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2. Abstract 20 

Coastal seascapes are increasingly dominated by artificial structures of limited ecological value. 21 

This study tested whether 3D-printed eco-engineered wraps, designed to recreate natural 22 

intertidal rock-pool habitat, can enhance biodiversity and buffer thermal extremes when retrofitted 23 

to marine piles in a tropical urban estuary (Townsville, Australia). Epibenthic assemblages on 24 

eco-engineered and control piles were surveyed at 2, 4, 7, 9 and 12 months after deployment, 25 

across shaded and sun-exposed orientations and three tidal heights, while temperature was 26 

logged hourly inside and outside the rock pools and on control piles. The rock pools were 27 

consistently cooler than control surfaces, by approximately 0.8 °C on average and up to 1 °C on 28 

shaded aspects, and buffered extremes far more strongly, reducing the highest recorded 29 

temperature by up to 6.5 °C. Eco-engineered piles supported a distinct and more diverse 30 

assemblage than control piles (functional-group richness 2.8 versus 1.6; Shannon diversity 0.71 31 

versus 0.26), and this difference widened as colonisation proceeded. Control piles converged on 32 

a barnacle-dominated monoculture and lost cover late in the study, whereas eco-engineered piles 33 

maintained high cover and little bare space (88% versus 60% cover at twelve months). Tube 34 

worms were largely restricted to eco-engineered piles, and crabs were frequently observed 35 

sheltering within the wraps, although neither was quantified by the survey method. This spatial 36 

concordance between thermal buffering and biodiversity indicates microhabitat-scale thermal 37 

refuge as a plausible mechanism. Retrofitting piles with eco-engineered wraps can therefore 38 

enhance biodiversity and moderate thermal extremes, supporting eco-engineering for ecological 39 

enhancement of urban seascapes. 40 

 41 

 42 
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3. Introduction 44 

Coastlines worldwide are increasingly being replaced by artificial structures, including 45 

seawalls, breakwaters, groynes, jetties, marinas and piles, as coastal populations expand and 46 

hard defences built to protect infrastructure against rising seas, a process collectively termed 47 

"ocean sprawl" (Firth et al., 2016; Neumann et al., 2015). The scale of this transformation is 48 

considerable: the global footprint of marine built structures was estimated at approximately 32,000 49 

km² in 2018 and is projected to reach around 39,400 km² by 2028 (Bugnot et al., 2021). Hardening 50 

is most pronounced in urbanised settings, where built structures occupy more than half (52.9 ± 51 

4.9%) of the adjacent coastline across 30 major coastal cities worldwide (Floerl et al., 2021). This 52 

transformation is expected to accelerate with continued coastal development, sea-level rise and 53 

increasingly frequent and intense storms (Bulleri & Chapman, 2010). 54 

Despite superficially resembling the rocky reefs they replace, artificial structures do not 55 

function as ecological surrogates for natural hard substrata, instead supporting distinct and 56 

generally impoverished epibiotic assemblages (Bulleri & Chapman, 2010; Dennis et al., 2018). 57 

Constructed surfaces such as seawalls are typically smooth, steeply sloping and topographically 58 

homogeneous, lacking the crevices, pits, overhangs and water-retaining or shaded microhabitats 59 

characteristic of natural shorelines. This simplification limits larval survival and the persistence of 60 

many taxa, and is associated with a particular paucity of mobile species relative to nearby natural 61 

shores (Perkol-Finkel et al., 2019). Artificial structures also tend to favour opportunistic and non-62 

indigenous species, and can act as foci for the establishment and spread of marine invaders 63 

(Glasby et al., 2007). The cumulative outcome is biological homogenisation and a loss of 64 

ecological value along urbanised coasts, the deficit that ecological engineering has emerged to 65 

address. 66 

In response to ocean sprawl, the ecological engineering (hereafter eco-engineering) of 67 

artificial structures has emerged as a means of enhancing the ecological value of marine 68 

infrastructure, while promoting nature-positive function (Firth et al., 2020; O’Shaughnessy et al., 69 

2020). Framed as the "greening of grey infrastructure" and aligned with the broader agenda of 70 

nature-based solutions, the approach seeks to design or retrofit structures so that they support 71 

similar, or more, diverse assemblages, reconciling coastal protection with nature-positive 72 

outcomes (Airoldi et al., 2021; Dafforn et al., 2015; Firth et al., 2016). In practice, this is achieved 73 

largely by reinstating the habitat complexity that built surfaces lack, adding texture, crevices, pits, 74 

holes and other features that broaden the range of niches and refuges available to colonising 75 

organisms (Strain et al., 2018). 76 



   

 

A growing body of evidence indicates that such interventions are frequently effective, with 77 

global syntheses reporting that the majority increase the abundance or richness of target 78 

organisms relative to unmodified controls (Gad et al., 2026; O’Shaughnessy et al., 2020; Strain 79 

et al., 2018). This evidence base is, however, unevenly distributed across structure types and 80 

designs, and the benefits of any given design are far from universal. Efficacy varies with the target 81 

taxa, the dominant local stressors and the habitat setting, so interventions that succeed on one 82 

structure or in one region need not transfer to others (Strain et al., 2018). Together, these 83 

imbalances leave substantial gaps for the structure types, design features and environmental 84 

settings that remain under-represented in the literature. 85 

Despite expansion in coastal areas, a recent global review identified that seawalls and 86 

breakwater-type structures together accounted for almost three-quarters of eco-engineering 87 

interventions, whereas pylons and piles were the least recognised and studied, at just 4% (Gad 88 

et al., 2026). Design guidance reflects the same imbalance, treating over-water structures such 89 

as piers and their supporting piles as a minor category, for which only ecological encasement 90 

jackets and synthetic free-hanging ropes have been trialled (O’Shaughnessy et al., 2020). Piles 91 

are nonetheless among the most ubiquitous elements of urbanised waterways and support 92 

epibenthic assemblages distinct from those of both natural reefs and other artificial structures 93 

