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ABSTRACT 20 
 21 

Artificial structures are agents of change in marine ecosystems. They add novel habitat for hard-substrate 22 

organisms and modify the surrounding environment. Most research to date has focused on the 23 

communities living directly on artificial structures, and more research is needed on the potential impacts 24 

these structures have on nearby communities and the surrounding environment. We compared the 25 

sedimentary habitat surrounding two types of artificial structures (pilings and seawalls) to sediments 26 

adjacent to rocky reefs using a combination of traditional sediment analyses, stable isotope analysis, and 27 

environmental DNA. Artificial and natural shore sediments were best differentiated by sediment variables 28 

strongly associated with flow speed. Pilings sediments had significantly finer grain size, higher organic 29 

content, and generally lower C:N ratios than sediments adjacent to the other habitat types, suggesting 30 

flow is reduced by pilings. Sedimentary assemblages near pilings were also consistent with those 31 

predicted under low-flow conditions, with elevated bacterial colonization and increased relative 32 

abundances of small deposit feeders compared with other habitat types. Additionally, lumbrinerid 33 

polychaetes in pilings sediments had reduced δ15N values, suggesting different detrital resources and 34 

fewer trophic linkages compared with lumbrinerids in other habitats. Woody detritus was greater adjacent 35 

to seawalls than to natural rocky shores or pilings. Our findings suggest that artificial structures have the 36 

potential to influence adjacent soft sediments through changes to sediment properties that affect infaunal 37 

and microbial communities, as well as trophic linkages for some consumers. We hypothesize that this is 38 

due to a combination of altered flow, differing detrital subsidies, and differing adjacent land-use among 39 

habitat types. Managers should consider the potential for changed sediment properties and ecology when 40 

deciding where to build different types of artificial structures. Further manipulative experiments are 41 

needed to understand mechanisms of change and help manage the impacts of artificial structures on the 42 

seafloor. 43 
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1. Introduction 47 

 48 

Anthropogenic modification of habitats is one of the primary causes of decline in global biodiversity 49 

(Johnson et al., 2017). In urbanized coastal systems, natural habitats are heavily modified and may be lost 50 

by the addition of artificial structures ( Nordstrom, 2014; Dafforn et al., 2015). Artificial structures can 51 

have considerable effects on marine ecosystems, both as a source of novel habitat for hard-substrate 52 

organisms and via cross-habitat effects on surrounding communities (Bulleri and Chapman, 2010). Most 53 

research to date has focused on structural differences of communities living on artificial versus natural 54 

rocky substrates (Connell and Glasby, 1999; Lam et al., 2009; Moschella et al., 2005; Rilov and 55 

Benayahu, 2000; Simon et al., 2013). However, how these differences translate to adjacent sedimentary 56 

ecosystems is unclear (Heery et al., 2017).  57 

Sedimentary habitats are highly diverse and perform a suite of functions that are essential for estuarine 58 

ecosystems (Snelgrove et al., 2014). Artificial structures commonly added to sedimentary environments 59 

in urban estuaries, such as seawalls and pilings, are essential for shoreline development and urban 60 

infrastructure, yet they alter physical and biotic conditions for soft sediment organisms (see reviews by 61 

Bishop et al., 2017; Heery et al., 2017). Variable patterns among past studies suggest that the extent and 62 

direction of the physical and biotic changes may depend on artificial structure type and design (Heery et 63 

al., 2017). However, direct comparison of sediments associated with different artificial structure types is 64 

currently lacking and would provide valuable insights for ecological engineering of urban shorelines. 65 

Furthermore, past studies have primarily documented spatial patterns in the abundance and composition 66 

of sedimentary organisms (Ambrose and Anderson, 1990; Barros et al., 2001; Davis et al., 1982), and 67 

focused little on ecological processes. For instance, we still lack understanding of how artificial structures 68 

influence cross-habitat flux of productivity resources and food web relationships in surrounding 69 

sediments. Stable isotope analysis (SIA) and environmental DNA (eDNA) are tools that can help 70 

characterize trophic linkages, sources of primary productivity, and structural characteristics of marine 71 

communities at the microbial, meiofaunal, and macrofaunal scale. These techniques, used in conjunction 72 



 

 

with traditional sediment analyses, could elucidate how artificial structures influence ecological 73 

processes, which is sorely needed. 74 

In this study, we used a combination of SIA, eDNA, and traditional sediment analyses to compare 75 

sediments and sedimentary assemblages associated with different types of urban artificial structures. 76 

Specifically, subtidal sediments surrounding pilings, seawalls, and natural rocky substrata (henceforth 77 

referred to as “habitat types”) in Sydney Harbour, Australia, were compared. To fill a fundamental 78 

knowledge gap, this baseline study characterized community composition across taxonomic groups and 79 

organismal scales, and compared isotopic signatures of selected sedimentary organisms as indicators of 80 

differences in food web structure. The study was performed to address three specific questions: (1) Do 81 

sediment properties differ among different habitat types, and if so, which sediment variables are most 82 

closely tied with habitat type? (2) Does sediment species composition differ between habitat types? and 83 

(3) Is there evidence of differences in food web relationships between habitat types? Based on findings 84 

for these questions, we develop hypotheses regarding the mechanisms by which different habitat types 85 

influence sedimentary ecosystems, and evaluate which artificial structures differ functionally from natural 86 

rocky shores with respect to sedimentary ecosystem response. This study, and subsequent experimental 87 

tests of the hypotheses developed here, are important steps towards understanding the broader effects of 88 

urbanization and shoreline development on marine ecosystems.  89 

 90 

2. Materials and methods 91 

 92 

2.1. Study area and sediment collection 93 

 94 

This study was done at two sites in Sydney Harbour: Gore Cove (33° 50' 15” S, 151° 11' 15” E) and 95 

Balmain (33° 51' 10” S, 151° 10’ 21” E) (Fig. 1). Sites selected had similar environmental conditions and 96 

levels of urban land-use (Dafforn et al., 2012b; Mayer-Pinto et al., 2018), and contained all three studied 97 

habitat types. At both sites, natural rocky shores and seawalls were sandstone, while pilings were made of 98 



 

