperio et al., 2002). After that, the relative sea level 289 

declined to values close to present-day sea level around 4000 cal yr BP, after which it stabilized. 290 

Due to sediment accumulation, water column depth decreased more strongly, i.e. from a 291 

maximum of 5-6 m around 6000 cal yr BP (Phase B) to around 4 m at the onset of Phase C and 292 

1.5 m current high-tide water column depth. 293 

 294 

3.2 Pigment analysis 295 

The pigments (Fig. 4) identified were mainly markers of cyanobacteria (zeaxanthin, 296 

canthaxanthin, echinenone, oscillaxanthin, aphanizophyll and myxoxantophyll), other 297 

phototrophic bacteria (okenone-like) and eukaryotic algae groups such as cryptophytes 298 

(alloxanthin and α-carotene) and chlorophytes (lutein). None of the samples from Phase A 299 

provided pigments and the pigment was scarce also in Phase B, which contained mainly β-300 

carotene (cyanobacteria and eukaryotic algae) and echinenone (Nostocaceae cyanobacteria), 301 

accompanied in some samples with zeaxanthin (cyanobacteria and chlorophyta), lutein 302 

(chlorophyta), α-carotene (cryptophyta) and canthaxanthin (cyanobacteria). The β-carotene 303 

profile suggests that Phases B was characterized by low primary production. The older part of 304 

Phase C1 (100–50 cm depth) contained marker pigments of cryptophyta (α-carotene, 305 

alloxanthin) and chlorophyta (lutein and zeaxanthin). Furthermore, Nostocaceae (echinenone) 306 

increased whereas other cyanobacteria and phototrophic bacteria pigments were virtually 307 
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absent, indicative of a major change in trophic status and ecosystem properties, coinciding with 308 

the establishment of the seagrass meadow environment. Between 50 and 10 cm depth (younger 309 

part of Phase C1, and Phase C2a), all marker pigments progressively increased. In the upper part 310 

of that zone high concentrations of okenone-like taxon (Chromatiaceae, i.e. purple sulfur 311 

bacteria) are indicative of anoxia within the photic zone. Finally, for the surface 10 cm (Phase 312 

C2b, about 1930 AD onwards), concentrations of most pigments reached highest values, with 313 

the exception of marker pigments of cryptophyta, which were not detected. Marker pigments 314 

of phototrophic bacteria dominated in that zone, probably indicative of an increase in primary 315 

producers from the water column and decrease in sources of pigment associated with the 316 

seagrass system such as epiphytes, and thus possibly degradation of natural meadow status. 317 

Principal component analysis of pigment data (PCAPGM) revealed the main patterns of 318 

temporal change. PC1PGM (Fig. 4) explained 60% of the variance in the pigment assemblage and 319 

had high loadings for echinenone (Nostocaceae-type cyanobacteria) and β-carotene 320 

(cyanobacteria and eukaryotic algae), and negative loadings for pigments of other cyanobacteria 321 

families such as Oscillatoriaceae and Chroococcaceae (oscillaxanthin, zeaxanthin, 322 

myxoxanthophyll, canthaxanthin and aphanizophyll), suggesting that PC1PGM is related to 323 

environmental change (e.g. nutrient status and/or primary production), but an effect of decay 324 

of pigments themselves cannot be ruled out (PC1PGM scores decline with depth and Corg content). 325 

PC2PGM explained a further 21 % of the variance and was related to marker pigments of 326 

eukaryotic algae (lutein, zeaxanthin, α-carotene and alloxanthin) suggesting a relationship with 327 

taxonomic composition. PC2PGM scores are highest during Phase C2a. 328 

 329 

3.3 Analytical pyrolysis 330 

Carbohydrate products formed after Py-GC-MS accounted for 33.7 ± 10.4 % of TQPA 331 

(average ± SD; n=47; Fig. 5). There was a general increase in the sum of carbohydrate products 332 
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between Phase B (lowest proportions) through C1 and C2a. Most carbohydrate products showed 333 

similar trends as the sum, but this was not the case for 2-methylfuran and 2-cyclopenten-1-one 334 

(enriched in basal layers of Phases A and B; Supplementary Material 3). In the seagrass 335 

environment (Phase C), maxima in carbohydrate proportion of the pyrolyzates was related to a 336 

higher contribution of markers of intact plant-derived polysaccharides such as levoglucosan and 337 

pyrans. 338 

The pyrolysis products 4-vinylphenol, trans-4-propenylphenol, guaiacols and syringols 339 

originate predominantly from lignin and lignin-like phenolics (8.0 ± 5.5 % of TQPA) (Fig. 5) in 340 

vascular plants (Sáiz-Jiménez and de Leeuw, 1986). Pyrolyzates from Phase A and part of Phase 341 

B were devoid of lignin products; the final section of Phase B and start of C1 (100–120 cm) had 342 

minor proportions of lignin products (1.1–1.4 %), whereas the uppermost meter (remainder or 343 

