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International shipping is the backbone of the global economy with ~80% of the world’s trade (by volume) transported by ship. The potential environmental impacts of this multi-billion-dollar industry have received considerable attention, particularly emissions into air and sea. Many of these large commercial vessels lay at anchor for extended periods while awaiting their turn to enter port, and yet the impacts associated with anchoring remain virtually unexamined. Anchors can exceed 20 tonnes, with chains up to hundreds of metres in length and individual links weighing up to 200kg; there is potential for significant effects on seafloor biota where anchoring is concentrated. Filling knowledge gaps in deep-water wave-exposed environments is logistically challenging and expensive. To do so we used sediment grabs collected offshore from the Port of Newcastle (SE Australia) – the world’s largest coal export terminal – to sample infaunal assemblages in anchor-affected locations relative to reference locations (30 to 55m water depth). Polychaetes and crustaceans were the most abundant biota in the samples (~85%), whereas molluscs were very low in abundance (<3%), despite being well represented in terms of diversity (11 families of bivalves and 9 families of gastropods). Invertebrate abundance almost doubled in areas exposed to anchoring compared to reference areas. In contrast, invertebrate diversity declined with increasing anchoring activity, however this relationship was weak. Importantly, we observed major shifts in the overall invertebrate assemblage at anchored-affected locations – with reductions in suspension feeders mirrored by increases in scavengers and predators. We assert that suspension feeders were negatively impacted by sediment mobilisation or direct physical damage from anchor chains, while opportunistic scavengers and mobile predators benefitted from this disturbance. We contend that anchor disturbance is a global issue given burgeoning marine trade. Data on the effects of anchoring are urgently required to better inform the management of environments regularly used as anchorages.
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1 Introduction

Marine soft sediments (including silt, mud, sand and gravel) are the most common ocean habitat worldwide, accounting for some 80% of the seafloor (Lenihan and Micheli, 2001). Often dismissed as featureless with little topographic relief and low biodiversity, soft sediment habitats are inhabited by burrowing ecosystem engineers; organisms which create diverse microhabitats, including aerobic environments and refugia, for a wide range of associated species (Gray, 1974; Woodin, 1978; Meadows and Meadows, 1991; Reise, 2002). In addition, the feeding activities of vertebrates and invertebrates commonly disturb sediments by creating pits or depressions (Oliver et al., 1984; Thrush et al., 1991; Lee, 2010). Disturbance is therefore an ecologically important structuring agent in soft sediments, particularly in unvegetated nearshore environments. In high-energy, open coast environments these habitats are also frequently exposed to abiotic sediment disturbance from waves, storms and fluvial discharge. These disturbances affect organisms both directly and indirectly via shifts in sediment grain size and nutrients (Oliver et al., 1980; Hall, 1994). Overlying these biotic and abiotic drivers of sediment disturbance and habitat structure are anthropogenic disturbances. For example, physical impacts associated with extractive fishing practices in soft sediments are well documented and include the elimination of epibiota as well as the removal of habitat complexity (Collie et al., 1997; Watling and Norse, 1998). Impacts from other anthropogenic disturbances such as anchoring large commercial vessels, however, are less well documented.

International shipping carries at least 80% of world trade. This industry has an international fleet of more than 68,000 vessels (DOT, 2024), and is tightly regulated (UNCTAD, 2023). Many of these commercial vessels anchor as they await their turn to berth. Soft sediments near ports are often used for anchorage as this habitat is extensive and offers a good holding substratum for heavy-tonnage vessels. In contrast to many of the internationally regulated impacts relating to shipping, including minimising pollution (including noise), biofouling, ballast water exchange and most recently vessel emissions relating to greenhouse gases (International Chamber of Shipping, 2008; UNCTAD, 2023), the effects of anchoring large commercial vessels on unvegetated soft sediments have not been scrutinised (Davis and Broad, 2016). It is evident from observations of cruise ships in the Caribbean, that heavy-tonnage vessels at anchor can be highly destructive (Davis, 1977; Smith, 1988; Flynn and Forrester, 2019; Davis et al., 2022) but much of our understanding of impacts on soft sediments relies on data from recreational vessels (Macolino et al., 2019; Broad et al., 2020). Numerous studies show dramatic damage to habitat and associated biota due to disturbance from shallow water anchoring and mooring (e.g. Herbert et al., 2009; Demers et al., 2013; see references within Broad et al., 2020) with negative outcomes for vagile taxa such as fishes (Kiggins et al., 2018; Lanham et al., 2018). Unfortunately, experimental examination of the effects resulting from the anchoring of recreational vessels on fauna in soft sediment are rare (but see Backhurst and Cole, 2000; Vázquez-Luis et al., 2015), while assessments of the impacts on fauna from high-tonnage commercial vessels anchoring on soft sediment in deeper water (>30m) are non-existent.