(Glasby, 1999); their vertical, cylindrical form, orientation and exposure differ markedly from those 94 

of seawalls, so designs developed for vertical or sloping walls cannot be assumed to perform 95 

equivalently. 96 

Evidence from tropical regions is also scarce, and studies typically report biodiversity 97 

outcomes without quantifying the environmental conditions that interventions create, thermal 98 

regime among them (Gad et al., 2026). This is a notable omission, because water-retaining, rock-99 

pool-mimicking features are among the designs most likely to ameliorate thermal and desiccation 100 

stress: on an eco-engineered seawall in Sydney Harbour, rock-pool and crevice panels that 101 

retained moisture and remained cooler than surrounding surfaces supported taxa that were 102 

otherwise absent (Bishop et al., 2022). Such designs have rarely been applied to piles, and 103 

seldom in the tropics, where thermal stress is most severe (Waltham & Sheaves, 2020). 104 

Accordingly, the objective of this study is to evaluate whether retrofitting marine piles with 105 

novel 3D-printed eco-engineered wraps, designed to simulate natural rock-pool microhabitats, 106 

enhances biodiversity and moderates thermal extremes compared to unmodified piles in a tropical 107 

urban estuary (Ross Creek, Townsville, Australia). Over a twelve-month field experiment, eco-108 

engineered and control piles were compared across shaded and sun-exposed orientations and 109 

tidal heights. Specifically, this study aims to: (I) quantify the effect of the eco-engineered piles on 110 



   

 

the composition, functional-group richness, diversity and cover of the sessile epibenthic 111 

assemblage across twelve months of colonisation; (II) characterise the thermal regime of the eco-112 

engineered microhabitats, including mean temperature, diurnal range and thermal extremes, 113 

relative to unmodified surfaces; (III) determine how orientation and tidal height influence both the 114 

assemblage and the thermal environment; and (IV) assess the spatial concordance between the 115 

biological and thermal responses in order to evaluate thermal refuge provision as a mechanism 116 

underlying any biodiversity gains. By pairing repeated biological surveys with continuous 117 

temperature logging, this study provides the first integrated assessment of the ecological and 118 

thermal performance of eco-engineered piles. 119 

 120 

4. Methodology 121 

4.1. Study site 122 

The study was conducted in Ross Creek, a tidal estuary in central Townsville, north-123 

eastern Queensland, Australia (Fig. 1). The study site was located approximately 2.3 km from the 124 

creek entrance. Situated within the city centre and flanked by major port and urban infrastructure, 125 

the site is representative of a highly urbanised tropical estuary in the region (Waltham & Sheaves, 126 

2018). The eco-engineered wraps were three-dimensionally (3D) printed units designed by Reef 127 

Design Lab to recreate natural rock-pool microhabitats and were retrofitted to the support piles of 128 

a boardwalk along this stretch of the creek. 129 

The region experiences a dry tropical climate, with mean annual rainfall of approximately 130 

1139.9 mm falling predominantly between December and March, and mean monthly air 131 

temperatures ranging from approximately 28 °C in July to 32 °C in January (Tavares et al., 2025). 132 

Tides are semidiurnal and mesotidal, with an average mean sea level of 2.023 m and a spring 133 

range of approximately 0.7-3.3 m (Maritime Safety Queensland, 2025). The creek receives urban 134 

stormwater and carries a high suspended-sediment load, and the shoreline is largely armoured 135 

with rock revetment, with remnant mangroves persisting in places. 136 



   

 

 137 

Fig. 1 Study Site and Experimental Setup. (A) Location of the Ross Creek boardwalk study site in 138 
Townsville, north-eastern Australia (red circle), with the position of Townsville on the Australian coast inset 139 
(basemap imagery: Esri, i-cubed, USDA, USGS, AEX, GeoEye, Getmapping, Aerogrid, IGN, IGP, UPR-140 
EGP, and the GIS User Community). (B) Layout of eco-engineered and control piles on Ross Creek 141 
boardwalk (Google Earth, 2026). (C) An eco-engineered wrap clamped to a boardwalk pile at deployment 142 
(month 0), showing the moulded concrete rock-pool surface and the clamps securing it to the pile. (D) The 143 
same wrap design after seven months of colonisation. (E) An unmodified control pile after seven months, 144 
colonised predominantly by barnacles. (F) Close-up of the water-retaining rock pools on a colonised eco-145 
engineered pile, showing two iButton temperature loggers in waterproof housings (Thermochron DS1921G; 146 
black discs) 147 

 148 

4.2. Eco-engineered piles and experimental design 149 

The boardwalk is supported by 16 piles, of which nine were fitted with eco-engineered 150 

wraps while seven were unmodified as controls (Fig. 1B). At each survey event, five eco-151 

engineered and five control piles were selected at random from those available and surveyed. Six 152 

quadrats were sampled per pile: one at each of three tidal heights (low, mid and high) on each of 153 

two aspects (sun-exposed and shaded). 154 

The eco-engineered piles were modified using three-dimensionally (3D) printed eco-155 

engineered wraps designed by Reef Design Lab as part of the Living Seawall project and cast in 156 



   

 

concrete (Fig. 1C). Each wrap was 115 cm tall and 38 cm wide, and its surface was moulded into 157 

a rock-pool design of 21 water-retaining depressions ("rock pools") with a mean depth of 158 

approximately 7 cm (see Fig. 1C and 1F). 159 

Two wraps were clamped around each eco-engineered pile, giving 18 wraps in total. On 160 

each pile, the two wraps were positioned so that their vertical centre was situated at mean tide 161 

level, thereby spanning the low to high intertidal zone, and faced in opposite directions: one 162 

towards the open creek and sun-exposed, the other towards the adjacent rock-armoured bank 163 

and shaded. This created a within-pile contrast in solar exposure, hereafter "orientation", and the 164 

equivalent sun-exposed and shaded aspects were distinguished on control piles. At installation, 165 

all piles, both eco-engineered and control, were scraped clean to remove existing epibiota, 166 

predominantly barnacles, to standardise starting conditions between treatments. 167 

The experiment ran for twelve months, with surveys conducted at approximately two- to 168 

three-month intervals, at 2, 4, 7, 9 and 12 months after deployment. While temperature was 169 

continuously monitored throughout the whole period. 170 

 171 

4.3. Epibenthic assemblage surveys 172 

The epibenthic assemblage was surveyed non-destructively using a point-intercept 173 

method (Bishop et al., 2022). On each sampling occasion, a 25 × 25 cm quadrat fitted with a 174 

regular grid of 25 intersection points was placed against the pile surface, and the sessile organism 175 