Phase C) had high lignin content (10.0 ± 4.3 %). Other phenols (phenols and alkylphenols), which 344 

cannot be unequivocally allocated to lignin, accounted for 17.3 ± 4.1 % of TQPA (Fig. 5). These 345 

compounds can originate from lignin but also from other sources such as proteins, and are 346 

therefore of little diagnostic value. They were abundant in the oldest material from the seagrass-347 

dominated environment (bottom of Phase C1), which suggests that they correspond, at least in 348 

part, to degraded lignin from seagrasses. 349 

The pyrolysis products with a polymethylene chain backbone (MCC; 21.0 ± 11.7 % of 350 

TQPA) include linear alkanes and alkenes, isoprenoid alkanes and alkenes, fatty acids, fatty acid 351 

methyl esters, methylketones and nitrogen-containing MCC (long-chain alkylnitriles and -352 

amides). The MCC were enriched in the pyrolyzates from Phase A and especially Phase B (Fig. 5). 353 

These compounds probably indicate input of aliphatic-rich marine or freshwater primary 354 

producers (phytoplankton, cyanobacteria, etc.), or perhaps strongly evolved aliphatic-rich 355 

materials from terrestrial wetlands, as seagrasses have very low MCC contributions to their 356 

pyrolyzates (Kaal et al., 2019). The sum of MCC showed inverse trends to lignin and carbohydrate 357 
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proportions, which suggests that the latter (not only lignin) are associated predominantly with 358 

seagrass inputs. This is consistent with the presence of significant peaks for levoglucosan 359 

(structural polysaccharides) and suggests that, unsurprisingly, the preserved seagrass-derived 360 

OM is mostly lignocellulose (Serrano et al., 2020). 361 

The N-containing products accounted for 7.3 ± 2.6 % of TQPA (Fig. 5). This sum had 362 

opposite depth trends to lignin, and similar trends as the MCC. Hence, there was a general 363 

association between MCC and N-compounds, which is consistent with the usual interpretation 364 

of Corg/N ratio in terms of source when “terrestrial” (vascular plants) and “aquatic” (planktonic 365 

primary producers) sources coexist (with the exception of the deepest part of Phase A which 366 

had high MCC, low Corg/N but also low N-compound contributions). The N-compounds included, 367 

pyridines, pyrroles, acetamide, indoles and diketopiperazines. Even though they reflected N-rich 368 

sources, there are general differences in likely source: pyrroles (pyrrole and methylpyrroles) and 369 

pyridines (pyridine and methylpyridines) are not specific of any precursor; indole is from 370 

tryptophan and is usually associated with intact proteinaceous material; acetamide is a product 371 

of chitin and/or peptidoglycan and hence a product of e.g. zooplankton or bacterial cell walls; 372 

and diketopiperazines are dimerization products of polypeptides such as proteins including 373 

chitin-entangled protein (Stankiewicz et al., 1998). 374 

Two monocyclic aromatic hydrocarbons (MAHs; 7.1 ± 2.2 %; Fig. 5) were detected: 375 

toluene and tetramethylbenzene. Tetramethylbenzene is a potential product of many sources 376 

but its high proportion relative to e.g. dimethylbenzenes is indicative of a predominant marine 377 

source (Hoefs, et al., 1995; Nierop et al., 2017). Toluene is a major product of proteins, but also 378 

potentially of lignin and carbohydrates, especially after significant degradation. Polycyclic 379 

aromatic hydrocarbons (PAHs; 1.1 ± 0.8 %) may be a proxy of pyrogenic material (products of 380 

incomplete combustion, e.g. charcoal) but in low proportions they may also have formed upon 381 

secondary rearrangements during pyrolysis (Sáiz-Jiménez, 1994). The latter catalytic effect of 382 
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minerals was probably reflected by the higher PAH content in the samples from Phases A and B, 383 

whereas pyrogenic inputs from catchment fires and industrial activities may be the more likely 384 

explanation of the spikes, and higher baseline levels, in PAH content in Phase C2b (Fig. 5). 385 

Finally, other compounds (4.5 ± 4.1 %) were diethylphthalate and methyl-iodide. Two 386 

maxima in diethylphthalate at the base of the sequence may correspond to plastic/plasticizer 387 

remains from the corer (Supplementary Material 3). This product of common plasticizers was 388 

included in the analysis as it was hypothesized that it could reflect microplastics trapped in the 389 

sediment (Hermabessiere et al., 2018), which was apparently not the case here. Methyl-iodide 390 

was more abundant in the most recent layer of anthropic influence (Phase C2b; Fig. 5), which 391 

might indicate terrestrial run-off of halogenated soil OM. 392 

 The scores of the principal component one derived from pyrolysis GC-MS data (PC1PY 393 

(Fig. 5; 44 % of the variance) showed high positive values for Phases A and B, followed by a 394 

decline through Phases C1 and C2a, after which a minor increase can be inferred despite the 395 

major fluctuations in Phase C2b. PC1PY had high negative loadings for virtually all lignin and 396 

carbohydrate products with the exception of 2-methylfuran which had a high positive loading 397 