Physical disturbance associated with anchoring commercial vessels, many exceeding 300m in length, we predict to be significant. As vessels swing at anchor with shifting winds and tides, lengths of heavy anchor chain are dragged across the seafloor, scouring it and displacing large quantities of sediment (Watson et al., 2022). In addition to the crushing of epifauna and infauna, this movement will also mobilise sediments, changing sediment grain size as well as increasing turbidity and the probability of smothering biota (Davis et al., 2016). Shifts in the trophic structure of assemblages may therefore also be expected, with increases in scavenger-dominated guilds (Backhurst and Cole, 2000). We note though that fauna associated with soft sediment habitat are frequently exposed to disturbance (Probert, 1984) and therefore may be relatively resilient to anthropogenic activities such as anchoring.

Here we examine the effects of anchoring by commercial heavy-tonnage vessels (i.e. bulk carriers ~ 300m in length) on offshore (>5km from the shoreline) soft sediment environments in 30-55m of water. We use the world’s largest coal export terminal as a case study; the Port of Newcastle (SE Australia), which receives more than 2000 vessel visits per year. Anchoring in this region is not tightly regulated, but is at the discretion of the ship’s master. There are no designated anchorages, but it is recommended that vessels anchor three nautical miles offshore. The aim of this study was to examine soft sediment infaunal assemblages exposed to anchoring by heavy-tonnage vessels relative to sites where anchoring did not occur. We used vessel positional information (AIS – Automated Information Systems - data) to infer levels of anchor activity (i.e. differentiating highly disturbed and less disturbed areas within a defined anchorage). In our assessment we also accounted for other variables that may influence the infaunal assemblage, such as depth and sediment grain size. We believe that this is the first attempt to examine the effects of anchoring on soft-sediment macrobenthic assemblages by commercial heavy-tonnage vessels. This is important as the shipping fleet is expected to grow substantially, with world trade volumes increasing on average at more than 7% annually until very recently (UNCTAD, 2023). Our research contributes to UN Sustainable Development Goal SDG14 - Conserve and sustainably use the oceans, seas and marine resources for sustainable development (UNDP, 2019) and we hope will lead to improved management of global anchoring activities.




2 Methods



2.1 Study location and sampling

The Port of Newcastle is on Australia’s SE coast 100km north of Sydney. It is the world’s largest coal exporting Port, moving in excess of 144 million tonnes of coal annually with >2,000 ship movements per year (data for 2023 https://www.portofnewcastle.com.au/wp-content/uploads/2024/05/PON_2023_AnnualTradeReport.pdf, accessed 3 Feb. 2025). The Port began commercial operations in 1799, with the shipment of lime (https://www.portofnewcastle.com.au/the-port/history-and-heritage/, accessed 3 Feb 2025). In June 2010 the Port of Newcastle introduced a vessel arrival system – for safety and supply chain reasons (Heaver, 2021). This drastically reduced the number of vessels waiting at anchor from a maximum of 70 ships anchored at any one time. It also reduced time at anchor, which averaged 11.1 days in 2010 to just 2.7 days in the 32 months from September 2012 (Davis et al., 2016; Heaver, 2021). Anchoring still occurs in waters under federal jurisdiction (beyond three nautical miles at 30-60 m depth) while vessels wait their turn to berth and load; the roadstead or area considered to provide safe anchorage extends at least 50km in a linear fashion from the Hunter River to the south (see Figure 4 in Davis et al., 2016). We reasoned that the heavily industrialised Port of Newcastle may impact the invertebrate assemblage. To assess the potential impacts of anchoring on invertebrate habitat, we established three locations within the anchor roadstead (North, Central and South) which included anchored and reference (non-anchored) areas (Figure 1). We used a Smith-MacIntyre grab (0.0625m2) to sample anchor-affected and reference (non-anchor) locations within each region (n=7) for a total of 42 grabs between 31 May and 2 June 2016. Grab material was processed in accord with Przeslawski et al. (2024). Grabs penetrated to a depth of ~10 cm, although this was contingent on the bulk density of the sediment. A sub-sample of sediment was removed from the grab and frozen on board for later grain-size analysis (see below). The remaining grab sample was wet sieved (500 µm) on board and resultant biota immediately fixed in ethanol (70%) then returned to the laboratory for processing.