(or bare substratum) lying directly beneath each point was recorded. Each point therefore 176 

represented 4% of the quadrat area, and counts of the 25 points were converted to percentage 177 

cover for each category. 178 

Organisms were assigned to four sessile functional groups, distinguished by morphology, 179 

growth form and habitat-forming role rather than by trophic function: barnacles, macroalgae, 180 

bivalves and tube worms. Functional groups were assigned to species in preference to species-181 

level identification for three reasons. First, the experiment relied on repeated, non-destructive 182 

survey campaigns on the same structures on five occasions, which precluded the removal and 183 

destructive sampling that species-level identification of encrusting taxa generally requires. 184 

Second, several of the colonising taxa cannot be separated reliably in the field and require 185 

microscopic examination of skeletal, structural or reproductive features, so field assignment to 186 

species would have introduced inconsistency between surveys and observers. Third, functional 187 

composition rather than species identity was the ecological response of interest: the eco-188 

engineered piles were designed to provide structural microhabitat, and the question addressed 189 



   

 

here is whether they altered the balance of habitat-forming groups occupying the surface, not 190 

which particular species colonised it. Richness reported here is therefore functional-group 191 

richness, bounded at four, and is not equivalent to species richness. 192 

Mobile fauna, principally gastropods and crabs, were observed on the piles but were not 193 

quantified as they moved away as observers approached the piles by boat. Any records falling 194 

within quadrats were assigned to a separate "other" category and are not analysed here, since 195 

the fixed-point, single-occasion method undersamples motile animals and does not provide a 196 

reliable estimate of their abundance. Other Studies of eco-engineered panels on seawalls have 197 

quantified both mobile and sessile taxa (Bishop et al., 2022), but those structures are accessible 198 

on foot at low tide, whereas the cylindrical geometry of piles and the need to survey from a boat 199 

made reliable counts of mobile animals impractical here. 200 

At each survey, quadrats were positioned on both the sun-exposed and shaded aspects 201 

of each pile (orientation) and at three intertidal heights: low, mid and high, so that the full 202 

orientation × tidal-height combination was sampled on every pile. Quadrats were haphazardly 203 

placed at each orientation–height rather than at fixed, permanently marked positions, so that each 204 

survey constituted an independent sample of colonising fauna on the available surfaces.  205 

 206 

4.4. Surface temperature monitoring  207 

 208 

The thermal environment of the surface of eco-engineered and control piles was recorded 209 

using Thermochron iButton temperature loggers (model DS1921G; Maxim Integrated/Analog 210 

Devices) housed in waterproof casings (Fig. 1F). Loggers were programmed to record hourly from 211 

01 March 2025 to 11 February 2026. 212 

To resolve the thermal effect of the eco-engineered piles at the scale of the microhabitats 213 

they create, loggers were deployed in three positions (hereafter "microhabitat"): within the water-214 

retaining rock pools of the eco-engineered piles ("eco inside"); on the outer surface of the eco-215 

engineered piles, between the rock pools ("eco outside"); and on the surface of unmodified control 216 

piles ("control") (Fig. 1E and 1F). These positions were replicated across both the sun-exposed 217 

and shaded aspects (orientation) on three eco-engineered and three control piles. Loggers were 218 

deployed in triplicate at each position, all at mid-tide height; thermal data were therefore collected 219 

only at this tidal level. 220 

 221 



   

 

4.5. Data Analysis 222 

Multivariate and univariate analyses were used to test the effects of the eco-engineered 223 

piles on the sessile assemblage. Multivariate differences in assemblage composition were tested 224 

using permutational multivariate analysis of variance (PERMANOVA) on Bray–Curtis dissimilarity 225 

matrices calculated from square-root-transformed percentage covers of the four functional groups 226 

(barnacles, macroalgae, bivalves and tube worms); the transformation was applied to prevent the 227 

most abundant group (barnacles) from dominating the dissimilarity measure. Because quadrats 228 

were sampled at random within each pile rather than as repeatedly marked plots, the pile was 229 

treated as the unit of replication. The effects of survey month, tidal height and orientation, and 230 

their interactions with treatment, were tested using permutations constrained within piles, whereas 231 

the main effect of treatment, which varied among, rather than within piles, was tested separately 232 

on pile-level mean covers. Multivariate dispersion was compared among treatments using 233 

PERMDISP to confirm that any treatment effect reflected a genuine difference in composition 234 

rather than heterogeneity of dispersion; assemblage patterns were visualised using non-metric 235 

multidimensional scaling (nMDS), and the functional groups driving treatment differences were 236 

identified using similarity percentages (SIMPER) analysis. 237 

Univariate responses, functional-group richness, Shannon diversity, total sessile cover, 238 

bare space and the covers of individual functional groups, were analysed using generalised linear 239 

mixed models (GLMMs), where pile was treated as a random effect to account for the repeated 240 

sampling of each structure, with treatment, survey month, tidal height and orientation, and their 241 

interactions, treated as fixed effects. Error structures appropriate to each response were used. 242 

Total cover and bare space, recorded as the number of points occupied out of 25, were modelled 243 

as binomial responses using beta-binomial distributions rather than being arcsine-transformed, 244 

since logistic regression offers greater interpretability and power than transformation for data of 245 

this kind, with overdispersion accommodated through the error structure and random effects 246 

rather than by transforming the response (Warton & Hui, 2011). Functional-group richness was 247 

modelled using a generalised Poisson distribution, which was preferred over the Poisson after 248 

the latter showed underdispersion, and Shannon diversity using a Gaussian distribution. 249 

Functional groups that were largely confined to one treatment or that colonised only later in the 250 

experiment were analysed on the relevant subset of the data; macroalgae and tube worms, which 251 

were essentially absent from control piles, were analysed within eco-engineered piles only, where 252 

the effects of orientation and tidal height could still be tested. Fixed effects were assessed using 253 

Type III Wald tests, and estimated marginal means and pairwise contrasts, with 95% confidence 254 



   