 

wood. Pilings and seawalls were vertically oriented structures, while rocky shores were mainly horizontal 99 

and sloping (Dafforn et al., 2012a; Mayer-Pinto et al., 2018). Water depth of studied sediments 100 

immediately adjacent to each type of habitat at both sites ranged from 2-3 m. Habitats were < 40 m apart 101 

within each site, and were thus expected to share similar hydrology and sedimentary characteristics in 102 

their natural state. At each site and type of habitat, four replicate sediment samples were collected using a 103 

Van Veen grab deployed by boat. Grabs were deployed within 4 m horizontal distance from each habitat 104 

type in June 14-17, 2016.  105 

Sediments from Van Veen grabs were partitioned into four containers. Samples for eDNA analysis 106 

were collected first by filling a 2 mL sterile CryoVial. eDNA samples were collected from two of the four 107 

replicate grabs, resulting in a total of 24 samples across all sites and habitat types. eDNA samples were 108 

immediately placed in a small cooler on ice and transferred to a -80ºC freezer upon returning to the 109 

laboratory. Samples for stable isotope analysis of sediments, grain size analysis, and organic content 110 

measurements, were collected by filling a 50 mL sterile falcon tube from each grab. Finally, sediments for 111 

macrofaunal ID and stable isotope analyses of selected invertebrates were collected from each grab in two 112 

1000 mL plastic jars. The contents of jars were then sieved through a 0.5 mm sieve in the field. All 113 

samples were stored in dark, chilled coolers and then frozen at -10ºC for subsequent processing and 114 

analysis (below). 115 

 116 

2.2. Sediment processing and community composition 117 

 118 

Sediment grain size was analyzed using a Malvern laser particle size analyzer (Mastersizer 2000, 119 

USA). Organic content was estimated as the difference in dry weights of sediment before and after 120 

combustion (“loss on ignition,” or LOI) in a 500 ºC furnace for 3 hours as per Hoogsteen et al. (2015) and 121 

others (Gammal et al., 2017; Nordström et al., 2006). While LOI protocols often use 6 hours or more 122 

(Ghabbour et al., 2014), the procedures employed here were consistent across all samples, and the results 123 

are thus useful for relative comparisons among types of habitats. Macrofauna and detritus composition 124 



 

 

were characterized by visually sorting a subsample of sieved sediments (125 mL per replicate) under a 125 

dissecting scope. Macrofaunal organisms were identified to family, counted, and weighed (dry weight 126 

(g)). Detrital material was also classified into one of four categories (kelp, eucalypt leaves, woody debris, 127 

and other) and weighed (dry weight (g)). Dry weights were determined after macrofaunal and detrital 128 

material had been oven dried at 60 ºC for 24 hours. 129 

Microbial and invertebrate community composition at each habitat and site was additionally 130 

evaluated from eDNA. DNA was extracted from sediments using the PowerSoil™ DNA Isolation Kit 131 

(Mo Bio Laboratories Inc., Carlsbad, CA, USA) and sequenced by the Molecular Research DNA Lab 132 

(MR DNA, Shallowater, TX, USA) following manufacturers protocols. Bacterial composition was 133 

determined using the 27f (5’-3’: AGAGTTTGATCMTGGCTCAG; Lane, 1991) and 519r (5’-3’: 134 

GWATTACCGCGGCKGCTG; Turner et al., 1999) primers for the V1-V3 region of the 16S rRNA gene 135 

and Illumina MiSeq 2x300bp paired-end v2 sequencing. Eukaryotic composition was determined using 136 

the 1391f (5’-3’: GTACACACCGCCCGTC) and EukBr (5’-3’: TGATCCTTCTGCAGGTTCACCTAC) 137 

primer set (Amaral-Zettler et al., 2009) for the V9 region of the 18S rRNA gene and Illumina MiSeq 138 

2x150bp paired-end v3 sequencing. Amplification regimes were based on the Earth Microbiome Project 139 

protocols (http://www.earthmicrobiome.org/emp-standard-protocols/18s). Analysis of paired-end 140 

sequence data was processed using a proprietary analysis pipeline (MR DNA, Shallowater, TX, USA). In 141 

brief, barcodes attached to sequences were removed. Sequence data underwent denoising and sequences 142 

shorter than 150 base pairs in length were removed to generate operational taxonomic units (OTUs). 143 

Next, chimeric sequences were identified and removed. OTUs were clustered at 3% divergence (97% 144 

similarity) to remove potential errors in sequence data. Taxonomy for the remaining OTUs was classified 145 

using the sequence alignment tool BLASTn against a curated database derived from RDPII and NCBI 146 

(www.ncbi.nlm.nih.gov,http://rdp.cme.msu.edu). Chloroplasts were removed and only OTUs that 147 

comprised > 0.03% of total OTU abundance or had at least 20 occurrences were used in statistical 148 

analyses (Zinger et al., 2011). The resulting 16S dataset used included a total of 3266 OTUs while the 149 

final 18S dataset had 5516 OTUs. OTU counts were then aggregated at multiple taxonomic scales by 150 



 

 

summing within each order, family, and genus, and summed data for each taxonomic scale were 151 

converted to relative abundances. 152 

 153 

2.3. Stable isotope analysis 154 

 155 

Three families of polychaetes were chosen for stable isotope analyses due to their abundance and 156 

frequency of occurrence across sites and types of habitats, and their feeding mode. These were: capitellids 157 

(Class Polychaeta, predatory), lumbrinerids (Class Polychaeta, deposit feeder), and chaetopterids (Class 158 

Polychaeta, suspension feeder). Carbon and nitrogen isotopic ratios were determined using an elemental 159 

analyzer at the Bioanalytical Mass Spectrometry Facility at the University of New South Wales, Sydney, 160 