Figure 1 | Heatmap of anchoring activity within the Newcastle anchoring roadstead within the period Sept. 2012 – July 2016. Each point or circle represents a grab sample with the total anchored days for this period depicted by circle size. Note the three locations North (N and RN), Central (C and RC) and South (S and RS) with reference areas (R) lacking anchoring activity. Insets focus on each of the anchor-affected locations – N, C, S. Note that no anchoring was observed in the reference areas and that anchoring activity extends for at least 25km and may extend to 50km south of the Port (Davis et al., 2016).






2.2 Biotic data

On return to the laboratory, animals were sorted from sediment under a dissecting microscope, enumerated and identified to the lowest taxonomic level by an experienced benthic biologist. Vouchers of the Operational Taxonomic Units were then lodged at the Australian Museum Sydney. It is worth emphasising that infauna from non-vegetated sediments in >35m are not well characterised in this region, presenting a challenge to identify the feeding guild to which they belong.




2.3 Anchoring variables

We investigated whether anchoring was an important driver of impacts on the infauna. We interrogated monthly AIS data (ships position) offshore of Newcastle (Sept. 2012 – July 2016) to assess the spatial and temporal extent of anchor activity and overlaid this information on bathymetric charts from echosounder surveys. AIS data, generated hourly, were acquired from the Australian Maritime Safety Authority (www.amsa.gov.au: monthly data accessed January 15, 2021) and imported to ArcMap. Data were treated using the approach of Deter et al. (2017), applying a range of filters including vessel speed, type, and residence time (≥6 h) to determine those vessels laying at anchor. Filtered GPS points were then used to define a polygon (‘convex-hull’ function in ArcMap) for each vessel and for each anchoring event. Davis et al. (2022) have used anchor polygons to calculate anchor activity at another location and provide a depiction of their use (see their Figure 2). The length of chain in contact with the seabed while a vessel is at anchor is unknown, as is the exact location of the anchor itself (not recorded in AIS), although we assumed that the position of the anchor was within the anchor ‘polygon’. The location of the vessel’s GPS beacon is also uncertain and, for the purposes of this approach, it is assumed to be located near the helm, i.e. at the stern. To accommodate these unknowns and so as not over-estimate the extent of anchor scour, the area of the defined anchor polygon was then systematically reduced, in a concentric manner, by 1/3 in keeping with the approach of Deter et al. (2017). The processing of the AIS data created two predictors related to anchoring. The first, ‘anchoring days’ was a measure of anchor intensity, the total number of days at which vessels lay at anchor at the grab locations across the entire three year 11 month period of monitoring. The second metric was ‘treatment’, which was a categorical predictor of whether the grab locations were anchor-affected or outside of the anchoring zone i.e. reference areas.




Figure 2 | Important predictors of macrobenthic faunal abundance and diversity across the study region. (A, B) variables associated with the top generalised additive model for predicting the mean total abundance of fauna; (C, D) the variables associated with predicting macroinvertebrate diversity (richness); (E) relative importance scores of explanatory variables to predict total abundance and richness. Note, the most parsimonious model for diversity only contains the predictor % mud. Error bars and banding represent 95% confidence intervals.






