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serpulid taxa in southern New Zealand. Seasonal variability strongly influenced serpulid responses. 22 

No differences in community structure or growth rate were detected under warming treatments 23 

in winter. In contrast, negative responses became more pronounced as seasonal temperatures 24 

increased. While diversity remained stable across treatments, the most significant changes 25 

occurred under +2 °C in late summer: abundance decreased 10-fold, recruitment six-fold, survival 26 

and cover three-fold, and growth rate was halved, resulting in smaller individuals. The +1 °C and 27 

heatwave treatments had intermediate effects, indicating a progressive response to warming. 28 

While some serpulids exhibited greater short-term resilience, our observations suggest that 29 

warming may favour thermally tolerant taxa, including invasive species. This work is the first in situ 30 

experimental study investigating the response of temperate serpulid communities to ocean 31 

warming. Our findings highlight their vulnerability to climate-driven changes and underscore the 32 

need for further research into their ecological role in a rapidly warming ocean. 33 
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1. INTRODUCTION 39 

Climate change-induced modifications to benthic marine ecosystems, particularly through ocean 40 

warming, will have important ecological consequences in temperate coastal regions (Scheffers et 41 

al. 2016). The physiological effects of warming and thermal stress, including reduced fitness and 42 

survival, and altered reproductive capacity, will directly impact the stability and dynamics of 43 

benthic communities (Buckley & Huey 2016). Ocean warming has also led to important 44 

phenological responses, impacting life histories, and the timing and magnitude of seasonal 45 

productivity (Alter et al. 2024). Key factors driving these changes include direct effects of warmer 46 

sea temperatures, water column stratification, salinity, and alterations in thermal stability 47 

duration (Scheffers et al. 2016). 48 

Individual responses to temperature change will be species-specific and influenced by the duration 49 

of temperature modification, geographical location, and organism physiology (Whiteley & 50 

Mackenzie 2016). At the community level, meta-analyses across global marine ecosystems show 51 

a drastic decline in community abundance for 80% of studied systems, aligning with climate 52 

change predictions (IPCC 2023). Assemblage structure and species composition of marine benthic 53 

organisms, therefore, provide strong indicators of environmental conditions, offering valuable 54 

insights into the impact of warming temperatures. 55 
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Environmental shifts are equally important for benthic suspension feeders, altering their 56 

abundance, distribution, survival, recruitment and growth rates (McGarrigle & Hunt 2024). The 57 

growth and development rates of benthic invertebrates are typically positively correlated with 58 

environmental temperature to an optimal point, after which either growth rate or survival 59 

decrease (e.g. Lamare et al. 2014, Stanwell-Smith & Peck 1998). However, in certain temperate 60 

and tropical habitats, these organisms exhibit a decline in growth for some species under warming 61 

conditions (Alter et al. 2024).  62 

One key group of marine benthic species are serpulid (Polychaeta) tube worms, sedentary benthic 63 

suspension-feeders organisms inhabiting calcareous tubes. In their habitats, these animals act as 64 

pioneer organisms and ecosystem engineers, play a vital role in habitat recolonisation, contribute 65 

to increasing local habitat complexity, and serve as high-latitude biodiversity hotspots 66 

(Montefalcone et al. 2022). These benthic marine communities are also crucial for oxygenation, 67 

bioturbation, nutrient cycling, and pollutant processing (Martins & Barros 2022), while serpulid 68 

aggregations locally influence water flow, sedimentation, water quality, and carbon fluxes 69 

(Chapman et al. 2012). Despite their essential ecological function, some serpulid species are also 70 

known for their invasive potential. Forty six invasive species have been reported in the Serpulidae 71 

family, with non-native species notable for their potential to reshape food webs, introduce 72 

diseases, and alter habitat structures, accompanied by significant economic costs (Çinar 2013). 73 

Rising sea temperatures are also considered a facilitating factor for the survival and expansion of 74 

alien polychaete species (Seebens et al. 2018).  75 
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Previous research on serpulid marine tube worms reveal varied responses to rising temperatures. 76 

On the Antarctic Peninsula, faster growth rates were observed in a community of spirorbin tube 77 

worms under warming conditions (i.e. +1°C and +2°C above ambient temperature) during the 78 

summer season, and varied responses emerged in the autumn when temperature and food 79 

availability declined (Ashton et al. 2017). In contrast, Ni et al. (2018) observed ontogenetic and 80 

seasonal growth effects on Spirorbis spirorbis in the Baltic Sea, with no significant difference 81 

between ambient and elevated temperatures. To date, no studies have investigated the effects of 82 

warming on the abundance, diversity, recruitment, survival, and percent cover of temperate 83 

serpulid assemblages, despite their key ecological roles. 84 

Here, we employed in situ warming experiments in a New Zealand temperate serpulid worm 85 

assemblage to investigate the impacts of warming on this key group. Serpulid worms are a major 86 

component of New Zealand’s coastal benthic biodiversity, with at least 471 tube worm species 87 

described (Glasby & Read 1998), and only one considered invasive (Read & Gordon 1991). New 88 

Zealand is expected to undergo significant sea temperature increases, with regional models 89 

projecting a rise of 0.8–1°C by mid-century (2036–2055) and up to 2.5°C by 2081–2100 under 90 

various emissions scenarios (Law et al. 2018). This regional warming reflects broader trends in 91 

Southern Hemisphere oceans, where average sea surface temperatures (SST) are rising faster than 92 

the global average (IPCC 2023). Within this context of long-term warming, the Southern 93 