 

intervals, were obtained on the response scale, and model adequacy was checked using 255 

simulation-based residual diagnostics. 256 

The thermal environment was characterised from three daily metrics derived for each 257 

logger: mean, maximum and diurnal range (the amplitude difference between daily maximum and 258 

minimum) of temperature. Each metric was analysed using a linear mixed model with microhabitat 259 

(control surface, eco-engineered outer surface and eco-engineered rock-pool interior), 260 

orientation, and their interaction as fixed effects, and day as a random effect, so that microhabitats 261 

were compared within shared days. 262 

No fixed significance threshold was applied (Smith, 2020). Each test is reported with its 263 

statistic, degrees of freedom, actual p value and sample size, and interpretation rests on the 264 

direction and magnitude of effects, given as estimated marginal means, differences or odds ratios 265 

with 95% confidence intervals. All p values are given to two significant figures; values below 266 

0.0001 are reported as p < 0.0001. For the permutation tests, the smallest attainable p value is 267 

0.0001 with 9999 permutations and approximately 0.0013 for the pile-level test, where five control 268 

and seven eco-engineered piles allow 792 distinct assignments of piles to treatments. 269 

Analyses were conducted in R (Team, 2026) using RStudio (version 2026.05.0), with the 270 

vegan, glmmTMB, car, emmeans and DHARMa packages. The study-site map (Fig. 1A and 1B) 271 

was produced in R using the sf, ggplot2, maptiles, tidyterra, rnaturalearth, ggspatial and cowplot 272 

packages.   273 



   

 

5. Results 274 

5.1. Epibenthic assemblages 275 

Four sessile functional groups colonised the piles over the twelve-month experiment: 276 

barnacles, bivalves (predominantly oysters), macroalgae and tube worms. Other taxa, principally 277 

molluscs (snails) and crabs, were observed on the piles during surveys but were not captured by 278 

the quadrats and are not considered further. The assemblage that developed on the eco-279 

engineered piles differed consistently from that on control piles in its overall composition, in its 280 

diversity and cover, and in the identity and abundance of its dominant groups, with these 281 

differences developing over the study and varying with tidal height and orientation. 282 

5.1.1. Assemblage composition 283 

Eco-engineered and control piles developed compositionally distinct sessile assemblages, 284 

although the degree of separation varied through the study (Fig. 2). The ordination a non-metric 285 

multidimensional scaling (nMDS; stress = 0.18) of the square-root-transformed Bray–Curtis 286 

dissimilarities among quadrats, shows the two treatments overlapping broadly at the first survey 287 

(2 months), when both surfaces still carried sparse, early-colonising assemblages, then 288 

separating clearly through the middle of the study (most distinctly at 7–9 months) before 289 

converging again by the final survey (12 months). The difference was in the identity of the groups 290 

occupying space rather than in the amount of space occupied. Barnacles dominated the available 291 

space on both, but control surfaces remained an essentially single-taxon, barnacle-dominated 292 

assemblage, whereas eco-engineered surfaces developed a more mixed community in which 293 

bivalves, macroalgae and tube worms were prominent. Tube worms were effectively confined to 294 

the eco-engineered piles and, together with bivalves and macroalgae, accounted for most of the 295 

compositional difference between treatments (SIMPER; Online Resource 1, Table S2); barnacles, 296 

despite their abundance, did little to distinguish the two. A small number of quadrats in each 297 

survey fell outside the treatment ellipses. These were quadrats with low total cover or dominated 298 

by a single group, in which one or two intercepted points determined the entire composition, 299 

producing dissimilarities distant from the treatment centroid. 300 

Averaged over the study, this compositional difference was strong and reflected a shift in 301 

the assemblage rather than greater variability among eco-engineered piles (pile-level 302 

PERMANOVA on pile means, n = 12 piles, five control and seven eco-engineered: pseudo-F₁,₁₀ 303 

= 12.14, R² = 0.55, p = 0.0013; PERMDISP: F₁,₁₀ = 0.03, p = 0.86). The difference was not fixed 304 

but changed as colonisation proceeded, and varied with orientation and tidal height (quadrat-level 305 

PERMANOVA with permutations restricted within piles, n = 270 quadrats: Treatment × Time R² = 306 



   

 

0.03, Treatment × Orientation R² = 0.02, Treatment × Time × Tide R² = 0.05, all p = 0.0001). As 307 

expected for a developing intertidal community, assemblage structure was shaped most strongly 308 

by time since deployment and by tidal height (the two largest sources of variation, explaining 22% 309 

and 11% of compositional variation respectively, both p = 0.0001), with orientation a smaller but 310 

consistent influence (R² = 0.02, p = 0.0001). Full test statistics and degrees of freedom for every 311 

term are given in Online Resource 1 (Online Resource 1, Table S2). 312 

 313 

 314 

Fig. 2 Non-metric multidimensional scaling (nMDS) ordinations of sessile assemblage composition, shown 315 

separately for each survey month (2, 4, 7, 9 and 12 months after deployment), based on Bray**-Curtis 316 

dissimilarities of square-root-**transformed functional-group cover. Each point is a quadrat, coloured by 317 

treatment, with ellipses showing 95% confidence regions. All panels derive from a single ordination (stress 318 

= 0.175), so positions are comparable across months 319 

 320 



   

 

5.1.2. Pile assemblage diversity, richness, and cover 321 

Eco-engineered piles were consistently more diverse than control piles. Across all five 322 

surveys they supported nearly twice the functional-group richness (on average 2.8 versus 1.6 323 

groups per quadrat; n = 150 eco-engineered and 120 control quadrats on 12 piles) and more than 324 

double the Shannon diversity (0.71 versus 0.26), differences that were already present at the first 325 

survey and strongly supported by the models (generalised linear mixed models, Wald χ² tests: 326 

richness, treatment χ²₁ = 49.6, p < 0.0001; Shannon diversity, treatment χ²₁ = 27.2, p < 0.0001; 327 

Fig. 3). This contrast reflected the barnacle monoculture that developed on control surfaces: 328 

control assemblages became progressively dominated by a single group and collapsed in 329 

diversity, whereas eco-engineered surfaces maintained a mix of groups throughout. The eco-330 

engineered richness advantage also widened as colonisation proceeded (Treatment × Time, χ²₄ 331 

= 11.3, p = 0.024), with weaker evidence of change through time for diversity (Treatment × Time 332 