Australia. For each sediment sample, two to five whole polychaetes were rinsed with distilled water, 161 

freeze dried in a -80ºC freezer and a dehydrator, and ground into a fine powder with a sterilized mortar 162 

and pestle. Unsieved sediments were also freeze dried and ground for stable isotope analysis. All samples 163 

were then transferred to and enclosed in tin capsules. Approximately 0.1 - 0.5 mg of tissue was used for 164 

polychaetes, and up to 20 mg was used for sediments. Multiple tin capsules were prepared from the same 165 

sample whenever possible to evaluate within-sample variance (resulting measurements were averaged for 166 

statistical analyses). For polychaetes, there typically was only sufficient biomass for a single tin capsule 167 

per sediment sample. For sediments, replicate tin capsules were initially prepared to assess variability 168 

between replicates, which was small.  A summary of sample sizes used in stable isotope analysis is 169 

provided in Supplementary materials (Table S1).  170 

Isotopic ratios were expressed in standard δ units as: 171 

!" = $ %!"#$%&%'&(&'&)*&
− 1( × 10+ 175 

where R is the ratio of 13C:12C for carbon and of 15N:14N for nitrogen. Ratios measured from tissue and 172 

sediment samples (Rsample) were compared with those from calibrated standards (Rreference) to derive δ13C 173 

and δ15N. 174 



 

 

Isotopic signature alone is often insufficient to definitively identify the sources of organic matter in a 176 

system, particularly when multiple sources are important (Fry and Sherr, 1984). In estuarine environments 177 

especially, carbon may enter the food web from a variety of primary producers, and quantifying isotopic 178 

signatures for all potential carbon sources was beyond the scope of this study. We did not, therefore, 179 

identify the relative contribution of different carbon sources to polychaete diets or estimate trophic level. 180 

Rather, δ15N values were used to assess relative differences in trophic position between habitat types for 181 

each polychaete family, and δ13C values were used to determine whether polychaete carbon signatures 182 

reflected observed differences in sediment characteristics and detrital content between habitat types.  183 

 184 

2.4. Statistical analyses 185 

 186 

Analyses for this study were performed in two stages. In stage 1 (Section 2.4.1), we identified 187 

sediment variables that differed significantly among habitat types (natural rocky shores, seawalls, and 188 

pilings). In stage 2 (Section 2.4.2.), we evaluated whether key sediment variables from stage 1 correlated 189 

with biotic response variables (e.g. community composition). This approach allowed us to identify abiotic 190 

and biotic differences in sediments among habitat types, and qualitatively compare mechanistic 191 

hypotheses that may drive these differences. 192 

 193 

2.4.1. Key sediment variables 194 

 195 

The first stage of statistical analyses evaluated which sediment variables differed among natural rocky 196 

shores, seawalls, and pilings. Sediment response variables considered were mean grain size (mm), organic 197 

content (g), sediment δ13C and δ15N, sediment C:N ratios from isotopic data (estimated % C / % N by 198 

mass), and biomass (g) of kelp, leaf, and woody detritus. For the three detrital biomass variables, a 199 

binomial-gamma (hurdle) model was selected due to zero inflation. This approach used a logistic 200 

regression for presence/absence and a generalized linear model (GLM) with gamma error for biomass 201 



 

 

when presence = 1. For all other sediment variables, Gaussian error and the identity link were used 202 

(McCullag and Nelder, 1989). In all cases, habitat type was included as a fixed effect. Model assumptions 203 

were assessed using plots of residual versus fitted values and quantile-quantile plots. Goodness-of-fit was 204 

quantified using the percentage of deviance explained (% Dev) and by comparing weighted Akaike's 205 

information criterion corrected for small sample sizes (wAICc) from parameterized versus null (intercept 206 

only) models (Burnham and Anderson, 2002). 207 

 208 

2.4.2. Correlations with biotic variables 209 

 210 

Stage 2 of the analysis evaluated whether key sediment variables from stage 1 correlated with biotic 211 

response variables. Biotic response variables included relative OTU abundances from eDNA, abundances 212 

and biomass of visually sorted macrofauna, diversity metrics (richness, Pielou's evenness, and Shannon-213 

Weiner diversity index) from both eDNA and visually sorted samples, and polychaete δ13C and δ15N 214 

values. For each response variable, we identified the most important sediment variables by comparing the 215 

fit of six single-parameter GLMs (Y ~ Habitat, Mean Grain Size, Organic Content, Woody Debris, C:N 216 

ratio, or Site) and a null model (Y ~ 1). This single-parameter approach was favored over a multi-217 

parameter model selection process because of low degrees of freedom in the data. Habitat type was 218 

included as a predictor to recognize potential relationships with unmeasured environmental variables. The 219 

six parameterized models and null model for each response variable were compared using log-likelihood 220 

(LL), the % deviance explained (% Dev), and AIC weights for small samples sizes (wAICc).  221 

Model structure was specified according to the distribution of each response variable. Relative OTU 222 

abundances (proportions based on OTU counts) of invertebrates, diatoms, dinoflagellates, and bacteria 223 

were modeled with beta GLMs. We evaluated beta GLMs for all classes, orders, families, genera, and 224 

species that were present across all samples (and for which relative OTU abundances were thus between 0 225 

and 1). Biomass of visually sorted macrofauna was modeled using binomial-gamma hurdle models to 226 

account for the large number of zeros in the data. Shannon diversity and isotopic ratios were modeled 227 



 

 

with Gaussian error while gamma error was used for species and OTU evenness. For the remaining 228 

discrete variables (number of species and counts), the fit of poisson/quasipoisson and negative binomial 229 

GLMs were compared via chi-squared tests on residual deviance and degrees of freedom, residual points, 230 

and dispersion values (for selecting between poisson and quasiposson). All models were constructed 231 

using the glm() function in R (R Development Core Team, 2017). 232 

Distance-based multivariate analyses were used to evaluate habitat-related patterns in community 233 

composition in stage 2 (Anderson, 2001). Multivariate response variables were biomass and abundance of 234 

visually sorted macrofauna (both standardized by sample volume), and relative OTU abundances for 235 

bacterial orders and diatom, dinoflagellate, and invertebrate families. For each response, homogeneity of 236 

dispersion was assessed via analysis of multivariate dispersion (PERMDISP). We then applied 237 

permutational multivariate analysis of variance (PERMANOVA) on square-root transformed Bray-Curtis 238 

dissimilarities. As for the GLMs, separate PERMANOVA tests were performed with habitat type and 239 

each key sediment variable and compared via pseudo-F statistics (Table S2). Where PERMANOVA tests 240 

were significant, SIMPER analysis was applied to identify taxonomic groups that contributed most to 241 

dissimilarities. All multivariate analyses were performed in R using the package vegan (Oksanen, 2015). 242 