Hemisphere is also experiencing more frequent and intense marine heatwaves (Oliver et al. 2018), 94 

which contribute to ecological changes such as kelp and sponge losses and shifts in species 95 

distributions (Bell et al. 2024; Smale 2020). These heatwaves are part of the ongoing warming 96 

process, amplifying temperature fluctuations and their associated impacts. In December 2023, La 97 
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Niña triggered a marine heatwave in New Zealand waters, with SST anomalies of +1.1˚C to +1.8˚C, 98 

impacting taxa from fish to benthic invertebrates (Cook et al. 2024). These heatwaves are 99 

projected to further increase in frequency and duration, intensifying pressures on marine 100 

ecosystems already vulnerable to warming (Domeisen et al. 2023). 101 

Current research on the effects of warming on benthic species has primarily relied on controlled 102 

laboratory studies, mesocosm experiments, or long-term correlational analyses based on historical 103 

collections (e.g., Nguyen et al. 2011; Peck et al. 2009, 2014). However, these approaches often fail 104 

to capture the natural complexity and variability of marine ecosystems (Wernberg et al. 2012). To 105 

address these limitations, we used in situ heated recruitment panels—a well-established method 106 

extensively used in Antarctic field experiments to reproduce realistic ocean warming directly in 107 

the environment (Ashton et al. 2017; Clark et al. 2019). 108 

In this study, we deployed these panels to test the effects of three warming treatments (+1°C and 109 

+2°C above ambient for three months, and a short-term acute warming mimicking a heatwave) on 110 

a temperate serpulid assemblage across three distinct seasons. The +1°C and +2°C treatments 111 

were applied as constant temperature increases relative to ambient temperature, meaning that 112 

panel temperatures fluctuated naturally through time while remaining consistently elevated. The 113 

short-term heatwave treatment was designed to reproduce, as closely as possible, the magnitude 114 

and duration of marine heatwaves observed in temperate coastal systems. Although these two 115 

fixed and one fluctuating constant temperature increases do not reproduce the full temporal 116 

variability projected under future warming scenarios, this approach provides a controlled and 117 

reproducible way to assess chronic warming effects under realistic field conditions. Moreover, the 118 
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selected temperature increases correspond to near- and long-term regional projections for coastal 119 

New Zealand (Law et al. 2018; IPCC 2023), making them ecologically relevant for anticipating 120 

species and community responses to sustained ocean warming. 121 

We hypothesised that elevated temperatures would reduce serpulid recruitment, survival, and 122 

growth—particularly under +2°C and heatwave conditions—due to increased metabolic stress, 123 

while favouring thermally tolerant serpulid taxa and altering community composition. We also 124 

expected seasonal variability to modulate these responses, with stronger impacts during periods 125 

of naturally higher thermal stress. By quantifying the effects of warming on serpulid abundance, 126 

diversity, recruitment, survival, percent cover, and growth rate, this study provides the first 127 

experimental assessment of climate change impacts on these critical benthic ecosystem 128 

engineers. 129 

2. MATERIALS AND METHODS 130 

2.1. Study site and materials 131 

Bespoke heated recruitment panel experiments, using novel in situ technology designed by the 132 

British Antarctic Survey (Ashton et al. 2017), were deployed in June 2021 in Otago Harbour at the 133 

Portobello Marine Science Laboratory, Dunedin, New Zealand (Figure 1A–B, Figure A2, Video S1) 134 

(Lat. 45°49’S; Long. 170°38’E). The system consisted of a shore-based 240V power supply (Figure 135 

A3), 100 m power cables, and experimental panels composed of PVC blocks (15 × 15 × 5 cm). 136 

Panels were micro-abraded and etched to create a 9.8 × 9.8 cm central recruitment surface, which 137 

was evenly heated via an embedded heating element when powered. Panels were held at either 138 
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+1°C or +2°C above ambient for two constant warming treatments. A third heatwave treatment 139 

mimicked short-term warming by maintaining ambient temperature for four weeks, then 140 

increasing to +1°C for two weeks, +2°C for another two weeks, before returning to ambient for 141 

the final four weeks. This one-month period of elevated temperatures reflects the magnitude and 142 

duration of moderate marine heatwaves observed in New Zealand and similar temperate regions 143 

(Oliver et al. 2018). Although this experimental treatment does not strictly conform to the 144 

percentile-based definition of a marine heatwave (i.e. temperatures exceeding the 90th percentile 145 

for at least five consecutive days; Hobday et al. 2016), it allows assessment of the biological 146 

responses to short-term warming events while maintaining experimental control and 147 

reproducibility. Control panels remained unpowered at ambient sea temperature. Heating 148 

calibration, developed by the British Antarctic Survey, ensured uniform warming with a water layer 149 

2–10 mm thick above the panel and ±0.03°C accuracy. In this study, no serpulids settled beyond 150 

the minimum 2 mm heated layer throughout the three seasons experiments. This observation 151 

aligns with typical growth patterns in serpulid species, which exhibit limited vertical growth due to 152 

their tube-dwelling behaviour. Studies on spirorbins have shown that growth beyond 2 mm in 153 

height is uncommon under natural conditions, as environmental and physiological constraints limit 154 

upward expansion (e.g., Glasby & Read 1998; Ippolitov & Rzhavsky 2014). 155 

2. Plate deployment and image analysis 156 

Four cement slabs (50 × 50 cm) were positioned vertically at depths of 3–5 m (depending on tide), 157 

30 cm above the seafloor (Figure 1A–B, Figure A4), each holding one replicate of the three heated 158 

treatments and one control panel attached in a randomised block design using elastic cords. 159 
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Although each treatment was represented once per block, model validation indicated no violation 160 

of model assumptions or evidence for block × treatment interaction effects (checked using 161 