(Supplementary Material 3). Other compounds with positive loadings were MCC, toluene, 398 

tetramethylbenzene and indene. These results indicated that the main source of variation was 399 

related to the balance between seagrass-derived lignocellulose (negative on PC1PY) and MCC 400 

from primary producers other than vascular plants (positive on PC1PY) from the water column 401 

(and perhaps epiphytes). The PC1PY scores showed negative relationships with Corg (r=-0.76, 402 

P<0.001) and δ13C (r=-0.68, P<0.001) and a positive correlation with Corg/N (r=0.67, P<0.001), 403 

which suggests that Corg storage was intimately associated with the proportion of seagrass OM, 404 

and that δ13C was controlled by the proportion of seagrass-derived OM. PC2PY explained 16 % of 405 

the variance and showed a gradual decline with depth (Fig. 5).  406 

 407 
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Naphthalenes, long-chain methylketones, and short-chain alkenes have positive loadings on 408 

PC2PY (16 % of the variance), whereas fatty acids, alkylamides, other N-containing products 409 

(pyrroles, pyridines, indole, diketopiperazines) and 4-vinylphenol have negative loadings 410 

(Supplementary Material 3). The PC2PY scores increase with depth through most of the record 411 

(Fig. 5), which is interpreted as a gradual effect of anaerobic degradation that preferentially 412 

affects more labile MCC structures and proteinaceous OM, and labile herbaceous lignin 413 

(represented by 4-vinylphenol). The trends in alkane/alkene chain length and other proxies of 414 

degradation/preservation of different biomolecular constituents suggest that PC2PY was 415 

controlled by gradual long-term anaerobic decomposition of the OM as burial time proceeds 416 

(Supplementary Material 3). 417 

  418 

4. Discussion 419 

4.1 Palaeoenvironmental reconstruction 420 

4.1.1 Phase A (7500-7300 cal yr BP) 421 

The sediment from the base of the record had low Corg and Corg/N, strongly negative δ15N 422 

and δ13C, and negligible lignin content. The most straightforward explanation of these features 423 

is a depositional environment where vascular plant-derived OM was overshadowed by OM from 424 

aliphatic- and N-rich, and lignin-poor, OM from alternative sources (water column primary 425 

producers). The very low δ15N points to a significant contribution of N-fixing organisms such as 426 

cyanobacteria (extreme 15N-depletion was reported for seston from a freshwater cyanobacterial 427 

bloom in San Francisco Bay; Cloern et al., 2002). Cyanobacteria and/or microalgae as the 428 

prevailing source of OM would also explain molecular features of Phase A OM, i.e. the 429 

predominance of MCC with a short average chain length (~16), high proportions of 1,2,3,4-430 

tetramethylbenzene, C16-isoprenoid alkane (2,6,10-trimethyltridecane), diketodipyrrole and 431 

long-chain alkylnitriles (Hoefs, et al., 1995; Deshmukh et al., 2001; Nguyen et al., 2003). Phase A 432 

corresponds to the Holocene (post-glacial) marine transgression period (Belperio, 1993; 433 

Belperio et al., 2002). Due to the hockey-stick curve of Holocene sea level change, there is 434 
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uncertainty on whether Phase A corresponds to the highest water level of the whole record 435 

(Holocene transgression complete; sea level higher than today) or to the preceding lowest level 436 

(transgression incomplete; sea level much lower than today). In the first scenario, Oyster 437 

Harbour would have been a shallow marine environment in direct connection to the ocean, in a 438 

similar fashion as the open marine embayment at Swan Lake during the transgressive phase 439 

between 8000 and 6500 cal yr BP (Sloss, 2005). In the second scenario, marine influence would 440 

be subordinate due to low sea level or the presence of a barrier deposit at the entry (Emu Point, 441 

currently an artificial channel with a maximum depth of 11 m; Fig. 1), blocking or restricting the 442 

water exchange with King George Sound, and the formation of a freshwater lagoon behind it. 443 

The fact that this sediment has a homogeneous clay-rich matrix (Fig. 2) discards a fully marine 444 

open water environment, pointing towards the second scenario: the ecosystem was a river-fed 445 

lagoon with high sediment load, favouring cyanobacterial and/or microalgae production. Note 446 

that (1) the sampling spot is not far from to the Kalgan River discharge so that this may be a local 447 

feature and (2) the fact that Phase A samples still have a significant carbonate content (Fig. 2) 448 

indicates periodical marine connectivity in a dynamic brackish/freshwater lagoon (which agrees 449 

with the relative sea level estimations; slightly above sediment level; Fig. 3). Nowadays, most of 450 

the SW Australian systems, which periodically close to the ocean, are bacterial-dominated 451 