2.4 Abiotic data

We assembled a dataset of other abiotic measures likely to influence the biotic data to be included as covariates in our statistical analyses (McArthur et al., 2010). The abiotic data set comprised three elements: (i) depth, (ii) sediment grain size and (iii) variables related to the spatial structure and location of samples. Depth (m) was recorded in situ using the research vessel sounder for each grab. For the sediment analyses, a subsample of sediment (~100g) was removed from the grab on the vessel and frozen to allow subsequent determination of sediment grain size in the laboratory. Sediment was processed at Geoscience Australia following the procedure outlined in Przeslawski et al. (2024). The analytical methods included wet sieve separation into mud, sand and gravel fractions, as well as laser granulometry of the mud fraction (1–63 um diameter). Digital grain size imagery analysis (Camsizer) was undertaken on the sand (63–2000 um diameter) and gravel fractions (2000–16000 um diameter). The combined Camsizer and Laser datasets were summarily binned into 1 phi intervals and normalized to 100%. Finally, spatial covariates included the factor ‘Location’ to account for the spatial clustering of samples in the northern, central and southern regions (Figure 1), while Latitude of each grab sample was included as a proxy for distance to the entrance of the Hunter River.




2.5 Statistical analysis

Prior to statistical analysis, data exploration was performed to examine potential outliers, homogeneity and collinearity of explanatory variables. First, we used histogram plots to visualise the distribution of each abiotic variable. The variables ‘anchor days’, ‘% mud’ and ‘% gravel’ were square root transformed to improve homogeneity (see Supplementary Table 1). Examination of the sediment data revealed that % sand and % gravel were highly negatively correlated (r= -0.997), so we elected to use % gravel as a proxy, while % mud did not covary with % sand or % gravel. Importantly, several explanatory variables likely to influence the biotic assemblage were collinear. For example, depth was correlated with the two anchoring variables and % mud (Supplementary Table 2).

To overcome issues of collinearity we used a full-subsets information theoretic approach (Burnham and Anderson, 2004). Specifically, we employed full-subsets generalised additive modelling following Fisher et al. (2018). This approach constructs all possible combinations of models except for models containing collinear variables. Model selection criterion such as Akaike information criterion (AIC), can then be used to determine a ‘best’ or most ‘parsimonious’ model and if multiple candidate models have high AIC weight, information theoretic approaches allow model averaging and multimodel inference (Fisher et al., 2018). Further, by summing model weights for each explanatory variable, the relative importance of different variables can be assessed (Burnham and Anderson, 2004). To assess impacts of anchoring on the total abundance and diversity of macrobenthic taxa we fitted a series of GAMs using the function; FSSGAM 1.11 (Fisher et al., 2018) in R (R Core Development Team, 2021). GAMs were chosen over generalised linear models to examine potentially non-linear relationships using smoothing splines.

A negative binomial distribution was fitted for the total abundance models, while a gaussian distribution was fitted for species richness models. The maximum number of explanatory variables for each model was limited to three and all continuous variables were fitted with smoothing splines with the number of knots k = 4. These parameters were set to prevent overfitting and create conservative, ecologically interpretable models (Fisher et al., 2018). Explanatory variables with Pearson’s correlation coefficients > 0.28 could not be included in the same model. Models were compared using Akaike information criterion corrected for small sample sizes (AICc). The model with the lowest AICc or models within ± 2 AICc units of the lowest AICc score were considered the ‘top’ model(s) (Burnham and Anderson, 2004). If there were multiple ‘top’ models the relative importance of each explanatory variable was determined by summing model weights (Burnham and Anderson, 2004). This process assisted with disentangling the relative importance of collinear explanatory variables. Both ‘anchor days’ and anchor ‘treatment’ were included as candidate predictors in the full-subset GAMs to assess the relative importance of anchoring intensity versus the presence/absence of anchoring activity on macrobenthic fauna.

A multivariate PERMANOVA was used to assess the influence of anchoring on the macrobenthic assemblage. The PERMANOVA included the factor Location (Fixed with three levels: North, Central and South) to account for the spatial layout of the sampling sites as well as the anchor ‘treatment’. This model design was chosen as the full subset analysis identified these factors as the most important for the total abundance of macrobenthic fauna. Assemblage data were based on a Bray-Curtis similarity matrix and were fourth root transformed to account for common taxa. The PERMANOVA was performed in R using the ‘adonis’ function from the ‘vegan’ package with the number of permutations set to 9999 (Oksanen et al., 2025). This package was also used to generate a non-metric Multidimensional Scaling plot (nMDS) to visualise differences in the assemblage between replicates from anchor-affected and anchor-free locations. The nMDS included ordinations of fifteen taxa that contributed significantly to differences in the composition of the assemblage.