DHARMa residual diagnostics). Heated panels were spaced 2 cm off the concrete using PVC 162 

cylinder spacers, with four replicates per treatment and 16 panels total per deployment. Panels 163 

were deployed in three independent seasonal trials (winter, spring, summer 2021-2022), not to 164 

test for seasonal effects per se, but to assess the temporal consistency of treatment responses 165 

under varying ambient conditions (Table A1). Ambient sea temperatures were recorded hourly 166 

using loggers fixed to each slab (Figure A5). Serpulid communities were monitored monthly via 167 

high-resolution digital photography using a Nikon D100 with a NIKKOR 60 mm macro lens inside 168 

an IKELITE 200FL TTL underwater housing. A custom sliding frame enabled 35 overlapping photos 169 

(6043 × 6043 pixels) per panel at a fixed distance, later stitched in Adobe Photoshop 2021 to 170 

create full panel images (Figure 1C), then cropped to the 9.8 × 9.8 cm treatment area for analysis. 171 

Only one image set was obtained in winter due to poor visibility (Figure 1D), and a clean set of 172 

panels was used for each season. All tube worms visible on the final image set (month three) were 173 

marked and tracked backward onto previous images to monitor individuals through time. Because 174 

serpulid tubes are firmly attached to the substrate and exhibit distinctive morphological features 175 

that persist as they grow (Ippolitov & Rzhavsky, 2014), individuals could be reliably matched across 176 

time. Eleven morphospecies were recorded based on external tube morphology and confirmed 177 

with 18S rDNA barcoding (Massué et al. in review). 178 

2.3. Size and growth rate measurements 179 

When possible, up to five individuals per morphospecies group that settled during each seasonal 180 

experiment were measured per panel across sampling events using ImageJ v1.53 (Schneider et al. 181 
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2012), for a total of 20 individuals per group per treatment. Two tube morphologies were 182 

observed: a longitudinal serpulin form (Serpulinae) and a conispiral spirorbin form (Spirorbinae). 183 

Only spirorbin worms were measured, using radius (from coil centre to tube aperture), as serpulin 184 

numbers were too low across all seasons. Growth rate was calculated following standard 185 

approaches (see also Ashton et al. 2017 for recent applications): 186 

R𝑎𝑎𝑎𝑎𝑎𝑎 (𝑚𝑚𝑚𝑚 𝑑𝑑−1) =  
(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑎𝑎𝑎𝑎 𝑇𝑇2 − 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑎𝑎𝑎𝑎 𝑇𝑇1)

(𝑇𝑇2− 𝑇𝑇1)  187 

2.4. Assemblage comparisons 188 

All individuals observed across the three-month sampling period of each panel in spring and 189 

summer were marked and numbered under a microscope for identification. Individuals present 190 

only in the last two months, the first two months, or a single month were marked differently to 191 

assess recruitment. Survival was determined by tracking all individuals observed continuously from 192 

the first to the last month of the experiment. Predation was not monitored in this study, as visual 193 

identification of predation events on serpulid individuals is challenging without clear evidence. 194 

Growth and survival data were used to calculate percentage cover over time per panel, with 195 

calculations separated into early- and late-recruitment stage individuals due to size differences. 196 

Early settlers were present for at least two months, and late settlers were observed in only one 197 

month. Early-stage area was calculated from average radius measurements, while late-stage area 198 

(0.196 mm²) was based on the mean of ten individuals per panel. Pielou’s evenness, Simpson’s 199 

diversity, and species richness were calculated from morphospecies counts collected at the end 200 

of each experimental period, corresponding to the biologically relevant peak of community 201 
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development. Because diversity was assessed once per season, ‘Season’ is confounded with 202 

sampling date. Accordingly, Season was not analysed as a biological effect of interest but was 203 

included as a temporal blocking factor to account for broad-scale environmental variability among 204 

deployments rather than to estimate seasonal effects. 205 

2.5. Statistical analysis 206 

Assemblage responses (community-level abundance, morphospecies-level abundance, 207 

recruitment, survival, and percentage cover), size, and growth rate data, were analysed using 208 

mixed-effects models in R environment for statistical computing version 4.4.0 (R Core Team 2024), 209 

with the DHARMa package (Hartig et al. 2024) on RStudio version 2023.06.2+561 (RStudio Team 210 

2023). The reference model included ‘CROP’ (i.e. cement slabs), ‘Treatment’, and ‘Season’ as 211 

nested random effects, accounting for repeated measurements, using the glmmTMB package 212 

(Brooks et al. 2017). ‘Season’ was included as a random factor to account for broad-scale temporal 213 

variability among deployments rather than to test for fixed seasonal effects. 214 

A negative binomial distribution was applied to the abundances and recruitment datasets, a beta 215 

distribution, suitable for percentage data, was applied to the survival and percentage cover 216 

datasets in their respective models. For the size data set, a gamma distribution was applied 217 

through months, and a Gaussian distribution applied for the last month event accounting for the 218 

Winter season. For the growth rate data, the Tweedie power parameter was determined 219 

empirically based on model fitting and applied using the glmmTMB package allowing selection of 220 

the most suitable distribution (p = 1.68), resulting in a Compound Poisson-Gamma distribution. 221 

Assumptions for each model were checked using residual diagnostics with the Goodness-of-Fit 222 
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(GOF) test, verifying dispersion, quantiles, outliers, and uniformity of residuals. 223 