(Brearley, 2006). They have poor, if any, stands of macrophytes and periodic cyanobacterial and 452 

other algal blooms dominate the primary production of these systems. This is the most likely 453 

scenario for Phase A. The lack of fossil pigment remains in Phase A points to a depositional 454 

environment that promoted pigment degradation, which is in agreement with a brackish lagoon 455 

scenario were the deposition zone was occasionally exposed to dryness.  456 

 Another conclusion that can be drawn from the lack of lignin products in the pyrolyzates 457 

from Phase A is that the contribution of plant-derived terrestrial debris transported by the rivers 458 

that discharge into Oyster Harbour (Kalgan and King rivers), or from fringing Juncus vegetation, 459 

was negligible, or did not reach the part of the harbour where the core was taken. The only 460 
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alternative explanation of the lack of lignin signals in the oldest sections of the profile would be 461 

profound degradation, but this option is discarded due to the presence of significant amounts 462 

of levoglucosan and diketodipyrrole in the pyrolyzates, the precursors of which (relatively intact 463 

polysaccharides and protein, respectively) would also have been depleted if degradation was as 464 

intense as to eliminate all traces of lignin. Assuming that this finding can be extrapolated to the 465 

more recent phases of the record, terrestrial plant sources are not expected to contribute 466 

significant inputs of lignocellulose. Therefore, the lignin products (Phase C) can be ascribed to 467 

vascular plant sources from local blue carbon environments. 468 

 469 

4.1.2 Phase B (7300-4080 cal yr BP) 470 

The sediments at the bottom of Phase B (180–195 cm) contain large fragments of 471 

mollusc shells embedded in fine sands (Fig. 1), which implies deposition in a marine environment 472 

during the phase of maximum Holocene sea-level, and therefore if there had been a Late-Glacial 473 

barrier deposit at the entry (contemporary Emu Point), it had definitively been breached (cf. 474 

Hodgkin and Hesp, 1998; Sloss, 2005). A sharp decline in clay content also shows that the 475 

influence of terrestrial fluxes abruptly became subordinate to the marine dynamics. 476 

Furthermore, Phase B starts with a major increase in δ15N, suggesting a reduction in the 477 

contribution of cyanobacterial biomass to the OM. The high Corg/N indicates that the input of N-478 

rich sources such as phytoplankton and cyanobacteria was relatively low, and the β-carotene 479 

profile suggests this phase corresponds to low primary production. Even though the samples 480 

from Phase B have abundant shell debris, carbonates in the <2 mm fraction are scarce. The 481 

samples from Phase B are characterized by light δ13C, which is indicative of a small/negligible 482 

proportion of OM from seagrasses. Contemporary P. australis tissue has δ13C values in the order 483 

of -12 to -9‰, and the variation in δ13C is a good proxy of the abundance of Posidonia-derived 484 

OM (Arias-Ortiz et al., 2018). From Py-GC-MS, the samples from Phase B had elevated 485 
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tetramethylbenzene and MCC contents (with short average chain length), including isoprenoid 486 

hydrocarbons, which can explain the strongly negative δ13C (aliphatic OM usually has more 487 

negative δ13C). It is concluded that Phase B was an open surface water environment, in which 488 

the OM originates mainly from non-vascular marine primary producers. This phase probably 489 

included the moment of highest sea level in the record around 6000 cal yr BP. Within Phase B, 490 

there are interesting shifts in δ13C that are inversely related to the Corg/N ratio (Fig. 2), but 491 

insufficient samples from this section were analyzed by pigment and pyrolytic analyses for a 492 

more detailed environmental reconstruction within this layer. 493 

The traces of lignin in the final part of Phase B probably indicate the earliest colonization 494 

of the harbour by seagrasses around 4500 cal yr BP, which could also explain the onset of the 495 

increase in %CaCO3 content due to biologically mediated precipitation (from the community of 496 

calcifying organisms supported by seagrasses; De Falco et al., 2000). This section coincides with 497 

the oldest seagrass fibre-containing materials as well (from visual recognition in core material). 498 

 499 

4.1.3 Phase C1 (4080-190 cal yr BP/1830 AD)  500 

The boundary between Phases B and C1, around 4100 cal yr BP, was characterized by a 501 

dramatic shift in δ13C towards heavier values, due to the abrupt increase in the proportion of 502 

seagrass-derived organic matter supported by Py-GC-MS data and the abundant fibres in the 503 

core material (Fig. 1). This boundary marks the establishment of the seagrass meadow 504 

environment, causing (1) major decreases in the proportion of MCC (and an increase in lignin 505 

and other phenolic products), and (2) a major shift in trophic status, i.e. a decrease in 506 

cyanobacterial pigments and increase of crypto- and chlorophyta from seagrasses, and their 507 

associated epiphytes (represented by PC2PGM). The main shift at the start of Phase C1 (4100–508 

3700 cal yr BP) was followed by a gradual minor development that continues through C1 (until 509 

ca. 1400 cal yr BP) with the aforementioned parameters moving in the same direction as at the 510 
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start of C1 (δ13C decreased further, lignin and carbohydrates increased relative to MCC, PC2PGM 511 

increased; and pigments from crypto- and chlorophyta also increased), and then stabilized until 512 