To assess anchoring effects on the abundance of individual taxa, we selected a small number of taxa that were present in >35% of all samples and could be unequivocably placed within the filter feeder or scavenger/predator guilds. We assessed the impacts of anchoring using GAMs including ‘location’ and ‘anchor treatment’ as factors. As with the multivariate analysis, this model design was employed as the full subset analysis identified these factors as the most important in explaining the variation in total abundance of the assemblage. All models were initially fitted with a Poisson distribution then checked for overdispersion. If overdispersion was observed models were then fitted with a negative binomial distribution.





3 Results

The sample locations (anchor-affected and reference areas) were dominated by coarse sands; sand constituted from 72.5 to 99.2% of the sediment sample, while gravel composed up to 27.4%. Biologically, a total of 138 taxa (Operational Taxonomic Units) were recorded from 42 grabs, with more than 3300 individuals counted; 37 taxa were documented just once (Supplementary Table 3). Predictably, the fauna was dominated by polychaetes, amphipods, along with tanaid crustaceans (>77% of the sample). Molluscs were diverse in the samples, with 11 families of bivalves and 9 families of gastropods, but their abundance was limited, constituting <3% of the sample. Just ten taxa accounted for almost two thirds (~65%) of the overall abundance recorded. Anchoring activity was monitored for 3yrs and 11 months (1430 days). Over this period, no anchoring occurred at reference locations. Where anchoring did occur, the minimum time period was 26 hrs to a maximum of almost 35 days (Supplementary Table 4). Anchored areas averaged 11.9 (± 8.3) days (standard deviation) of anchor disturbance over the entire period of monitoring. Where anchoring did occur the maximum time since the last anchoring event was 45 days (Supplementary Table 4). As evident in Figure 1, four of the anchor-affected lacked anchoring and were coded as anchor-free in our subsequent analysis.

Anchoring had a clear impact on the total abundance of macrobenthic taxa, appearing in two of the three ‘best’ models. The categorical predictor of anchoring (treatment) displayed the second highest variable importance score after location (Table 1; Figure 2). In reference (anchor-free) areas the mean total abundance was approximately 57 individuals per grab sample, which increased to ~100 individuals per grab sample in anchor-affected locations (Figure 2). Location was the most important predictor of the total abundance of macrobenthic fauna (Table 1; Figure 2), with greater abundances observed in the north compared to the south (Figure 2). In contrast to total abundance, the anchoring variables were not strong predictors of diversity. Although, increasing anchor intensity (anchor days) resulted in a decrease in diversity from ~25 to ~20 taxa, there was substantial variation around the predicted relationship (Figure 2). The most parsimonious model for diversity only included the variable % mud, where samples with greater proportion of mud displayed greater diversity (Table 1; Figure 2). Importantly, the full-subsets approached identified anchoring activity variables over depth as the more important predictor of the macrobenthic assemblage across the study region.


Table 1 | Top generalised additive models (GAMs) predicting the total abundance and richness of the macrobenthic assemblage.



The entire assemblage showed a statistically significant shift in response to the treatment variable – anchoring (Table 2; Figure 3). Ordinations indicate the shift in the overall assemblage was consistent with a reduction in filter-feeders at sites exposed to anchoring while the scavenger and predatory guild increased in abundance in these areas (Figure 3). Of the 15 OTU’s (taxa) that were significantly affected by anchoring, ten increased in anchor affected locations, while the remaining five mirrored this pattern in a marked dichotomy within the assemblage. We could not confidently ascribe each of these taxa to a feeding guild and so we focussed on six taxa for which we were confident in their assignment. Generalised additive models confirmed that the presence of anchoring was an important predictor of the abundance of the filter feeding spionid polychaetes – Prionospio sp. and Dipolydora sp. The abundance of Prionospio sp. and Dipolydora sp. was 3.3 and ~20 times greater in anchor-free reference locations compared to the anchor-affected locations, respectively (Figure 4). In sharp contrast, anchoring had no effect on the abundance of the filter feeding motile bryozoan – Cupuladria guineensis, with similar abundances across anchor-affected and reference locations (Figure 4).