The ANOVA function from the car package (Fox et al. 2023) was used to test for non-significant 224 

effects, and models were adapted accordingly based on Q-Q plots and residual plots of random 225 

effects. The reference model was as follow:  226 

> count_glmmT <- glmmTMB(Value ~ (CROP + Season + Treatment + Month)^3 - 227 

CROP:Season:Treatment + (1|CTS_ID), family=nbinom2(), data=count) 228 

For the size and growth rate models, control parameters for model convergence were adjusted 229 

using the glmmTMBControl() function, with maximum iterations (iter.max) and evaluations 230 

(eval.max), both set to 5000 to ensure model convergence. Additionally, the dispersion parameter 231 

was modelled as a function with two-way interactions using the nested random effects and the 232 

month variable using the dispformula argument. These adjustments were made to improve model 233 

fit and ensure stable convergence. 234 

Models were adapted to 2-way interactions when necessary. Model selection was guided by 235 

Akaike’s Information Criterion (AIC), with the aim of identifying the most parsimonious model that 236 

best explained the data. Among models that met diagnostic criteria, the one with the lowest AIC 237 

was selected. If removing non-significant interactions resulted in a lower AIC, the last model was 238 

chosen; otherwise, non-significant interactions were retained to preserve model simplicity and 239 

interpretability. This stepwise approach ensured a balance between goodness-of-fit and model 240 

parsimony. Significant interaction effects within each model were quantified using 241 

the emmeans package (Lenth et al. 2023). To account for multiple comparisons, p-values were 242 

adjusted using the Tukey method. 243 
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Diversity indices were calculated for each season using the vegan package in R (Oksanen et al. 244 

2023), including species richness, Shannon’s index, Simpson’s Diversity Index (D), and Pielou’s 245 

evenness index (J). Linear models (LM) were fitted to test the effect of the warming treatment on 246 

each diversity index. Two complementary approaches were used. First, models were run 247 

separately for each season to examine treatment effects within seasons. Second, full models 248 

including ‘Season’ as a factor were fitted to account for overall seasonal variation and to ensure 249 

that treatment effects were not confounded by seasonal differences. Model assumptions were 250 

checked using residual diagnostics. When a significant effect of treatment was detected, pairwise 251 

differences were assessed using estimated marginal means (emmeans) with Tukey-adjusted tests. 252 

3. RESULTS 253 

3.1. Sea Temperatures 254 

Ambient sea temperatures ranged from 8.8°C in winter to 12.5°C in spring, and reached 16.9°C in 255 

summer (Figure A5). Temperature variability was lowest in the winter deployment (ranging from 256 

6.6 to 9.4°C), while the spring deployment showed the greatest range (7.9 to 16.8°C). Across all 257 

three experimental periods, temperatures showed relatively rapid changes in temperature on 258 

daily time scales.  259 

3.2. Species-level abundance and diversity responses 260 

Across the study, a total of eleven morphospecies groups were recorded within the heated areas 261 

of the experimental panels (Figure 2.E). To assess the taxonomic and thus ecological relevance of 262 

these morphologically defined groups, we verified whether they corresponded to distinct genetic 263 
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lineages through a barcoding analysis based on the 18S rRNA gene (Massué et al. in review). Visual 264 

differences in both general and tube-worm-specific assemblages were evident on the recruitment 265 

plates under the warming treatments compared to the control for each experimental season 266 

(Figure 1.D). 267 

The abundance of serpulid taxa varied significantly among treatments (χ2 = 65.13, df = 33, p < 268 

0.001) and across seasons (χ2 = 169.25, df = 22, p < 0.001). However, most morphospecies  groups 269 

did not exhibit significant differences in abundance among seasons, with the exception of the 270 

morphospecies group 9, 2, and 6, being more abundant in winter, spring, and summer, 271 

respectively (Figure 2). Some morphospecies groups were absent during specific seasons or in 272 

certain treatments. For example, Serpulinae sub-family groups (i.e. morphospecies groups 8, 9, 273 

and 10) were rarely observed, and almost exclusively detected in winter, with only a small number 274 

of individuals detected in spring for the morphospecies groups 8 and 9. Similarly, the 275 

morphospecies group 11, belonging to the Spirorbinae sub-family, was rarely observed, and not 276 

detected in winter or in control treatments. In terms of treatment effects, most morphospecies 277 

groups were significantly more abundant in the control treatment compared to the warming 278 

treatments, with the most pronounced reductions observed under the +2°C treatment above 279 

ambient temperature (Figure 2). 280 

Despite changes in the abundance of individual in morphospecies groups, no significant 281 

differences in overall species richness or diversity indices (e.g., Pielou’s evenness index, Simpson’s 282 

Diversity Index) were observed across treatments for the three experimental seasons (Figure 3). 283 

In spring, the heatwave treatment showed significantly lower species richness than all other 284 
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treatments, including the control (t = 5.06, df = 12, p = 0.0014) and both warmed treatments (+1 285 