χ²₄ = 9.2, p = 0.056), and both richness and diversity declined from the low to the high shore (tide: 333 

richness χ²₂ = 63.1, p < 0.0001; Shannon diversity χ²₂ = 10.6, p = 0.0051). 334 

Total cover followed a more dynamic trajectory (Fig. 3; beta-binomial GLMM, n = 270 335 

quadrats, 54 per survey; values below are model-estimated means with 95% confidence intervals, 336 

averaged over orientation and tidal height, and odds ratios are control relative to eco-engineered). 337 

Eco-engineered piles already carried more cover than control piles at the first survey (46% [40 to 338 

52] versus 36% [30 to 42]; odds ratio 0.665, p = 0.029), but the two converged as space filled 339 

rapidly on both treatments through the middle of the study (77% versus 75% at 4 months, p = 340 

0.62; 84% versus 81% at 7 months, p = 0.48). They then diverged sharply: control cover declined 341 

over the final surveys while eco-engineered cover was maintained (88% versus 68% at 9 months, 342 

p < 0.0001), so that by 12 months eco-engineered piles carried far more cover than control piles 343 

(88% [84 to 91] versus 60% [52 to 67]; odds ratio 0.205, p < 0.0001). Bare space showed the 344 

mirror-image pattern, only slightly lower on eco-engineered surfaces early on (55% versus 64% 345 

at 2 months, p = 0.032), but far lower by the end of the study (12% [9 to 16] versus 37% [29 to 346 

45]; odds ratio 4.32, p < 0.0001), indicating that eco-engineered surfaces not only accrued cover 347 

faster but retained it as control surfaces lost it. Across treatments, cover was higher on the 348 

shaded, rock-facing aspect and declined toward the high shore (Fig. 3). 349 



   

 

 350 

Fig. 3 Sessile assemblage responses on eco-engineered and control piles over the twelve-month 351 
experiment: total sessile cover (%), bare space (%), functional-group richness, and Shannon diversity (H′). 352 
Points show estimated marginal means from the generalised linear mixed models, averaged over tidal 353 
height and orientation, with shaded bands showing 95% confidence intervals (eco-engineered, blue; 354 
control, grey) 355 

 356 

5.1.3. Functional groups responses 357 

Barnacles were the dominant space-occupier on both treatments and differed little in 358 

overall cover between eco-engineered and control piles (beta-binomial GLMM, treatment p = 359 

0.65; Fig. 4). What differed was their relative dominance through time: on control surfaces 360 

barnacles came to monopolise the available space, whereas on eco-engineered surfaces they 361 

remained interleaved with other groups (Treatment × Time, χ²4 = 23.0, p = 0.00013). Model-362 

estimated barnacle cover was higher on control than on eco-engineered piles at 4 months (68% 363 

versus 53%; odds ratio 1.91, z = 3.425, p = 0.0006) and at 7 months (62% versus 43%; odds ratio 364 



   

 

2.12, z = 4.386, p < 0.0001), but similar at 12 months (59% versus 63%; odds ratio 0.867, z = 365 

−0.776, p = 0.44). The eco-engineered assemblage was therefore richer not through any 366 

reduction in barnacles, but through the addition of other groups alongside them. 367 

The groups that distinguished the two treatments were bivalves, macroalgae and tube 368 

worms. Bivalves established later in the study and increasingly favoured eco-engineered piles 369 

(Treatment × Time, χ²₂ = 50.0, p < 0.0001; n = 162 quadrats from the 7, 9 and 12-month surveys), 370 

reaching far greater cover than control piles by 12 months (Fig. 4). Macroalgae were almost 371 

entirely restricted to eco-engineered surfaces, with mean cover of 6.4% on eco-engineered piles 372 

versus 1.1% on control piles (n = 150 and 120 quadrats), too scarce on control piles to model 373 

formally; they were present through the first part of the study but had largely disappeared by the 374 

final survey. Most strikingly, tube worms were effectively an eco-exclusive group: they were 375 

absent from control piles at every survey (0 of 120 control quadrats, against a mean cover of 8.1% 376 

across the 150 eco-engineered quadrats) and, as one of the three groups that together accounted 377 

for 70% of the dissimilarity between treatments (SIMPER; Online Resource 1, Table S2), formed 378 

the clearest signature of the eco-engineered treatment. 379 

Within the eco-engineered piles (n = 150 quadrats on seven piles), these habitat-formers 380 

were strongly structured by orientation and tidal height. Tube worms were concentrated on the 381 

shaded, rock-facing aspect and in the lower intertidal: model-estimated cover was 11.1% (95% 382 

CI 9.3 to 13.1) on shaded surfaces versus 2.4% (1.7 to 3.3) on sun-exposed surfaces (orientation 383 

χ²₁ = 90.3, p < 0.0001), and declined from 9.5% on the low shore to 2.3% on the high shore (tide 384 

χ²₂ = 52.9, p < 0.0001). Macroalgae showed the opposite orientation preference, being more 385 

abundant on the sun-exposed aspect (orientation χ²₁ = 9.3, p = 0.0023; n = 120 quadrats from 386 

the 2 to 9-month surveys). 387 



   

 

 388 

Fig. 4 Mean cover (%) of four sessile functional groups (barnacles, bivalves, macroalgae and tube worms) 389 
on eco-engineered and control piles over the twelve-month experiment. Points show mean cover across 390 
quadrats, with shaded bands showing ± 1 standard error (eco-engineered, blue; control, grey) 391 

 392 

5.2. Surface thermal environment 393 

The eco-engineered microhabitats were consistently cooler and more thermally stable 394 

than control surfaces, and the buffering strengthened from the open wrap surface to the interior 395 

of the water-retaining rock pools. Mean daily temperature declined across this gradient: 25.3 °C 396 

on control surfaces, 25.1 °C on the eco-engineered wrap, and 24.7 °C inside the rock pools (linear 397 

mixed model with day as a random effect, n = 270 control and 330 eco-engineered logger-days 398 

per orientation; microhabitat χ²₂ = 1296.6, p < 0.0001; Fig. 5). Accounting for the strong day-to-399 

day and seasonal variation, the rock-pool interiors averaged 0.84 °C cooler than adjacent control 400 

surfaces (95% CI −0.88 to −0.80), and this cooling was greater on the shaded, rock-facing aspect 401 