190 cal yr BP (1830 AD). These observations can be interpreted in two ways. Firstly, they reflect 513 

the development of increasingly mature (deeply penetrating intertwined) seagrass mats, with 514 

Posidonia spp. becoming more ecologically dominant (resulting in less negative δ13C). Lowering 515 

water column depths towards approximately 4 m (Fig. 3) would have created increasingly 516 

favourable conditions for Posidonia spp. allowing the colonization of sections of the harbour 517 

that were previously too deep. The second explanation of the observed trends after 3700 cal yr 518 

BP is a post-depositional decay. This could cause preferential degradation of lignin and 519 

carbohydrates and selective preservation of MCC precursors (MCC from non-seagrass sources, 520 

as the scarce MCC source in Posidonia is less resistant to decomposition than its lignocellulose; 521 

Kaal et al., 2019). Decay could also explain the gradual decline in Corg (Fig. 2) and pigment 522 

concentrations (PC1PGM; Fig. 4) with depth in the whole record (Fig. 2), the increase in Corg/N with 523 

depth in Phase C1 (preferential decay of N-rich labile OM), the low proportion of unequivocal 524 

lignin products yet high abundance of phenols in the deepest (most evolved) sections of this 525 

Phase (Fig. 5). From the nature of PC2PY, which is clearly related to gradual breakdown and 526 

follows the trend in Corg, the trends within Phase C1 are more likely related to differences in 527 

source materials, and hence the evolution of the seagrass meadow-soil environment. However, 528 

the two mechanisms, i.e. OM decay and the proportion of seagrass-derived OM, cannot be 529 

decoupled easily and it is possible that both contributed to the features observed between 3700 530 

and 1400 cal yr BP. 531 

Either way, Phase C1 marks the natural (non-anthropogenically driven) variations in 532 

proxies corresponding to the evolution and formation of the seagrass mat environment. In this 533 

regard, it is highlighted that this (long) Mid/Late-Holocene period coincides with clear evidence 534 

of Aboriginal activities in SW Australia. For instance, anthracological studies on the 535 

archaeological site of Kalgan Hall suggest that a eucalypt-marri open forest biome, maintained 536 
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for hunting by a low-intensity fire regime promoted by Noongar people, dominated the area 537 

surrounding Oyster Harbour in the last 4000 years BP (Hudson 2013, Winter et al. 2016). PAH 538 

levels indicate a significant background level of possibly pyrogenic OM (with a minor peak 539 

around 700 cal yr BP), there are negative excursions in PC2PGM (notably around 1100 cal yr BP; 540 

65 cm depth) and there is a minor (but clear) maximum around 1500–1200 cal yr BP (~70 cm 541 

depth) in GRSP levels (Fig. 2), perhaps reflecting short-lived minor human-driven perturbations. 542 

However, these activities did not provoke erosion events or other mechanisms to the extent 543 

that the maintenance and evolution of the seagrass climax environment was mitigated. 544 

 545 

4.1.4 Phase C2a (190-90 cal yr BP; 1830-1920 AD) 546 

The most superficial section of the core (25–0 cm; Phase C2) is differentiated from Phase 547 

C1 by intensified anthropogenic perturbations impacting seagrass ecosystem dynamics. The 548 

boundary between Phase C1 and C2, about 190 cal yr BP (1830 AD), is marked by the onset of 549 

major oscillations in GRSP abundance indicating changes in the influx of fungal proteins from 550 

soil erosion and runoff following the clearance of the aforementioned forest biome and 551 

agricultural activities within the Kalgan and King River catchments (Hudson, 2013; Brearley, 552 

2006; Winter et al., 2016). In multiproxy studies of a Posidonia oceanica mat record (last 6000 553 

yr) from the NW Mediterranean, López-Merino et al. (2015, 2017) found that increases in pollen 554 

crop indicators (e.g. Cerealia, Vitis, Juglans, Castanea and Olea) were accompanied by decreases 555 

in GRSP accumulation in the mat. Previous research performed in soils of that area (Emran et 556 

al., 2012), showed that GRSP production was lower in cultivated soils than in non-cultivated 557 

soils. As indicated by López-Merino et al. (2015, 2017), fluctuations in GRSP accumulation in 558 

Posidonia mats are indicative of changes in continental soil quality, suggesting that the observed 559 

changes in the Oyster Harbour record attest for significant disruptions of soil quality in the 560 

catchment soils during phase C2a. Furthermore, the rise of okenone-like pigment 561 
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(Chromatiaceae, i.e. purple sulfur bacteria) is indicative of anoxia within the photic zone, which 562 

in turn can be ascribed to the cascade of effects of catchment erosion (eutrophication, turbidity) 563 

on the ecological status of seagrass meadows. The onset of this phase is a few years after 564 

establishment of European settlers in Oyster Harbour around 1826 AD (Winter et al., 2016). Note 565 

a small decline in the abundance of carbonates as well, a signal that represents the first 566 