°C and +2 °C; t = −3.37, df = 12, p = 0.0248 for each contrast). However, this effect was not retained 286 

when season was included as a factor in the full model, indicating that the initial result was 287 

sensitive to seasonal variability. Overall, both single-season and full linear models consistently 288 

showed no treatment effect on diversity metrics. The limited sample size (n = 4) likely reduced the 289 

ability to detect subtle effects. 290 

3.3. Assemblage responses 291 

The overall abundance of serpulid tube worms (i.e. morphospecies groups and late-recruitment 292 

stages not identifiable) on panels did not show any significant differences among treatments in 293 

winter (Figure 4.A). In spring, treatment effects became evident at the end of the season, with 294 

tube worm abundance being approximately three times higher on the control treatment 295 

compared to the +2°C and heatwave treatments (Figure 4.A). While the abundance on the +1°C 296 

treatment was significantly higher than on the +2°C treatment, it was also lower than on the 297 

control, although not significantly. In summer, abundance on the +1°C treatment was at least 298 

twice as high as on the +2°C treatment, this trend remained consistent throughout the season. In 299 

contrast, abundance on the control treatment increased over time, becoming approximately 10-300 

fold higher than on the +2°C treatment and four-fold higher than on the +1°C treatment by the 301 

end of the season (Figure 4.A). During the second month of the summer experiment, when the 302 

heatwave treatment was sequentially warmed to +1°C and +2°C over a period of two consecutive 303 

weeks, a decrease in abundance was observed compared to the control, although not statistically 304 

significant. 305 
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Recruitment of new serpulid individuals followed similar trends to overall abundance in spring and 306 

summer (Figure 4.B). In spring, by the end of the three months, recruitment was significantly 307 

higher in control treatments compared to all warming treatments, while in summer, tubeworm 308 

recruitment decreased distinctly during the active phase of the heatwave treatment compared to 309 

the control. 310 

Serpulid survival rate was significantly higher on the control treatment compared to warming 311 

treatments in both spring and summer seasons.  In summer survival rate on the control more than 312 

doubled compared to warming treatments (Figure 5.A), while in spring, survival on the +1°C 313 

treatment was significantly higher than on the +2°C and heatwave treatments, though still 314 

significantly lower than on the control. 315 

Due to differences in recruitment and survival, the percentage cover on the panels varied 316 

considerably in spring and summer. Tube worm coverage was at least twice as high on control 317 

panels compared to warming treatments in spring and three-fold higher in summer (Figure 5.B). 318 

The +1°C treatment had significantly greater coverage than the +2°C treatment at the end of the 319 

spring season and throughout the summer season. The heatwave treatment displayed variable 320 

percentage cover over time in spring and exhibited a similar declining trend to the +1°C treatment 321 

in summer, although significantly higher throughout the season (Figure 5.B). No significant 322 

differences in serpulid coverage were observed between treatments in winter. 323 

3.4. Size and growth rate responses 324 
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Size and growth rate analyses were conducted exclusively on Spirorbinae tube worms, as 325 

Serpulinae individuals were largely absent across the three experimental seasons. Due to the low 326 

number of individuals per morphospecies in each treatment, data were pooled across 327 

morphospecies for statistical analyses. This reduced problems associated with sparse data and 328 

improved the robustness of the models. While this approach limits interpretation at the 329 

morphospecies level, it allows assessment of the overall assemblage response to warming among 330 

ecologically similar taxa. 331 

Spirorbin tube worms size and growth rate responses to warming varied across warming 332 

treatments among seasons, while those on control plates displayed relatively constant responses 333 

(Figure 6). In both the spring and summer seasons, the average size of spirorbins on control plates 334 

had a slightly larger average size than those on warming treatments, with these differences 335 

becoming significant only at the end of the experimental seasons (Figure 6.B). At the start of the 336 

summer season, spirorbins exposed to warming treatments were significantly larger than those 337 

on control plates, although the difference in size under the +2°C treatment was not statistically 338 

significant compared to the control (Figure 6.B). No significant size differences were observed 339 

among warming treatments over time during either season, except in the second month of the 340 

spring season, where spirorbins under the +2°C treatment were significantly smaller compared to 341 

those on other warming treatments (Figure 6.B). 342 

The growth rate of spirorbins generally declined over time on all plates and in each season, but 343 

the rate of decline varied among treatments (Figure 6.A). In spring, spirorbins on the heatwave 344 

and +1°C warming treatments initially had growth rates similar to those on control plates, but by 345 
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the end of spring, growth rates on warming treatments were significantly slower than on control 346 

plates (except for +2°C). The reverse trend was observed in summer, where spirorbin growth rates 347 

were significantly slower at the start of the season for all warming treatments compared to the 348 

control, and by the end of summer, growth rates on warming treatments were slower than on 349 

control plates, but not significantly so (Figure 6.A). In winter, no significant differences in spirorbin 350 

size were detected among treatments at the end of the season, although average sizes on warming 351 

treatments tended to be larger than those on control plates (Figure 6.C).  352 

 353 

4. DISCUSSION  354 

This study examined the impact of simulated ocean warming on the structure and dynamics of 355 

temperate serpulid communities in New Zealand. Simulating mid- and end-century warming 356 

scenarios (+1°C and +2°C above ambient) and a short-term heatwave, we observed significant 357 

responses in abundance, recruitment, survival, percentage cover, and growth rate. The strongest 358 

effects occurred under the +2°C treatment, with seasonal variability further influencing outcomes. 359 

In winter, when ambient temperatures were lowest, no significant differences were detected 360 

across treatments, suggesting that thermal tolerance and sub-lethal functioning were not 361 

exceeded, thus maintaining similar ecological patterns and indicating that winter warming may 362 

have limited impact. Significant effects appeared by late spring and persisted through summer, 363 

suggesting that thermal stress becomes relevant as ambient temperatures rise. The typical 364 

spawning time for serpulid species occurs in late spring and summer (Potswald 1965), aligning with 365 

the observed periods of increased thermal stress and ecological impact. Seasonal variability 366 
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underscores thus that warming impacts are not uniform year-round but intensify when 367 

environmental temperatures approach or exceed species' upper thermal limits.  368 