(−1.04 °C) than on the sun-exposed aspect (−0.65 °C; microhabitat × orientation interaction χ²₂ = 402 



   

 

285.0, p < 0.0001). The offset persisted year-round: all microhabitats tracked the seasonal cycle 403 

together, but the eco-engineered surfaces remained cooler throughout (Fig. 5). 404 

The microhabitats also dampened the daily temperature swing. Mean diurnal range 405 

declined from 6.45 °C on control surfaces to 6.23 °C on the wrap and 6.04 °C inside the rock 406 

pools, a reduction of about 0.40 °C inside the pools (microhabitat χ²₂ = 62.1, p < 0.0001), roughly 407 

half of which was contributed by the pool itself beyond the wrap surface, while day-to-day 408 

variability in the range was also lower inside the pools (standard deviation 1.64 versus 2.15 °C), 409 

indicating a more stable as well as a cooler microclimate. In contrast to mean temperature, this 410 

damping was greatest on the sun-exposed aspect (microhabitat × orientation interaction, χ²₂ = 411 

13.1, p = 0.0014). 412 

The clearest effect, however, was on thermal extremes. Mean daily maxima inside the 413 

rock pools were 1.44 °C below control surfaces overall (95% CI −1.58 to −1.29; microhabitat χ²2 414 

= 250.2, p < 0.0001; microhabitat × orientation interaction χ²₂ = 16.2, p = 0.00031), and the 415 

buffering of the most extreme temperatures was larger still. The single hottest temperature 416 

recorded on a control surface reached 40.5 °C, whereas inside the rock pools the maximum never 417 

exceeded 34.0 °C, a capping of the peak by up to 6.5 °C (Fig. 6). These extremes were 418 

concentrated on the sun-exposed aspect, where control surfaces reached their highest 419 

temperatures and the wraps removed the most acute heat: 40.5 °C on control surfaces versus 420 

34.0 °C inside the pools (a 6.5 °C reduction), compared with a smaller gap on the shaded aspect, 421 

where both stayed cooler (37.5 versus 33.0 °C). 422 



   

 

 423 

Fig. 5 Mean daily temperature (°C) recorded in three microhabitats (control pile surfaces, the outer surface 424 
of the eco-engineered piles ("eco outside"), and the water-retaining rock-pool interiors of the eco-425 
engineered piles ("eco inside")) over the study period (March 2025 to February 2026), shown separately 426 
for the sun-exposed (creek-facing) and shaded (rock-facing) aspects. Points show monthly means of the 427 
daily means, with shaded bands showing ± 1 standard error (control, red; eco outside, orange; eco inside, 428 
blue) 429 



   

 

 430 

Fig. 6 Distribution of daily maximum temperatures (°C) in the three microhabitats (control pile surfaces, the 431 
outer surface of the eco-engineered piles ("eco outside") and the rock-pool interiors of the eco-engineered 432 
piles ("eco inside")), on the sun-exposed (creek-facing) and shaded (rock-facing) aspects. Violins show the 433 
distribution of daily maxima across the study period; boxplots show the median and interquartile range, with 434 
whiskers extending to 1.5 times the interquartile range. Inverted triangles mark the single highest 435 
temperature recorded in each microhabitat, with values labelled (°C) 436 

6. Discussion & Conclusion: 437 

This study presents a nature-positive case for retrofitting marine piles with 3D-printed, rock-pool-438 

mimicking eco-engineered wraps, which enhanced biodiversity while simultaneously moderating 439 

the thermal environment experienced by colonising organisms. The eco-engineered wraps 440 

changed not only how much life the piles supported, but which organisms could persist on them. 441 

Control piles followed the trajectory typical of unmodified intertidal structures, converging on a 442 

barnacle-dominated monoculture that lost cover late in the study. The wraps, by contrast, 443 

sustained a more even assemblage in which several functional groups persisted, including taxa 444 

effectively absent from unmodified surfaces. The eco-engineered wraps also created 445 



   

 

microhabitats that were consistently cooler, less thermally variable and less prone to temperature 446 

extremes than exposed control surfaces, with the water-retaining rock pools providing the greatest 447 

buffering. These two outcomes were not independent. The microhabitats that supported the 448 

richest assemblages were also the coolest and least thermally variable, and both effects were 449 

strongest on shaded aspects and lower on the shore. This spatial concordance is consistent with 450 

the eco-engineered wrap providing a thermal refuge from the extremes that characterise 451 

unshaded hard surfaces in this tropical setting. 452 

 453 

6.1. Enhancement of the epibenthic assemblage 454 

The magnitude of the biodiversity enhancement we observed is consistent with the 455 

broader eco-engineering literature, in which the addition of habitat complexity to artificial 456 

structures has repeatedly increased the richness and abundance of colonising assemblages (Gad 457 

et al., 2026; Strain et al., 2018). The overall increase, however, captures only part of the effect. 458 

More revealing was the way the eco-engineered piles restructured the assemblage. Control piles 459 

followed the trajectory typical of unmodified intertidal hard structures, developing a high but 460 

species-poor cover that converged over time towards a near-monoculture of barnacles. The eco-461 

engineered piles, by contrast, supported a more even assemblage in which barnacles, bivalves, 462 

macroalgae and tube worms co-occurred, so that comparable overall cover was partitioned 463 

among several functional groups rather than dominated by one. This distinction underlies the 464 

diversity results: the eco-engineered piles did not simply add space for the same organisms but 465 

provided the structural and microhabitat heterogeneity that allowed groups largely excluded from 466 

plain surfaces to establish and persist. 467 

Particularly notable in this respect were the tube worms, which were effectively restricted 468 

to the eco-engineered piles and all but absent from control piles, and which concentrated on the 469 

shaded, lower-tide microhabitats. Their near-exclusivity indicates that the eco-engineered piles 470 

did more than increase the abundance of existing colonisers; they supported taxa that the 471 

unmodified control piles could not. This pattern echoes findings on complex eco-engineered 472 

panels elsewhere, where water-retaining and shaded microhabitats have supported moisture- 473 

and shade-associated taxa that are otherwise absent from exposed artificial surfaces (Bishop et 474 

al., 2022). The concentration of tube worms, and of richness and diversity more generally, in the 475 

lower and shaded positions is also consistent with the wider observation that the biodiversity 476 

benefits of eco-engineering are typically greatest on the lower intertidal zone, where immersion 477 

is longer and thermal, and desiccation stress less severe.  478 

 479 



   