Table 2 | PERMANOVA table of multivariate responses of invertebrates to Anchoring (Treatment) and location.






Figure 3 | Non metric multidimensional scaling (nMDS) plot of infaunal assemblages among grabs in anchor- affected (black circles) and reference (anchor-free) locations (grey circles). Vectors depict taxa significantly influenced by anchoring.






Figure 4 | Responses of individual infaunal taxa from the filter feeding guild to anchoring – Predicted mean abundance of filter feeding spionid polychaetes – (A) Dipolydora sp. 1 and (B) Prionospio sp. 1. along with the mobile bryozoan (C) Cupuladria guineensis, from generalised additive models. Error bars are 95% confidence intervals.



Shifts in the filter-feeding guild were reflected in changes in the scavenger/predator guild. Generalised additive models confirmed that anchoring was an important predictor of the abundance of several key taxa comprising the scavenger/predator guild. The presence of anchoring increased the abundance of the polychaete Onuphis c.f. holobranchiata and amphipods in the families Melitidae and Aoridae. The abundance of O. c.f. holobranchiata, Melitidae and Aoridae were ~2.2, ~7.5 and ~12 times greater in anchor-affected locations compared to reference locations (Figure 5).




Figure 5 | Responses of individual infaunal taxa from the scavenger/predator guild to anchoring – Predicted mean abundance for (A) the polychaete Onuphis c.f. holobranchiata, (B) a melitid amphipod and (C) an aorid amphipod from generalised additive models. Error bars are 95% confidence intervals.






4 Discussion

The anchoring of heavy-tonnage commercial vessels resulted in marked changes in soft sediment assemblages offshore from the Port of Newcastle in southeastern Australia. We saw marked increases in invertebrate abundance at anchor-affected locations. In contrast, anchoring had a weak negative effect on the diversity of the macrobenthic assemblage. Importantly, we saw shifts in feeding guilds in the assemblage, with reductions in suspension-feeding polychaetes, mirrored by increases in scavengers and predators at anchor-affected locations. The location of the study sites and % of mud were also strong predictors of the macrobenthic assemblage, with a clear north to south gradient in abundance, as well as increasing macroinvertebrate diversity with mud content. Although depth was correlated with anchoring activity in our analysis, our full subsets information theoretic approach suggests that anchoring is the more important factor influencing the macrobenthic assemblage across the study region.

We anticipated reductions in the diversity and abundance of the invertebrate assemblage associated with disturbance from anchor scour; akin to those impacts seen with demersal trawls (Frid et al., 1999). Indeed, in their global meta-analysis of experimental trawl impacts Sciberras and co-workers (2018) detail dramatic and statistically significant reductions in abundance and diversity following a single pass by fishing gear. Further, their meta-analysis revealed that reductions in biota were intensified with increasing depth of penetration into sediment – but rarely did any fishing technique exceed a penetration depth of 20cm. Anchors from heavy-tonnage vessels in unconsolidated sediment can excavate up to 80 cm, and penetration may even exceed 5m (see Figure 6 in Broad et al., 2020; Watson et al., 2022). In contrast, we observed only a weak negative effect of anchoring on invertebrate diversity and it was a function of anchoring intensity. Diversity rose at low anchoring intensity, plateaued and then fell by around 25% as anchor intensity increased (Figure 2). Such shifts in diversity are consistent with Connell’s Intermediate Disturbance Hypothesis (Connell, 1978). The dramatic increases in abundance we observed are more difficult to explain, but field tests on infaunal assemblages also report increases in abundance at intermediate levels of disturbance (Huxham et al., 2000). It is worth emphasising that the maximum span of time vessels at anchor over one of our sample points was just under 35 days, equating to <2.5% of the 1430 days we monitored anchor activity.