4.1. Abundance and diversity  369 

The abundance of serpulids was significantly influenced by both warming treatments and seasonal 370 

changes, leading to shifts in community composition under elevated temperatures. The 371 

morphospecies group 6 was abundant during summer under ambient conditions, suggesting 372 

strong species-specific thermal tolerances to natural fluctuations. However, when temperatures 373 

exceeded seasonal norms, as under future warming scenarios, overall serpulid abundance 374 

declined sharply, despite some species showing greater resilience. Morphospecies groups 8, 9, 375 

and 10 (Serpulinae sub-family) were notably absent during the warmer spring and summer 376 

months, indicating lower thermal tolerance within this sub-family. In contrast, the persistence of 377 

morphospecies group 11 (Spirorbinae sub-family) in heated treatments suggests greater resilience 378 

to thermal stress. 379 

Several studies have shown species-specific thermal limits in serpulids, beyond which physiological 380 

stress and mortality increase. For example, Ficopomatus enigmaticus shows reduced survival in 381 

both larval and adult stages under elevated temperatures (Peria & Pernet 2019), while Hydroides 382 

elegans displays variable thermal tolerance across generations and developmental stages, with 383 

evidence of transgenerational acclimation (Genovese 2024). 384 

Despite species-specific declines in abundance, overall diversity indices did not significantly 385 

decrease under warming. This suggests shifts in the proportional representation of 386 
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morphospecies, with seasonal changes influencing dominance patterns and altering community 387 

composition. 388 

4.2. Recruitment, survival, and percentage cover  389 

Recruitment, survival, and percentage cover of serpulid worms were significantly affected by 390 

warming, with marked seasonal variation. Recruitment peaked in summer under ambient 391 

conditions but declined notably under elevated temperatures; by two- to three-fold under +1°C 392 

and three- to four-fold under +2°C. These reductions align with findings that serpulid recruitment 393 

depend on environmental factors like temperature, salinity, and microbial biofilms (Breaux et al. 394 

2023). Even mild thermal deviations can impair larval development and metamorphosis (Lavajoo 395 

& Amrollahi Biuki 2015), while altered biofilm composition may disrupt larval recruitment cues, 396 

limiting colonisation (Lau & Qian 2001). 397 

Survival showed similar patterns, with increased mortality under warming. Elevated temperatures 398 

affect early stages by increasing embryonic abnormalities and reducing larval survival (Sánchez-399 

Ovando et al. 2023), and also lower gamete quality and fertilisation success in adults (Kupriyanova 400 

& Havenhand 2005). These sublethal stressors can compromise population persistence, especially 401 

with repeated or prolonged exposure. Adult survivorship also drops under sustained thermal 402 

stress, as observed in Serpula vermicularis (Hughes et al. 2008), likely due to impaired respiration 403 

and higher metabolic demands (Wang et al. 2021). 404 

Warming also reduced percentage cover, despite natural summer peaks under ambient 405 

conditions. Cover declined by late summer under elevated temperatures, likely due to 406 
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physiological constraints on calcification or increased energetic costs (Clark et al. 2019; Gold & 407 

Vermeij 2023). Reduced cover may shift competitive balances in favour of faster-growing or 408 

thermally tolerant fouling species (e.g. bryozoans, ascidians; Pansch et al. 2018), leading to 409 

overgrowth or exclusion of serpulids and threatening their structural and ecological role in benthic 410 

communities. 411 

4.3. Size and growth rate  412 

Growth rates of Spirorbinae tube worms showed a clear response to warming, with significantly 413 

slower growth under elevated temperatures. In both spring and summer, growth declined under 414 

future warming scenarios (+1°C and +2°C above ambient), either early in the season or as it 415 

progressed. Under ambient conditions, newly settled spirorbins exhibited faster initial growth and 416 

reached maturity rapidly, consistent with observations in other temperate serpulids (Lucey et al. 417 

2018). In contrast, warming reduced both growth rate and final size, likely due to metabolic 418 

constraints or trade-offs between calcification and maintenance under thermal stress (Li et al. 419 

2014). While warming accelerates growth in Antarctic spirorbins (Ashton et al. 2017), our results 420 

suggest that in temperate species, it may exceed optimal physiological limits, reducing growth 421 

over seasonal timescales. 422 

Serpulid physiology is strongly affected by physical factors such as temperature, salinity, and 423 

acidification, which regulate calcification, reproduction, and survival (Montefalcone et al. 2022). 424 

Rising sea temperatures, along with shifts in carbonate chemistry, may impair tube formation and 425 

maintenance, leading to weaker structures and increased mortality (Ni et al. 2018). Furthermore, 426 
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phenological shifts in planktonic food availability due to climate change may constrain growth if 427 

warming disrupts the timing of primary production (Calbet 2024). 428 

4.4. Serpulid responses to marine heatwaves 429 

In contrast to constant elevated temperature treatments, the heatwave scenario (simulating 430 

short-term warming events) also reduced serpulid recruitment, survival, percentage cover, and 431 

growth rate. While summer abundance was unaffected at the community level, recruitment 432 

declined during the warming phase and partially recovered once temperatures returned to 433 

ambient, suggesting that early serpulid development is sensitive to short-term thermal 434 

fluctuations. Survival and growth trends mirrored those of constant warming, though percentage 435 

cover under heatwave conditions was higher than in +1°C and +2°C treatments, yet still below 436 

control levels. 437 

These findings align with studies showing that marine heatwaves can exceed species’ physiological 438 

thresholds (Pansch et al. 2018), including in New Zealand (Cook et al. 2024), as our observed 439 

declines in serpulid recruitment, survival, and growth under heatwave conditions suggest similar 440 

stress responses. Heatwave effects vary with warming rate and function, as some processes like 441 

righting in sea urchins are more thermally resilient than others like feeding (De Leij et al. 2022). 442 