“noticeable” proxy of habitat deterioration from a nearby core (at 1850 AD; Serrano et al., 2016), 567 

which point towards the robustness of the reconstructions, including the depth/age models.  568 

In contrast to the clear signal present in the pigments and GRSP records, we found no 569 

evidence of anthropogenic effects (no clear changes at the C1/C2a boundary) from the proxies 570 

that reflect bulk OM chemistry, i.e. analytical pyrolysis data or δ13C, due to the overshadowing 571 

input of local detritus from seagrasses. Therefore, Phase C2a represents a period of 572 

environmental changes that affected water column chemistry and trophic status, but without a 573 

drastic deterioration of the seagrass meadow, reflecting resilience. This emphasizes that 574 

pigments stored in sediments, providing information on changes in primary producer 575 

assemblages within the meadows (Leiva-Dueñas et al., 2020), are relatively sensitive indicators 576 

of early ecological shifts in dense meadows of high biomass and persistent seagrasses such as 577 

Posidonia spp. (Kilminster et al. 2015), and thereby can be used to inform management as early 578 

indicators of seagrass ecosystem deterioration. 579 

 580 

4.1.5 Phase C2b (90 cal yr BP-present) 581 

The boundary between phases C2a and C2b at 90 cal yr BP (around 1930 AD) marks a 582 

change in δ13C and PC2PGM. The dominance of marker pigments of phototrophic bacteria points 583 

towards the role of eutrophication in seagrass ecosystem dynamics. GRSP content greatly 584 

oscillated at the onset of Phase C2b, which is probably the result of recent land use change (and 585 

erosion of soils containing arbuscular mycorrhizal fungi residues) when the soldier settlement 586 
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scheme triggered conversion of forest/shrubland into agricultural land. These terrestrial fluxes 587 

also explain the increase in methyliodide (Py-GC-MS) from microbially halogenated soil OM in 588 

catchment soils. The decline in the proportion of lignin products is indicative of a reduction in 589 

seagrass detritus contribution to the OM, and is interpreted as further evidence of meadow 590 

deterioration (even though most of the OM in Phase C2b can still be safely ascribed to seagrass 591 

detritus).  592 

The abundance of seagrass-derived lignocellulose, represented by PC1PY, allows the 593 

study of recent changes in seagrass condition in more detail. If we accept that lignocellulose and 594 

PC1PY are positively associated with seagrass abundance, then within Layer C2b, the minimum 595 

abundance of seagrass is recorded at 5-6 cm depth (40-50 yr ago; around 1970), followed by 596 

partial recovery (3-4 cm; 20-30 yr BP; around 1990) and again decline. The samples from 3.0 and 597 

5.5 cm also have elevated contents in PAHs, which might indicate fire events within the 598 

catchment area at ca. 48 and 23 yr BP (around 1968 and 1993), the first of which was more 599 

intense (much clearer signal of pyrogenic OM) and coincides with one of the most disastrous 600 

bushfire seasons in Western Australia’s modern history (1960-1961; Bryant, 2008), and a decline 601 

in the seagrass meadow condition reflected by PC1PY. Regarding other fine-scale observations 602 

within Phase C2b, even though the drop in δ13C from -12 to -11 ‰ (pre-1930 baseline) to values 603 

below -13.5 ‰ is clearly the result of P. australis seagrass retreat, the minor fluctuations after 604 

(-14.9 to -13.1 ‰) do not necessarily reflect recovery/degradation cycles of P. australis, as this 605 

species is not the only marine phanerogam with such heavy δ13C. Similarly, even though the 606 

proportions of lignin are controlled by the abundance of P. australis for most of the record, post-607 

1930 fine-scale fluctuations of decay/recovery cannot be expected to preserve an unequivocal 608 

link between P. australis and lignin products. In fact, there are various interesting shifts in lignin 609 

composition, which could indicate contributions of different members of the coastal vegetated 610 

habitat. Biological materials from a nearby area (including P. australis, P. sinuosa, Zostera 611 

nigracaulis, Amphibolis spp.) have been analyzed by both stable isotope analysis and Py-GC-MS 612 
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(Kaal et al., under review; see comment in reference list). The ratio of trans-4-propenyphenol (tr-613 

4-ipp; a relatively less ubiquitous lignin product), which was identified in pyrolyzates of both 614 

Posidonia species, to total lignin products follows δ13C, even after 1930, and is inverse to GRSP 615 

(Supplementary Material 4). By contrast, the S/G ratio is inverse to δ13C for Phase C2b 616 

(Supplementary Material 4). The Posidonia species have much lower S/G than species such as 617 

Zostera and Amphibolis (which have a slightly less heavy δ13C around -13 ‰ compared to -10 to 618 

-11 ‰ for P. australis and P. sinuosa), suggesting that Posidonia may be partially replaced by 619 

these other seagrasses (known to be more “opportunistic”, i.e. favoured by disturbance; 620 