 

6.2. Thermal buffering and refuge mechanism 480 

An important finding here is that the eco-engineered wraps reshaped the thermal 481 

environment of the piles, in a way that is mechanistically consistent with their effect on biodiversity. 482 

On unmodified structures, thermal stress is concentrated in the hours of aerial exposure at low 483 

tide, when solar heating drives surface temperatures well above ambient and desiccation acts 484 

simultaneously; water-retaining features interrupt both processes by keeping the surfaces they 485 

enclose wet and shaded through emersion. Consistent with this, mean cooling inside the rock 486 

pools was modest, but the pools damped the daily temperature range and capped thermal 487 

extremes, reducing the hottest recorded maximum from 40.5 °C on control surfaces to 34.0 °C. 488 

What matters biologically is where these values sit relative to organismal tolerances. Peak 489 

temperatures on control piles approached 40 °C, at or beyond the acute thresholds at which 490 

tropical intertidal invertebrates begin to lose function, and mass mortality of barnacles and oysters 491 

during heatwaves occurs precisely when extreme air temperatures coincide with midday low tides 492 

(Raymond et al., 2022). Experimentally, an increase of only a few degrees in maximum 493 

temperature, with almost no change in the mean, is sufficient to halve oyster survival (Scanes et 494 

al., 2025), and acute thresholds determined for common intertidal fauna in this estuary indicate 495 

that resident species would require thermal refuge for much of the day on unmodified seawall 496 

surfaces (Waltham & Sheaves, 2020). By holding maxima some 6 °C lower and shortening the 497 

time spent at stressful temperatures, the rock pools widen the thermal margin of the surfaces they 498 

create, and reduce the heat load accumulated across the year, relaxing the constraint that most 499 

limits colonisation of exposed structures. 500 

These thermal effects were spatially concordant with the biological responses, which 501 

points to thermal amelioration as one mechanism underlying the biodiversity gains. The 502 

microhabitats that were coolest and least thermally variable, namely the shaded, lower-shore 503 

positions and the rock-pool interiors, were also those that supported the richest and most diverse 504 

assemblages and the highest cover of the more thermally sensitive groups, notably the tube 505 

worms. The same logic links the orientation effect to the thermal data, with the shaded aspect 506 

both cooler and more diverse than the sun-exposed aspect. Comparable patterns have been 507 

reported on tropical Queensland seawalls, where sun-facing boulder surfaces were up to 15 °C 508 

hotter than shaded faces and encrusting oysters occurred only on the cooler, shaded sides 509 

(Waltham & Sheaves, 2024), and rock-pool interiors on eco-engineered seawall panels have 510 

likewise been shown to cool and to support taxa absent from surrounding surfaces (Bishop et al., 511 

2022). That we achieved comparable buffering on slender, vertical piles, rather than on the broad 512 

faces of a seawall or boulder revetment, indicates that these benefits can be delivered even on 513 



   

 

the structurally constrained surfaces that piles present, and they are likely to be especially 514 

valuable in tropical urban estuaries where baseline temperatures already sit close to the 515 

tolerances of the resident biota. 516 

Temperature alone does not account for the full pattern. Although the rock pools capped 517 

the most extreme temperatures most strongly on the sun-exposed side, biodiversity there 518 

remained lower than on the shaded side, indicating that factors beyond peak temperature, 519 

including greater exposure on the creek-facing aspect, cumulative thermal dose, immersion time 520 

and light, also shape the assemblage. Macroalgae ran counter to the general trend, being more 521 

abundant on the sun-exposed than the shaded aspect, implying that light availability rather than 522 

temperature governed their distribution. Thermal amelioration is therefore best understood as one 523 

of several co-acting mechanisms, operating alongside the additional surface area, structural 524 

complexity and cryptic space that the eco-engineered wraps provide. 525 

 526 

6.3. Management Implications 527 

Marine piles are ubiquitous in urbanised estuaries yet remain one of the least-studied 528 

structure types in eco-engineering, and therefore represent a substantial and largely unrealised 529 

opportunity for biodiversity enhancement. The eco-engineered wraps tested here were retrofitted 530 

to existing, in-service piles without modification to the host structure, demonstrating that the 531 

ecological value of hard infrastructure can be improved after construction rather than only at the 532 

design stage. This matters given the vast stock of piles already in place in ports, marinas and 533 

waterfront developments worldwide, few of which will be replaced within the coming decades. 534 

Because the eco-engineered wraps are modular and clamp directly onto standard piles, the 535 

approach is in principle readily scalable and transferable to comparable structures elsewhere. 536 

The results also indicate where such interventions should be placed. Benefits were 537 

consistently greatest at lower tidal elevations and on shaded aspects, so eco-engineered wraps 538 

positioned low on the shore, or on the shaded faces of structures, can be expected to return more 539 

per unit installed than those placed high on sun-exposed surfaces. Where budgets or structural 540 

constraints limit the number of units, targeting placement in this way is likely to be more effective 541 

than distributing them evenly across a structure. 542 

Framed as climate adaptation rather than biodiversity enhancement alone, the thermal 543 

results carry a further implication. As heatwaves become more frequent and intense (Marcos et 544 

al., 2025), the value of built-in thermal refugia should increase rather than diminish: there is a 545 

case that unmodified structures have no capacity to buffer the extremes projected to intensify, 546 

whereas features that hold water and shade through emersion will continue to cap peak 547 



   