It has long been known that biogenic disturbance, associated with the burrowing and foraging activities of biota, operates over relatively small scales; usually centimetres to meters (Probert, 1984). Importantly, these frequent localised disturbances create heterogeneity and likely act to maintain diversity in soft sediment habitats. In contrast, anchoring activities occur over much larger scales – a single anchoring event in sediment may displace 2800 m3 of material (Watson et al., 2022). Estimates of the area disturbed by anchoring and mooring activities are in the order of square kilometres. Watson et al. (2020) estimate that anthropogenic activities disturb 6.4 km2 of seafloor in a single inlet in New Zealand, while in SE Australia, Davis et al. (2022) calculated non-overlapping anchor disturbance of ~88 km2 near Port Kembla in the 8 years to 2020. Rates of recovery following disturbance are expected to be rapid (<1 year), particularly for infauna with short lifespans such as polychaetes and crustaceans (Sciberras et al., 2018). However, on the removal of moorings in shallow water in the UK, Herbert et al. (2009) failed to see assemblage recovery after 15 months relative to controls that had never had moorings. Rates of recovery in our system remain unknown and the fauna poorly characterised; a high proportion (>50%) of the fauna is likely undescribed (Coleman et al., 1997). It may be premature to suggest that assemblages recover rapidly from such large-scale disturbance.

High wave energy open coastlines, such as our Newcastle study site, usually possess coarse sediments and are dominated by suspension feeding invertebrates (Byers and Grabowski, 2014). In anchor-affected locations, we saw a shift away from filter-feeders with, for example, marked reductions in the abundance of two species of spionid polychaetes. Feeding in close relatives of the spionids we encountered (Dipolydora sp. 1 and Prionospio sp. 1) can switch between filter feeding and deposit feeding, but in the habitat we examined are expected to be filter feeders (Jumars et al., 2015). We contend that the mobilisation of sediments from anchor scour, particularly the presence of fines, acts to smother or interfere with the feeding activities of these suspension feeders (Magris and Ban, 2019). The striking exception to reductions in suspension feeders was a mobile bryozoan - Cupuladria guineensis; this bryozoan was commonly encountered at both anchor-affected and reference areas. Its ability to reproduce clonally via fragmentation as well as clear sediment from its surface may explain why, as a suspension-feeder, it demonstrated such resilience to anchor activity in this region (Cook et al., 2018).

At the initiation of this project, we predicted a shift in the assemblage to one dominated by scavenging organisms. We anticipated this response as organisms are expected to be damaged and crushed by ships anchors and chains. In anchor-affected areas, we did indeed see increases in scavenging polychaetes and carrion feeding isopods and amphipods. It should be emphasised that infaunal sampling, however, will only provide a small snapshot of the large and diverse scavenging guild that characterises the open coast. The deployment of baited traps in eastern Australia has highlighted the presence of a rich epibenthic scavenging fauna, dominated by crustaceans – particularly cirolanid isopods (Keable, 1995; Lowry and Smith, 2003). Although our findings are consistent with a shift to scavengers, in the absence of data from baited traps it is premature to assert confidently that increases in the scavenging guild have occurred. It is also worth noting that the large hermit crab Strigopagurus strigimanus is a common epibenthic scavenger at the depths over which we sampled (Davis, unpublished data) but is unlikely be taken in infaunal sampling and was not detected in our samples.

Our work challenges the assumption that infaunal assemblages in high energy environments are relatively immune to disturbance associated with anchor scour, however, much more work remains. Foremost among this research is the need to generate additional datasets in other parts of the globe or preferably a manipulative experimental examination of anchoring impacts in these environments. Our data highlights a shift to scavengers in the assemblage, but this would be much better understood by deploying baited traps. Finally, the rate at which these assemblages recover from anchoring is also worthy of attention. We contend that this research will assist the shipping industry, considering the global scale of anchoring, in developing more sustainable practices.




5 Conclusions

Anchoring is a common practice worldwide and with burgeoning world trade is set to increase
dramatically. Impacts of anchoring, particularly large commercial vessels (e.g. bulk carriers) are
only now becoming clear (e.g. Broad et al., 2023), but impacts on some habitats – such as unvegetated soft sediments – remain to be critically examined. Our focus on this habitat revealed that anchoring increased infaunal abundance while slightly reducing diversity. Importantly though, the infaunal assemblage shifted away from suspension feeders to an assemblage dominated by predators and scavengers. Further research with a focus on broader community-wide patterns, such as impacts on nutrient cycling and biogeomorphic development, needs to be prioritised. The immediate response of managers should be to reduce anchoring or at least the anchoring footprint; a vessel arrival system and the use of designated anchorages offer advantages in these regards. Charting a more sustainable path for the shipping industry will ensure the conservation of important marine resources.
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