 243 

3. Results 244 

 245 

3.1. Sediment characteristics near artificial versus natural shorelines 246 

 247 

Sediments adjacent to natural rocky shores, seawalls, and pilings differed primarily in terms of mean 248 

grain size, organic content, small woody debris (detritus), and C:N ratios. Pilings sediments tended to be 249 

the most distinct, with significantly finer grain size and higher organic content than the other habitat types 250 

(Table 1; Fig. 2). C:N ratios were also lower near pilings compared with natural rocky shores and were 251 

correlated with both grain size and organic content; see Supplementary material Fig. S1. Seawall 252 

sediments had significantly more woody detritus than natural rocky shores, while intermediate levels of 253 



 

 

woody detritus were found in pilings sediments (Fig. 2ii). None of the other sediment variables analyzed 254 

(total macrophyte, kelp, and leaf detritus, and sediment δ13C and δ15N) differed among habitat types 255 

(Table 1). 256 

 257 

3.2. Sedimentary assemblages near artificial versus natural shorelines 258 

 259 

At the community-level, macrofaunal composition (abundances) from visually sorted samples 260 

differed between pilings and natural rocky shores sediments, and was correlated with mean grain size 261 

organic content, and sediment C:N ratio in single parameter PERMANOVAs (Table S2). Furthermore, 262 

woody debris was also a significant predictor of macrofaunal composition, though only when included as 263 

a covariate with habitat type (F = 1.45994, P = 0.0490). SIMPER analysis attributed community 264 

differences between habitat types to gastropods, bivalves, and lumbrinerids (Table S4). Interestingly, 265 

bacteria, diatom, dinoflagellate, and invertebrate composition from eDNA was not related to habitat type 266 

or habitat related sediment variables (Table S2). Furthermore, diversity and total abundance were also 267 

similar across habitat types (Table S3).  268 

Habitat-related differences in sedimentary assemblages were observed in univariate tests for specific 269 

taxa or taxonomic groups (Fig. 3; Tables 2 and S3). Habitat type was the best predictor for several taxa, 270 

including lumbrinerids, which were more abundant in pilings sediments than in other habitats based on 271 

visually sorted samples. Relative OTU abundances of the bacterial groups Acidimicrobiaceae and 272 

Rhodovibrio spp. were also greater in natural rocky shore sediments than in other habitats (Tables 2 and 273 

S3). For other taxa, habitat-related sediment variables provided a better fit than habitat type per se 274 

(although these variables are related, as detailed in Table 1). Mean grain size was the best predictor of 275 

visually sorted bivalve abundances, with fewer bivalves occurring in fine sediments, which tended to be 276 

those near pilings. Organic content and/or sediment C:N ratios were strong predictors for several taxa; 277 

enriched sediments tended to have higher relative OTU abundances of Gonyaulax dinoflagellates, lower 278 

gastropod biomass, and lower relative OTU abundances of paleonemertean worms (nemertea), 279 



 

 

hemicytherid ostracods (particularly Coquimba spp.), Stenopterobia diatoms, and Biecheleria 280 

dinoflagellates (Table 2; Fig. 3). Additionally, organic content was negatively correlated with relative 281 

OTU abundances of numerous bacterial groups, such as the orders Acidimicrobiales, Nitrosomonadales, 282 

and Rhodospirillales, and the families Iamiaceae, Hyphomicrobiaceae, and Rhodobiaceae, even though 283 

enriched sediments had more bacterial OTUs overall (Tables 2 and S3).  284 

 285 

3.3. Trophic linkages near artificial versus natural shorelines 286 

 287 

Evidence of habitat-related differences in trophic linkages was limited based on isotopic signatures of 288 

selected polychaetes (Fig. 4). δ13C values were similar for the three polychaetes, and ranged from -15.2 to 289 

-23.2‰ (capitellids: -20.8±0.3‰; chaetopterids: -19.8±0.3‰; and lumbrinerids: -19.5 ± 0.4‰). We found 290 

no differences in δ13C values for polychaetes among habitat types (Rocky reef: -20.7 ± 0.3‰; Seawall: -291 

19.4 ± 0.5‰; Pilings: -20.1 ± 0.3‰) or with respect to sediment variables (Table 3). Nitrogen signatures 292 

for capitellids and chaetopterids were also unrelated to habitat type. However, lumbrinerid δ15N was 293 

positively correlated with mean grain size and negatively correlated with organic content (Table 3). 294 

Lumbrinerids in pilings sediments tended to have lower δ15N values than those in other habitat types (Fig. 295 

4). 296 

 297 

4. Discussion 298 

 299 

This is the first study to examine whether estuarine benthic assemblages differ in sediments 300 

surrounding different types of habitats (pilings, seawalls, and natural rocky shores). We observed the 301 

greatest differences in sediment characteristics and evidence of associated ecological patterns in close 302 

proximity to pilings. Pilings sediments were finer and more organically enriched than sediments near 303 

seawalls and natural rocky shores, and these physical differences correlated with altered abundance and 304 

biomass across a variety of sedimentary taxa near pilings, including selected microbes, primary 305 



 

 

producers, consumers, and predators. Seawalls were associated with more woody detritus and had finer 306 

sediments than natural rocky shores, but ecological patterns were similar. Overall, the presence of urban 307 

structures appears to change the local sediment conditions, but pilings may have more significant 308 

ecological consequences than seawalls in urban seascapes. 309 

This study builds on past work highlighting the importance of artificial structure design, type, and 310 

configuration in shaping their effect on benthic communities. Artificial structures can alter sedimentary 311 

environments by changing abiotic factors, such as flow rates, sediment deposition, granularity, sediment 312 

chemistry, and shading, or biotic factors, such rates of detrital influx and cross-habitat predation (Heery et 313 

al., 2017). Most of the key sediment variables selected as predictors of habitat type in our analysis were 314 

closely associated with flow. Pilings, seawalls, and natural rocky shore sediments were best differentiated 315 

by organic content, mean grain size, and C:N ratio, all of which correlate strongly with flow speed 316 