 

temperatures (Waltham & Sheaves, 2024). Retrofitting existing infrastructure is therefore a form 548 

of adaptation for the species already occupying urban shorelines, and one that need not wait for 549 

structures to reach the end of their design life. And in the case of these modules, they could be 550 

unbolted and moved higher on piles in the future with higher sea levels. 551 

Two pathways follow for coastal planning. For the existing stock of piles, retrofit is the only 552 

realistic route. For new construction, water-retaining features can be incorporated at the design 553 

stage, avoiding the added mass and clamping hardware that retrofit requires and allowing 554 

complexity to be built into the structure itself. Embedding such requirements in development 555 

approvals and design standards would deliver these outcomes at a scale that voluntary retrofit 556 

cannot. Any such application should be bounded, however: eco-engineering compensates only 557 

partially for the habitat that hardened shorelines displace, and should not be used to justify further 558 

coastal development (Firth et al., 2020). 559 

The ecological return is also likely to be greater than our surveys capture. Crabs and fish 560 

were conspicuous around the eco-engineered wraps, using the cryptic, sheltered space that 561 

unmodified piles lack, although neither group could be quantified by the point-intercept method 562 

used here. The benefits reported for the sessile assemblage should therefore be regarded as a 563 

partial account of the value these structures provide. 564 

 565 

6.4. Limitations and future directions 566 

Several limitations qualify these findings and indicate priorities for future work. The study 567 

was conducted at a single estuary over twelve months, so the generality of the results across 568 

estuaries, structure types and longer timeframes remains to be tested. The thermal and biological 569 

data were also resolved at different scales, the loggers distinguishing the rock-pool interior but 570 

confined to mid-tide height, the biological surveys resolving orientation and tidal height but not 571 

the interior of the rock pools, so the link between the cooler microhabitats and the assemblages 572 

they support is inferred rather than directly demonstrated. Pairing temperature logging with 573 

biological sampling at the same positions, including within the rock pools themselves, would allow 574 

this thermal-refuge mechanism to be tested directly. 575 

The survey design also bounds what can be concluded. Scoring the assemblage to 576 

functional groups rather than species was necessary for repeatable, non-destructive survey 577 

across five occasions, but limits inference about which taxa the eco-engineered wraps actually 578 

favoured, and may obscure turnover occurring within groups. Mobile fauna were likewise not 579 

quantified: crabs retreated into the eco-engineered wraps’ crevices and rock pools as observers 580 

approached, and fish aggregated around the structures only at high tide, so neither could be 581 



   

 

counted reliably by the point-intercept method. Timed counts, baited remote cameras or trapping 582 

would capture these mobile and transient components and give a fuller account of the ecological 583 

return on eco-engineering of piles. 584 

There are also constraints arising from the design itself. Because a single wrap design 585 

was tested, the contributions of its individual features cannot be separated: the water-retaining 586 

rock pools, the additional surface area and the sheltered gap between wrap and pile all covary, 587 

and comparing designs that isolate these elements would identify which are doing the work. The 588 

eco-engineered wraps are substantial concrete units, weighing approximately 73 kg each, such 589 

that a fitted pair with its clamps exceeds 150 kg, and therefore add considerable load to the host 590 

pile. They are consequently best suited to structurally sound piles able to bear this additional 591 

weight, and may not be appropriate for older, lighter or load-limited structures without engineering 592 

assessment. Lighter materials or designs delivering comparable complexity and water retention 593 

at reduced mass would broaden the range of piles to which the approach could be applied, and 594 

warrant investigation. 595 

A further consideration emerged over the course of the experiment. By the later surveys 596 

(months 9 and 12), several of the rock pools had begun to accumulate sediment, in places to a 597 

depth of around 5 cm, partially infilling the water-retaining features on which the thermal and 598 

biological benefits depend. This suggests that the current design may require modification to 599 

promote self-flushing or to limit sediment retention, and, more broadly, that the performance of 600 

such features cannot be assumed to be stable over time (a similar sediment accumulation result 601 

was found in a separate study, using water-retaining flower pots (Waltham & Sheaves, 2024)). It 602 

underscores the need for longer-term monitoring: the differences we documented developed and 603 

shifted over the twelve months, the control assemblage declined late in the study, and the rock 604 

pools began to infill, all of which indicate that short-term assessments may misrepresent the 605 

trajectory and persistence of eco-engineering outcomes. Multi-year monitoring, tracking both the 606 

biological assemblage and the physical condition of the habitat features, is essential to establish 607 

the durability of the benefits reported here and to guide design improvements. 608 

6.5. Conclusion: 609 

Retrofitting marine piles with 3D-printed, rock-pool-mimicking eco-engineered wraps 610 

substantially enhanced the biodiversity of a tropical urban estuary while simultaneously 611 

moderating the thermal environment of the colonised surfaces. Over twelve months, the eco-612 

engineered wraps supported a richer, more diverse and more evenly structured sessile 613 

assemblage than unmodified piles, which converged towards a barnacle-dominated monoculture, 614 



   

 

and their water-retaining rock pools were cooler and markedly less prone to thermal extremes 615 

than exposed control surfaces. The cooler shaded and lower-shore microhabitats supported the 616 

most diverse assemblages, a spatial concordance consistent with the eco-engineered wraps 617 

providing a thermal refuge alongside the additional surface area and structural complexity they 618 

offer. 619 

These results identify marine piles, among the most ubiquitous yet least-studied of artificial 620 

structures, as a widespread and currently underused opportunity for eco-engineering, and show 621 

that their ecological value can be improved by retrofitting existing structures rather than only 622 

through maintenance upgrades or new design. The benefits reported here are likely conservative, 623 

given that mobile fauna observed around the eco-engineered piles could not be quantified, but 624 

their persistence is not assured. The rock pools began to accumulate sediment within a year, a 625 

problem also encountered in the tropics with flower-box style rock pools, where sediment 626 

accumulation likewise compromised the water-retaining features (Waltham & Sheaves, 2018), 627 

and the assemblage continued to change throughout the study. Longer-term, multi-site 628 

assessment, coupled with design refinements to maintain the water-retaining features and reduce 629 

structural load, will be needed to confirm the durability of these benefits. 630 

The scope for such interventions is considerable. With the global footprint of marine built 631 

structures projected to approach 39,400 km² by 2028, the opportunity extends well beyond 632 

retrofitting: incorporating water-retaining, rock-pool-mimicking features into new piles and 633 

associated infrastructure at the design stage could deliver nature-positive outcomes at a scale 634 

that retrofitting alone cannot achieve. Eco-engineering of both existing and future marine 635 

infrastructure therefore represents a practical pathway for improving biodiversity outcomes while 636 

enhancing climate resilience in rapidly urbanising coastal ecosystems. 637 
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