Kilminster et al., 2015), and that S/G is inverse to Posidonia abundance in relation to other higher 621 

plant sources. Also, the light δ13C between 1988 and 1993 AD coincides with molecular proxies 622 

of seagrass recovery (strongly negative PC1PY), but the associated lignin may not correspond to 623 

Posidonia in this case (high S/G, low tr-4-ipp/total lignin). Hence, a detailed analysis of source 624 

material and a higher-resolution Py-GC-MS record are required to elucidate the shifts associated 625 

with the recent fine-scale patchy perturbations. The present study shows that there is a large 626 

potential to achieve such information, but this is beyond the scope of the present study. 627 

The meadow studied here persisted during the period of major loss of Posidonia cover 628 

in Oyster Harbour in the 1970s-1980s (~80% of total extent; Hillman, 1990; Serrano et al. 2016), 629 

indicating that the seagrass loss was not uniform across the system and that site-specific 630 

conditions created considerable spatial heterogeneity. In the same line, there has been some 631 

recovery in Oyster Harbour following the 1980’s, due to changes in catchment soil management 632 

and seagrass plantation efforts (Cambridge et al. 2002; Marbà et al., 2015), which may be 633 

reflected by a minor increase in PC1PY in the top four samples (2 cm), but it seems likely that 634 

such a recovery would have been much clearer had the core been obtained from the area were 635 

the meadow had vanished. As records of palaeo-environmental change of these habitats are 636 

gathered in the future, spatiotemporal variations will become apparent. In this study, lack of 637 
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such a body of knowledge implies acceptance of a high level of uncertainty on the fine-scale 638 

(sample-to-sample) events in shallow marine estuaries such as Oyster Harbour.   639 

 640 

4.2 Synthesis: Drivers of environmental change 641 

During Phase A (ca. 7500–7300 cal yr BP), the Holocene transgression had not been 642 

completed. There are unequivocal inorganic indicators of both marine (carbonates) and 643 

terrestrial (clay) influences. Combined data is indicative of a brackish lagoon, which was in 644 

periodical contact with the sea, had a high terrestrial sediment load and deposited OM mainly 645 

from cyanobacteria and/or microalgae. Relative sea level is difficult to estimate (due to the steep 646 

slope of sea level rise and the possibility of existence of a barrier deposit), but was probably a 647 

few meters below current sea level. 648 

During Phase B, the maximum sea level was reached, probably around 6000 cal yr BP, 649 

creating a fully marine environment at Oyster Harbour with an expected water column of up to 650 

5.5 m at the sampling site. During the onset of Phase B (around 7000 cal yr BP) molluscs were 651 

abundant, but the OM originated mainly from cyanobacteria and/or microalgae. This shows that 652 

sea-level rise shifted the system from a brackish lagoon to marine conditions without an 653 

intermediate phase of (local) coastal vegetated habitat. From 6000 cal yr BP towards 4000 cal yr 654 

BP, water column depth declined towards approximately 4 m above the sediment surface, giving 655 

rise to earliest sign of seagrass-derived OM (evidenced both by presence of macroscopic fibres 656 

as well as the emergence of lignin-derived OM) at the end of Phase B (4500–4100 cal yr BP). 657 

Hence, from the onset of the record around 7500 cal yr BP until 4100 cal yr BP, those features 658 

of the environment that are reflected by the multi-proxy dataset, were driven by changes in 659 

relative sea level. 660 

During Phase C the sea level is relatively stable but accelerated sediment accumulation 661 

(mat creation) implies a decline in water column depth onwards (from approximately 4 m to 1.5 662 



28 
 

high tide level nowadays). From 4100 cal yr BP to 1830 AD, the vertical growth of the mat deposit 663 

and the increase in seagrass abundance may be considered as internally-driven, i.e. by the 664 

capacity of Posidonia spp. to create a uniform and resilient environment, as long as the water 665 

column depth remained within its habitat boundaries (nowadays, in Oyster Harbour, to a 666 

maximum depth of 4 m). Minor perturbations, including Aboriginal activities, did not affect the 667 

habitat considerably due to the resilience of Posidonia species, which are placed at the 668 

‘persistent’ end of the seagrass species classification (Kilminster et al., 2015). Mat development 669 

reached a maximum (“climax state”) between 1400 cal yr BP and 1830 AD. It is remarkable that 670 

all the proxies that indicate the proportion of biomass that can be ascribed to Posidonia spp. 671 

debris continued to increase gradually for >2000 yr (3700-1400 cal yr BP) after the sudden 672 

increase at 4100-3700 cal yr BP, and then stabilize for another 1200 yr (1400 cal yr BP 1890 AD), 673 

largely unaffected by climatic fluctuations and/or human activities. 674 

Around 1830 AD, several proxies, notably those of pigment composition and GRSP, 675 

changed significantly due to catchment soil erosion, ascribed to eutrophication and more turbid 676 

waters resulting from land clearance and agricultural practices shortly after arrival of European 677 

settlers (Serrano et al., 2016). The seagrass meadow at the study site was resilient against this 678 

change (Phase C2a), at least in global terms, as the proportion of biomass into the accumulating 679 

sediment is not declining due to this event. It must be noted that this resilience capacity was 680 

built during >2000 years of seagrass-driven internally stabilizing environmental parameters, and 681 

the underlying mechanism may be substrate suitability (the mat, containing the stored reserves 682 

to survive unfavourable conditions; Kilminster et al., 2015), and highlights “the critical 683 

importance of a management approach that prevents loss in the first place” (Kilminster et al., 684 