(Pearson and Rosenberg, 1978; Keil et al., 1994). Biotic response variables in pilings sediments were also 317 

consistent with those predicted under low-flow conditions based on past studies, including elevated 318 

bacterial colonization and increased relative abundances of small deposit feeders, such as lumbrinerids 319 

(Pearson and Rosenberg, 1978; Yamamoto and Lopez, 1985; Weston, 1990). Similarly, pilings sediments 320 

had greater relative OTU abundances of the benthic cyst-forming dinoflagellate Gonyaulax spp. 321 

Gonyaulax cysts are relatively small and behave like fine sediment particles, accumulating in benthic 322 

environments with reduced flow (Kawamura, 2004). In combination, these patterns suggest that flow is 323 

strongly reduced by pilings. Flow rates can vary substantially over small spatial scales, however the 324 

consistency in flow-related variables near pilings across sites indicates flow reductions irrespective of 325 

broader circulation or localized variability in water movement. This was emphasized by the fact that site 326 

was generally a less informative predictor than habitat type and habitat-related sediment variables, though 327 

relative OTU abundances and visually sorted abundances did differ between sites for some species. 328 

Although it is possible locations for piers and overwater structures are selected because they already have 329 

low flow, the close proximity of habitat types within each site in the present study make this an unlikely 330 

driver of the flow-related differences we observed between pilings and other habitats. 331 



 

 

Other biotic factors may also be at play. Pilings support distinct biotic assemblages compared with 332 

natural rocky shores (Glasby, 1999; Marzinelli et al., 2011, 2009; Brandl et al., 2017; Munsch et al., 333 

2017), which could influence the contribution of detrital matter to surrounding sediments.Ecklonia 334 

radiata, which is energetically important both in epilithic communities, and as a spatial subsidy to 335 

adjacent habitats, has lower erosion rates, higher epibiont cover, and distinct associated microbial 336 

communities on pilings than on natural rocky reefs in Sydney Harbor (Marzinelli et al., 2018, 2011; 337 

Mayer-Pinto et al., 2018), which could further influence mortality, decomposition, and rates of flux into 338 

adjacent sediments. In the present study, we found no differences in kelp detrital biomass among habitat 339 

types. However, elevated organic content in pilings sediments could in part reflect degraded detrital 340 

material that was too small for detection via visual sorting. In addition to macroalgal detritus, the distinct 341 

composition of benthic and fish species associated with pilings could affect other aspects of detrital 342 

dynamics, such as biofiltration capacity (Hughes et al., 2005), fecal production (Maar et al., 2009), and 343 

the concentration of nutrients by aggregating fauna, such as fish (Dewsbury and Fourqurean, 2010), 344 

though these require further study.    345 

We might expect trophic linkages to differ between artificial and natural habitats for several reasons. 346 

Isotopic signatures among producers and consumers are known to change with water velocity and organic 347 

content (McClelland et al., 1997; Finlay et al., 1999; Tewfik et al., 2005). Detrital influx and associated 348 

enrichment can lead to larger predator biomass, longer food chains, and increased secondary production 349 

(Cross et al., 2006; Hairston and Hairston, 1993). Further, differences in sources of productivity or the 350 

composition of consumers may cause food web structure and, consequently, trophic linkages to differ 351 

between artificial and natural habitats.  352 

In the current study, lumbrinerids in pilings sediments had reduced δ15N values. Lower δ15N in 353 

consumers is generally associated with detrital (versus fresh) sources of primary productivity (Vanderklift 354 

and Ponsard, 2003). Interestingly, some members of lumbrineridae are known to have more than one 355 

feeding mode and may shift between deposit feeding and carnivory depending on conditions and available 356 

food resources (Fauchald and Jumars, 1979). Higher δ15N values for lumbrinerids on natural rocky shores 357 



 

 

could thus be associated with greater carnivorous feeding activity and consumption of higher trophic level 358 

prey. However, if shifting between feeding modes were occurring, we would expect lumbrinerid δ15N to 359 

vary relative to sediment δ15N values across habitats (Jumars et al., 2015), which was not observed. Ratios 360 

of lumbrinerid:sediment δ15N from the same replicate grabs were relatively consistent across habitats and 361 

sites. Rather, disproportionately low δ15N values for lumbrinerids suggest distinct detrital food resources 362 

or fewer trophic linkages for this consumer near pilings. Abiotic and biotic changes to sedimentary 363 

environments from pilings may thus be altering food web relationships for certain organisms.  364 

Conversely, isotopic signatures for capitellids and chaetopterids were comparable between habitat 365 

types. These taxa may be more tolerant to changes associated with artificial structures or may respond 366 

primarily to harbor-wide stressors, such as nutrient loading and contaminants, that override effects from 367 

artificial structures at smaller spatial scales (Mayer-Pinto et al., 2016; Nicastro and Bishop, 2013). In 368 

either case, it is likely these groups utilize trophic resources that are relatively less affected by artificial 369 

structure-associated changes, such as altered sediment characteristics and flow conditions. For instance, 370 

the particulate organic matter (POM) accessed by suspension-feeding chaetopterids may remain similar in 371 

composition and quality throughout a site, regardless of proximity to artificial structures or natural rocky 372 

shores. Repeating surveys in the outer portion of Sydney Harbor, which has greater oceanic flushing and a 373 

less intensive contamination history, would help to determine whether the response of these polychaete 374 

families varies under difference environmental conditions and stressors (Mayer-Pinto et al., 2018). 375 

Overall, we found seawalls and natural rocky shores to be functionally similar with respect to their 376 

potential effects on surrounding sedimentary environments. Although seawalls sediments were slightly 377 

finer than sediments on natural rocky shores, they had comparable organic content levels and C:N ratios. 378 

Sedimentary assemblages near seawalls were also more similar to those near natural rocky shores 379 

compared to pilings. This is consistent with comparisons of hard-bottom communities between these 380 

habitats. Although seawalls do not serve as surrogates for natural hard-bottom environments, seawall 381 

assemblages are typically more similar to natural epilithic communities than to piling communities 382 

(Glasby and Connell, 1999; Glasby et al., 2007). Seawall sediments did contain more woody debris than 383 



 