Heatwaves are also recognised as major stressors to marine biodiversity and ecosystem function 443 

(Smale et al. 2019), and are linked to mortality events (Bell et al. 2024), shifts in community 444 

structure, and interactions with other pressures such as pollutants (Vellani et al. 2024). In 445 

serpulids, including reef-forming Ficopomatus enigmaticus, heatwaves may alter biomarkers and 446 

impact key life history traits, particularly during early stages (Vellani et al. 2024). These results 447 
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suggest that short-term thermal events may be as or even more influential than chronic warming 448 

in shaping the structure and persistence of benthic assemblages, including foundation species like 449 

serpulids. 450 

4.5. Ecological role and invasive potential of serpulids 451 

This study has important implications for the future of temperate benthic communities under 452 

climate change. As key ecosystem components, serpulids contribute to habitat formation, nutrient 453 

cycling, and biodiversity (Montefalcone et al. 2022). Declines in abundance, recruitment, survival, 454 

cover, and growth under warming suggest that these organisms may struggle to maintain their 455 

ecological roles. Serpulid reefs, like those of Serpula vermicularis, support high biodiversity 456 

(Chapman et al. 2012), and their loss could trigger cascading effects on associated species and 457 

functions. Shifts in species composition and dominance, with some morphospecies persisting in 458 

warmer treatments, may lead to community restructuring and altered interactions (Brundu & 459 

Magni 2021). Losing less thermally tolerant species could reduce functional diversity, impair 460 

carbon cycling, and simplify habitats, ultimately threatening ecosystem resilience. 461 

Thermal stress may also increase vulnerability to opportunistic serpulids, known to expand in 462 

disturbed or warming environments (Çinar 2013). While no invasive species were observed in 463 

Otago Harbour (Massué et al. in review), other studies link warming to their spread and negative 464 

impacts (Schwindt et al. 2001). Introduced serpulids can dominate space, displace natives, and 465 

alter interactions (Schwan et al. 2015), while causing economic harm through biofouling (Çinar 466 

2013). Environmental stress may further aid their establishment via facilitation by native species 467 
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(Uyà et al. 2020). Given these risks, ongoing monitoring is essential to detect and mitigate future 468 

invasions. 469 

4.6. Conclusions 470 

The impact of future warming scenarios and short-term heat events on temperate serpulid 471 

assemblages, especially in summer, was evident. While some serpulid groups exhibit a degree of 472 

thermal tolerance, overall declines in all ecological indices highlight the vulnerability of their 473 

ecological roles in benthic habitats. The short-term nature of this study limited scope for 474 

adaptation, though some species may persist via phenotypic plasticity or selection of thermally 475 

tolerant genotypes, a critical mechanism for marine taxa under rapid climate change (Reusch 476 

2014). Yet, how much these responses can offset wider ecological disruptions remains unclear. 477 

While our experimental treatments (+1°C and +2°C constant temperature increases and short-478 

term heatwaves) do not capture the full range of natural temperature variability or strictly meet 479 

the statistical definition of marine heatwaves, they provide controlled, reproducible, and 480 

ecologically relevant conditions to assess how serpulid assemblages respond to both chronic and 481 

acute warming. 482 

Our experimental approach, despite these limitations, accounted for natural variability and 483 

potential interactions with other environmental factors. Although treatments were unreplicated 484 

within blocks, model validation indicated no lack of fit or interaction effects, suggesting that the 485 

block structure adequately captured local variability without biasing treatment responses. This 486 

consideration of natural variability is essential, as abiotic stressors like oxygen, pH, salinity, and 487 

food availability interact with warming and influence serpulid dynamics. These stressors may 488 
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further impair resilience across life stages by affecting key processes such as larval development 489 

and recruitment under hypoxia (Leung et al. 2013), osmoregulation under altered salinity (Peria & 490 

Pernet 2019), and calcification under acidification (Díaz-Castañeda et al. 2019). Fluctuating pH also 491 

impacts mortality and fecundity in calcifiers (Shi & Li 2024), while food and hydrodynamics affect 492 

feeding and larval viability (Bolton & Havenhand 2005). These interacting pressures suggest that 493 

warming alone may not solely drive shifts in serpulid assemblages and that a broader range of 494 

environmental variables should be considered under future trajectories of temperate serpulid 495 

communities.  496 

 497 

ACKNOWLEDGMENTS  498 

We thank the laboratory staff and SCUBA diving technicians (especially Will Pinfold and Niall 499 

Pearson) at the Portobello Marine Laboratory for their valuable assistance, and Stu Borland from 500 

the Department of Zoology at the University of Otago for manufacturing the sliding frame used to 501 

capture high-quality pictures. We also acknowledge the British Antarctic Survey for contributing 502 

to the design of the heated panel methodology used in this study. This research was supported by 503 

the University of Otago. 504 

 505 

REFERENCES 506 



 26 

Alter, K., Jacquemont, J., Claudet, J., Lattuca, M.E., Barrantes, M.E., Marras, S. et al. (2024). 507 

Hidden impacts of ocean warming and acidification on biological responses of marine 508 

animals revealed through meta-analysis. Nat. Commun. 15, 2885. 509 

Ashton, G.V., Morley, S.A., Barnes, D.K.A., Clark, M.S., Peck, L.S. (2017). Warming by 1°C drives 510 

species and assemblage level responses in Antarctica’s marine shallows. Curr. Biol. 27, 511 