2015). There is also little doubt that the perturbation during the onset of Phase C2b (1930 AD), 685 

which marks the surpassing of seagrass resilience thresholds, was driven by increased 686 

agricultural activities. More recent events, such as seagrass decline due to influxes of phosphate 687 

from the agricultural catchments (from 1960s/1970s) that led to algae blooms and reduced light 688 
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availability (Weaver and Prout, 1993) followed by destruction of habitat eliminating >80% of 689 

seagrass meadows (Hillman, 1990; Rozaimi et al., 2016) and partial recovery due to catchment 690 

management measures to reduce nutrient inputs in the 1990s (Weaver and Prout, 1993; Bastyan 691 

and Cambridge, 2008), but not uniformly (Marbà et al., 2015; Cambridge et al., 2002), are 692 

probably reflected by strong yet unresolved fluctuations in the proxies. The resolution of the 693 

record is too small and the patchiness of the meadow deterioration and conservation measures 694 

too high to reconstruct recent events adequately. 695 

 696 

5. Conclusions 697 

For the first time, a long-term record of a contemporary Australian seagrass habitat was 698 

examined using a multi-proxy approach of organic sediment constituents. The irruption of 699 

seagrasses to the scene starts around 4500 cal yr BP, accelerated between 4100 until 3700 cal 700 

yr BP by when most of the OM can be attributed to Posidonia spp. debris. Nevertheless, the 701 

meadow evolved further until reaching a climax (maxima values of the proxies) around 1400 cal 702 

yr BP, maintaining that level until 190 cal yr BP (1830 AD). The seagrass meadow was remarkably 703 

resilient to the climatic variations and anthropogenic influences during several millennia. The 704 

meadow studied was barely affected by human impact after European colonization of the area. 705 

The most significant change occurred at 1930 AD, when the “bulk seagrass proxies” δ13C and 706 

many lignin-derived pyrolysis products decline. The anthropogenic interference is causing 707 

abrupt changes during the last 100 yr that did not occur during several millennia of 708 

environmental change; the resilience capacity of the ecosystem seems to be strongly 709 

compromised, as in nearby meadows. Management in general and restoration activities in 710 

particular need a strategy for long-term stability, favouring not only meadow extension but also 711 

mat substrate recovery, which is crucial for building resilience.  712 

 713 
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Figure captions 940 

Figure 1. Map of Oyster Harbour (left) showing the location of the coring site (red star); 941 

seagrass cover in 2006: 1) <15% cover, 2) 15-45% cover, 3) 45-75%cover, 4) >75%cover; and 942 

bathymetry: a) intertidal area, b) 0.1-4.9m, c) 5.0-9.9m, d) >10m depth. Core diagram (right) 943 

showing the main physical characteristics of the four phases detected in core. Seagrass cover 944 

modified from Department of Water, Government of Western Australia (2013).  945 

 946 

Figure 2. Depth trends for a selection of the biogeochemical proxies (non-molecular) in the 947 

record from Oyster Harbour, i.e. from elemental analysis (% Corg, molar Corg/N), stable isotope 948 

ratios (δ13C, δ15N), glomalin-related soil protein (GRSP), granulometric analysis (0-4 µm particle 949 

size class), carbonates (% CaCO3). The Bacon depth/age model is also provided. The 950 

environmental phases A, B, C1 and C2 are shown with background colours. 951 

 952 

Figure 3. Estimated relative sea level (closed symbols) in m above the bottom of the sediment 953 

sequence. Correction for sediment thickness at the given interval (open symbols) reflects 954 

estimated water column depth (high-tide), currently 1.5 m above sediment surface. Hence, the 955 

difference between present-day water column depth and sea level relative to the base of the 956 

sediment sequence is 2.04 m (total sediment thickness). Calculated negative water column 957 

depths were set at zero (before the end of the Holocene transgression). 958 

 959 

Figure 4. Results of pigment analysis using UHPLC. PC1 and PC2 scores were obtained by 960 

Principal Component Analysis. The environmental phases A, B, C1, C2a and C2b are shown with 961 

background colours. 962 

 963 
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Figure 5. Relative proportions of the compound classes obtained by Py-GC-MS, in percentage 964 

of total quantified peak area (% TQPA), and PC1 scores obtained by Principal Component 965 

Analysis, plotted against depth (below actual sediment surface; note differences in axis-966 

scaling). MCC: methylene chain compounds, MAH/PAH: monocyclic/polycyclic aromatic 967 

hydrocarbons. The environmental phases A, B, C1, C2a and C2b are shown with background 968 

colours.  969 
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