 

other habitat types; this was likely due to overhanging trees and terrestrial foliage observed at seawall 384 

sites. However, we found no significant relationships between woody detrital biomass and biotic response 385 

variables. Although woody debris appears to be of limited consequence ecologically, it may be indicative 386 

of land-use differences between artificial and natural shorelines (i.e. landscape parklands versus wild, 387 

unmanicured vegitation) that should be considered in future studies. 388 

Findings from this study highlight the potential role of artificial structures in shaping surrounding 389 

marine communities and emphasize the importance of structure type and design in determining ecosystem 390 

impacts. Though past studies have characterized sedimentary assemblages surrounding artificial 391 

structures (Davis et al., 1982; Ambrose and Anderson, 1990; Barros et al., 2001) and natural rocky shores 392 

(Posey and Ambrose, 1994; Dahlgren et al., 1999; Barros et al., 2001), to our knowledge, this is the first 393 

study to directly compare sediments between these habitat types. Further experimental work is needed to 394 

determine the mechanisms linking different types of artificial structures with surrounding sedimentary 395 

assemblages. Such an expanding mechanistic understanding would be valuable for managers concerned 396 

with nearshore development and coastal urbanization. By systematically identifying the precise features 397 

of artificial structures that are most crucial in shaping soft sediment communities and the spatial and 398 

temporal scale of their impact, it may be possible to develop ecological engineering alternatives that 399 

promote ecosystem health and conservation goals. Results from this study help to provide the foundation 400 

for such work by demonstrating that although seawalls may be functionally similar to natural rocky 401 

shores, pilings may cause changes to sediments that have important consequences for sedimentary 402 

ecosystems. 403 
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Tables and Figures 560 

Table 1. Results from models relating eight sediment and detritus variables to habitat type. For each 561 
sediment variable, fit of the habitat model (Y ~ Habitat) and a null model (Y ~ 1) were compared using 562 
log-likelihood (LL), the % deviance explained (% Dev), and AIC weights for small samples sizes 563 
(wAICc). The pairwise comparisons column shows the differences found in post-hoc tests between 564 
habitat types (N = natural rocky shores, S = seawalls, P = pilings), with significant difference indicated by 565 
the letters in parentheses. Only the most likely model (highest wAICc) for each response is shown. 566 
Sediment variables that were related to habitat type (in bold) were used as predictors in subsequent model 567 
comparisons (Tables 2, S2, and S3). 568 
 569 

Sediment characteristics  Error Model LL 
% 

Dev wAICc 
Pairwise 
comparisons 

Mean grain size Gaussian Y ~ Habitat 152.3 90.1 0.99 N (a) > S (b) > P (c)  
Organic content Gamma Y ~ Habitat 41.2 76.5 0.99 N,S (b) < P (a) 
Total macrophyte detritus Gamma Null -23.1 -- 0.96   
Kelp detrital biomass Gamma Null 8.8 -- 1.00   
    Kelp detritus (presence/absence) Logit Null -12.0 -- 0.85   
Leaf detrital biomass Gamma Null -11.8 -- 0.55   
    Leaf detritus (presence/absence) Logit Null -6.3 -- 0.57   
Woody detrital biomass Gamma Y ~ Habitat -3.0 47.6 0.92 S (a) > N (b) ; P (ab) 
    Woody detritus 
(presence/absence) Logit Null -6.3 -- 0.87   
Sediment δ13C Gaussian Null -74.8 -- 0.82   
Sediment δ15N Gaussian Null -45.3 -- 0.89   
C:N Gaussian Y ~ Habitat -83.1 39.0 0.84 N (a) > P (b) ; S (ab) 

 570 

  571 



 

 

Table 2. Summary of results from model comparisons for biotic response variables (diversity metrics, 572 
visually sorted macrofauna, and relative OTU abundances from eDNA). To identify the best predictor for 573 
each response, single-parameter GLMs were compared with an intercept-only (null) model. Responses 574 
(right column) are listed for all model comparisons in which a sediment predictor (left column) provided 575 
superior fit (based on wAICc), with significantly differing factor level or effect direction for each 576 
response-predictor correlation shown in the middle column. A complete summary of model comparison 577 
results is provided in Table S3.  578 

 579 

 580 

 581 

  582 

Best predictor

Factor/ 
effect 
direction Response

Habitat P ↑
N ↑

Acidimicrobiaceae (Acidimicrobiales)
Rhodovibrio  spp. (Rhodospirillales)

S ↑
Mean grain size positive

negative
Organic content positive

negative

Orders Acidimicrobiales, Nitrosomonadales, and 
Rhodospirillales (esp. Rhodovibrio  spp.)
Families Iamiaceae (esp. Iamia  spp.), Hyphomicrobiaceae, 
Rhodobiaceae (esp. Rhodobium  spp.)
Actinomyces  spp. (Actinomycetales)

Blastopirellula  spp. (Planctomycetales)

C:N ratio positive
negative

Paleonemertea (Nemerteans)

Hemicytherid ostracods (esp. Coquimba  spp.)
Surirellales diatoms (esp. Stenopterobia  spp.)
Biecheleria  spp. dinoflagellates

Woody detritus positive
negative

Gonyaulax spp. dinoflagellates

Bacteria (relative OTU abundances)

--

Eukaryotes (relative OTU abundances)

--

--

Gastropod biomass (visually sorted)

Lumbrinerid abundance (visually sorted)

Bacteria (relative OUT abundances)

--

Bicornucythere  ostracods (relative OTU abundance)

--

Bivalve abundance (visually sorted)



 

 

Table 3. Results of model comparisons of carbon and nitrogen signatures for capitellid, chaetopterid, and 583 
lumbrinerid polychaetes. For each response variable, the fit of six parameterized models (Y ~ Habitat, 584 
Mean Grain Size, Organic Content, Woody Debris, C:N ratio, or Site) and a null model (Y ~ 1) were 585 
compared via log-likelihood (LL), the % deviance explained (% Dev), and AIC weights for small samples 586 
sizes (wAICc). Only the most likely model (highest wAICc) for each response is shown. All models used 587 
a gaussian error structure and included only one fixed effect at a time. 588 

  Source Model LL 
% 

Dev wAICc Relationship 
Capitellids           
  δ13C Null -23.4 -- 0.47   

  δ15N Null -24.9 -- 0.43   

Chaetopterids           

  δ13C Null -47.7 -- 0.34   

  δ15N Null -57.6 -- 0.48   

Lumbrinerids           
  δ13C Null -26.1 -- 0.53   
  δ15N Y ~ Mean Grain Size -23.2 36.9 0.56 positive 

  Y ~ Organic Content -24.1 29.0 0.24 negative 

 589 

 590 

 591 



 

 

 592 

 
Fig. 1. Map of study area and collection sites (Balmain and Gore Cove). At each site, sediments were 
collected adjacent to natural rocky shores (circles), seawalls (squares), and pilings (triangles). 
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Fig. 2. Barplots of the sediment and detritus variables found to differ significantly between natural 
rocky shore sediments (N), and sediments adjacent to seawalls (S) and pilings (P). Letters above 
error bars represent differences as reflected by pairwise comparisons.  
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Fig. 3. Relationships between selected taxa abundance, biomass, or OTU abundance and key 
sediment variables. Plots are shown for the most abundant taxa among invertebrates (a-c), diatoms 
(d), dinoflagellates (e), and bacteria (f) for which there were significant correlations with sediment 
variables (Table 1) based on either visually sorted samples (a-b) or eDNA (18S or 16S data; c-f). 
Samples from natural rocky shore sediments are represented as black circles, seawall sediments as 
light gray squares, and pilings sediments as dark gray triangles. Dashed gray lines show the 
estimated relationships between biotic response variables and sediment predictor variables from 
GLMs (Tables 2 and S3).  
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Fig. 4. δ15N versus δ13C biplots of polychaete families and δ13C values from sediment samples 
(below dotted line). Points represent mean values and whiskers show standard errors on either side of 
the mean for Capitellids (blue), Chaetopterids (green), and Lumbrinerids (red). δ13C means and 
standard errors for sediments are shown at the bottom in black. Point shape coincides with habitat 
type (circles = natural rocky shore, squares = seawalls, and trianges = pilings). 
 



 

 

Supplementary materials 598 

 599 

Table S1. Sample sizes used for each sample type (polychaetes and sediments) in stable isotope analysis. 600 
The numbers provided for each site and habitat type (P: Piling, S: Seawall, N: Natural rocky shore) are 601 
the total number of isotope samples that were used, followed by the number of replicate grabs from which 602 
isotope samples were prepared (# isotope samples / # grabs). 603 
 604 
  Balmain   Gore Cove 
Sample Type P S N   P S N 
Capitellids 3 / 3 3 / 3 2 / 2   3 / 3 2 / 2 3 / 3 
Chaetopterids 5 / 3 5 / 2 4 / 3   6 / 3 3 / 2 2 / 2 
Lumbrinerids 3 / 3 3 / 3 2 / 2   2 / 2 2 / 2 2 / 2 
Sediments 11 / 4 12 / 4 12 / 4   9 / 3 12 / 4 7 / 3 

 605 

 606 

 607 



 

 

Table S2. Results from single-parameter PERMANOVAs comparing community composition (i) between habitat types (natural rocky shore (N) / 608 
seawall (S) / piling (P)), and relative to (ii) mean grain size, (iii) organic content, (iv) woody debris biomass, and (v) C:N ratio. Significant 609 
differences in post-hoc tests for habitat are indicated by the letters in parentheses. 610 
 611 

    
(i) Habitat   (ii) Mean Grain 

Size   (iii) Organic 
Content   (iv) Woody 

debris   (v) C:N ratio 
  

Community matrix F P   F P   F P   F P   F P Post-hoc tests 
16S - Bacteria 1.1 0.2912   1.1 0.3304   1.3 0.1754   1.3 0.2147   1.1 0.3202   
18S - Diatoms  0.9 0.5105   1.7 0.1350   1.1 0.3080   0.6 0.7183   1.9 0.0955   
18S - Dinoflagellates  0.9 0.6450   1.1 0.3599   0.8 0.6585   1.0 0.4251   1.3 0.1939   
18S - Invertebrates  1.0 0.4582   1.3 0.1829   1.0 0.3570   1.0 0.4191   1.4 0.1074   
Macrofauna (counts) 2.5 0.0023   3.7 <0.0001   2.5 0.0107   1.4 0.1863   2.5 0.0078 (a)N ≠ (b)P; (ab)S 
Macrofauna (biomass) 2.3 0.0122   3.4 0.0030   2.5 0.0224   0.8 0.5846   1.4 0.2144 (a)N ≠ (b)P; (ab)S 

 612 
 613 
 614 

 615 

 616 

 617 
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Table S3. Results of model comparisons for invertebrates, diatoms, dinoflagellates, bacteria, and archaea based on visually sorted samples and 619 
eDNA (18S or 16S) data. For each response variable, the fit of 6 parameterized models (Y ~ Habitat, Mean Grain Size, Organic Content, Woody 620 
Debris, C:N ratio, or Site) and a null model (Y ~ 1) were compared via log-likelihood (LL), the % deviance explained (% Dev), and AIC weights 621 
for small samples sizes (wAICc). Only the best model (i.e. highest model weight) is shown for each response variable. For continuous predictor 622 
variables, the Relationship column on the right specifies whether the correlation is positive or negative. Where Habitat was the best predictor, the 623 
Relationship column shows the differences found in post-hoc tests between habitat types (N = natural rocky shores, S = seawalls, P = pilings), with 624 
significant difference indicated by the letters in parentheses. 625 

Response   Model LL 
% 
Dev wAICc Relationship 

Visually Sorted Macrofauna (> 0.5 mm)             
  Total abundance Neg. Bin. Null -88.2  -- 0.19   
  Species richness Poisson Null -40.7  -- 0.58   
  Species evenness Gamma Null 0.5 -- 0.39   
  Shannon diversity Gaussian Y ~ Site -7.9 33.0 0.78   
  Individual taxa             
    Bivalve abundance Neg. Bin. Y ~ Mean Grain Size -52.2 4.4 0.87 positive 
    Gastropod presence/absence Logit Y ~ Habitat -4.2 48.8 0.42 (a)N < (b)S,P 
    Gastropod biomass Gamma Y ~ Organic Content 38.3 67.3 0.68 negative 
    Lumbrinerid abundance Neg. Bin. Y ~ Habitat -30.1 18.2 0.97 (a)N,S < (b)P 
    Lumbrinerid presence/absence Logit Y ~ Habitat -4.1 66.8 0.78 (a)N < (b)P; (ab)S 
    Tanaid abundance Neg. Bin. Y ~ Organic Content -18.4 14.2 0.30 negative 
    Tanaid presence/absence Logit Y ~ Habitat -8.0 33.6 0.43 (a)N > (b)P; (ab)S 
18S Data > Invertebrates             
  Total relative OTU abundance Beta Null 18.1 -- 0.53   
  OTU richness Neg. Bin. Null -80.7 -- 0.54   
  OTU evenness Gamma Null 50.8 -- 0.46   
  OTU Shannon diversity Gaussian Null -11.1 -- 0.53   
  Individual taxa (Relative OTU abundances)             
    Paleonemertea (Nemerteans) Beta Y ~ C:N 25.1 14.1 0.95 negative 
    Hemicytheridae (Podocopid ostracods) Beta Y ~ C:N 45.3 16.6 0.76 negative 
      Coquimba spp. Beta Y ~ C:N 48.4 24.5 0.64 negative 
    Bicornucythere spp. (Trachyleberididae, 

Podocopid ostracods) 
Beta Y ~ Mean Grain Size 35.5 2.9 0.40 positive 

18S Data > Diatoms             
  Total relative OTU abundance Beta Null 18.2 -- 0.44   
  OTU richness Neg. Bin. Null -72.9 -- 0.46   
  OTU evenness Gamma Null 40.8 -- 0.43   
  OTU Shannon diversity Gaussian Null -7.2 -- 0.27   
  Individual taxa (Relative OTU abundances)             



 

 

    Sellaphora spp. (Order Naviculales) Beta Y ~ Site 50.0 2.0 0.67   
    Surirellales Beta Y ~ C:N 37.7 9.1 0.52 negative 
      Stenopterobia spp. Beta Y ~ C:N 42.5 19.4 0.94 negative 
18S Data > Dinoflagellates             
  Total relative OTU abundance Beta Null 18.1 -- 0.42   
  OTU richness Neg. Bin. Null -60.8 -- 0.45   
  OTU evenness Gamma Null 32.8 -- 0.49   
  OTU Shannon diversity Gaussian Null -14.0 -- 0.29   
  Individual taxa (Relative OTU abundances)             
    Biecheleria spp. (Order Suessiales) Beta Y ~ C:N 33.8 8.9 0.54 negative 
    Gonyaulax spp. (Order Gonyaulacales) Beta Y ~ Organic Content 42.7 7.4 0.44 positive 
16S Data > Bacteria             
  Total relative OTU abundance Beta Y ~ Organic Content 23.0 2.1 0.53 positive 
  OTU richness Neg. Bin. Null -90.2 -- 0.51   
  OTU evenness Gamma Null 58.5 -- 0.35   
  OTU Shannon diversity Gaussian Null -21.1 -- 0.42   
  Relative OTU abundances             
    Acidimicrobiales Beta Y ~ Organic Content 55.6 29.5 0.47 negative 
      Acidimicrobiaceae Beta Y ~ Habitat 75.7 25.1 0.53 (a)N > (b)S,P 
      Iamiaceae (Iamia spp.) Beta Y ~ Organic Content 59.5 28.2 0.53 negative 
    Actinomyces spp. (Actinomycetales) Beta Y ~ Organic Content 42.1 37.8 0.61 negative 
    Nitrosomonadales (Nitrosomonadaceae) Beta Y ~ Organic Content 71.2 25.9 0.64 negative 
    Blastopirellula spp. (Planctomycetales) Beta Y ~ Organic Content 55.4 6.5 0.49 negative 
    Hyphomicrobiaceae (Rhizobiales) Beta Y ~ Organic Content 51.8 20.8 0.46 negative 
    Rhodobiaceae (Rhizobiales) Beta Y ~ Organic Content 54.9 32.4 0.78 negative 
      Rhodobium spp. Beta Y ~ Organic Content 59.5 46.9 0.48 negative 
    Rhodospirillales (Rhodospirillaceae) Beta Y ~ Organic Content 39.3 1.3 0.67 negative 
      Rhodovibrio spp. Beta Y ~ Habitat 67.0 26.3 0.56 (a)N > (b)S,P 
16S Data > Archaea             
  Total relative OTU abundance Beta Null 19.9 -- 0.27   
  OTU richness Neg. Bin. Null -31.5 -- 0.46   
  OTU evenness Gamma Null 13.2 -- 0.47   
  OTU Shannon diversity Gaussian Null -8.9 -- 0.47   

 626 
 627 

 628 

  629 



 

 

Table S4. Results from SIMPER analysis, showing taxa that contributed most (cumulative contributions up to 0.85) to the differences in 630 
macrofaunal abundance between natural rocky shore (N) with pilings (P) sediments. Mean abundances from natural rocky shores, seawalls (S), 631 
and pilings are provided in the first three columns, followed by the average contribution to overall dissimilarity (Avg), the standard deviation of 632 
the contribution (sd), the ratio of dissimilarity contribution to standard deviation (ratio), and the cumulative contribution (total).   633 
 634 

635 

Species N S P Avg sd ratio total
Gastropods 52.8 48.7 12.3 0.37 0.14 2.63 0.44
Bivalves 21.3 6.7 2.2 0.13 0.07 1.73 0.59
Lumbrinerids 0.0 2.3 7.5 0.12 0.11 1.12 0.74
Capitellids 1.0 3.8 4.0 0.06 0.07 0.89 0.81
Spirorbids 6.0 1.5 0.0 0.03 0.04 0.81 0.85

Overall dissimilarity = 0.85

Mean abundance Contribution to Dissimilarity (N vs P)



 

 

 636 

 637 
 638 

Fig. S1. Scatterplots showing the relationship between the three selected predictor variables that were 639 
collinear: mean grain size, organic content, and C:N ratio. Correlation coefficients and p-values are 640 
provided at the top of each plot. Habitat type is reflected by different symbols, with circles for natural 641 
rocky shore, plus signs for seawall, and triangles for pilings sediments. 642 
 643 
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