2698–2705. 512 

Bell, J.J., Micaroni, V., Strano, F., Ryan, K.G., Mitchell, K., Mitchell, P. et al. (2024). Marine 513 

heatwave-driven mass mortality and microbial community reorganisation in an 514 

ecologically important temperate sponge. Glob. Chang. Biol. 30, e17417. 515 

Bolton, T.F., Havenhand, J.N. (2005). Physiological acclimation to decreased water temperature 516 

and the relative importance of water viscosity in determining the feeding performance of 517 

larvae of a serpulid polychaete. J. Plankton Res.27, 875–879. 518 

Breaux, N., Avalos, A., Gilmore, J., Palmer, T.A., Beseres Pollack, J. (2023). Recruitment dynamics 519 

of serpulid worms in Baffin Bay, Texas: implications for habitat restoration in a 520 

hypersaline estuary. Estuaries Coasts 46, 2148–2158. 521 

Brooks, M.E., Kristensen, K., van Benthem, K.J., Magnusson, A., Berg, C.W., Nielsen, A. et al. 522 

(2017). glmmTMB balances speed and flexibility among packages for zero-inflated 523 

generalized linear mixed modeling. R package version0.2.0. 524 



 27 

Brundu, G., Magni, P. (2021). Context-dependent effect of serpulid reefs on the variability of 525 

soft-bottom macrobenthic assemblages in three Mediterranean lagoons (Sardinia, 526 

Italy). Estuar. Coast. Shelf Sci. 262, 107589. 527 

Buckley, L.B., Huey, R.B. (2016). Temperature extremes: Geographic patterns, recent changes, 528 

and implications for organismal vulnerabilities. Glob. Chang. Biol. 22, 3829–3842. 529 

Calbet, A. (2024). The impacts of global warming on marine plankton. In: Plankton in a Changing 530 

World: The Impact of Global Change on Marine Ecosystems [ed. Calbet, A.]. Springer, 531 

Cham, pp. 97–103. 532 

Chapman, N.D., Moore, C.G., Harries, D.B., Lyndon, A.R. (2012). The community associated with 533 

biogenic reefs formed by the polychaete, Serpula vermicularis. J. Mar. Biol. Assoc. U.K. 92, 534 

679–685. 535 

Çinar, M.E. (2013). Alien polychaete species worldwide: Current status and their impacts. J. Mar. 536 

Biol. Assoc. U.K., 93(5), 1257–1278. 537 

Clark, M.S., Villota Nieva, L., Hoffman, J.I., Davies, A.J., Trivedi, U.H., Turner, F., et al. (2019). Lack 538 

of long-term acclimation in Antarctic encrusting species suggests vulnerability to 539 

warming. Nat. Commun., 10, 3383. 540 

Cook, K.M., Dunn, M.R., Behrens, E., Pinkerton, M.H., Law, C.S., Cummings, V.J. (2024). The 541 

impacts of marine heatwaves on ecosystems and fisheries in Aotearoa New Zealand. N. Z. 542 

J. Mar. Freshw. Res., 1–31. 543 



 28 

De Leij, R., Grange, L.J., Peck, L.S. (2022). Functional thermal limits are determined by rate of 544 

warming during simulated marine heatwaves. Mar. Ecol. Prog. Ser., 685, 183–196. 545 

Díaz-Castañeda, V., Cox, T.E., Gazeau, F., Fitzer, S., Delille, J., Alliouane, S., et al. (2019). Ocean 546 

acidification affects calcareous tube growth in adults and reared offspring of serpulid 547 

polychaetes. J. Exp. Biol., 222(13), jeb196543. 548 

Domeisen, D.I.V., Eltahir, E.A.B., Fischer, E.M., Knutti, R., Perkins-Kirkpatrick, S.E., Schär, C., et al. 549 

(2023). Prediction and projection of heatwaves. Nat. Rev. Earth Environ., 4, 36–50. 550 

Fox, J., Weisberg, S., Price, B., Adler, D., Bates, D., Baud-Bovy, G., et al. (2023). car: Companion to 551 

Applied Regression. R package version 3.1-2. 552 

Genovese, C. (2024). Resilience across generations: Exploring transgenerational and larval 553 

acclimation to thermal stress in the marine annelid Hydroides elegans. PhD dissertation, 554 

University of Hawai‘i at Mānoa, Honolulu, HI, USA. 555 

Glasby, C.J., Read, G.B. (1998). A chronological review of polychaete taxonomy in New Zealand. J. 556 

R. Soc. N. Z., 28, 347–374. 557 

Gold, D.A., Vermeij, G.J. (2023). Deep resilience: An evolutionary perspective on calcification in 558 

an age of ocean acidification. Front. Physiol., 14, 1092321. 559 

Hartig, F., Lohse, L., de Souza Leite, M. (2024). DHARMa: Residual diagnostics for hierarchical 560 

(multi-level/mixed) regression models. R package version 0.4.3.  561 



 29 

Hobday, A.J., Alexander, L.V., Perkins, S.E., Smale, D.A., Straub, S.C., Oliver, E.C.J., et al. (2016). A 562 

hierarchical approach to defining marine heatwaves. Prog. Oceanogr., 141, 227–238. 563 

Hughes, D.J., Poloczanska, E.S., Dodd, J. (2008). Survivorship and tube growth of reef-564 

building Serpula vermicularis (Polychaeta: Serpulidae) in two Scottish sea lochs. Aquat. 565 

Conserv., 18(2), 117–129.  566 

IPCC (2023). Climate change 2023: synthesis report. Contribution of working groups I, II and III to 567 

the sixth assessment report of the Intergovernmental Panel on Climate Change. In: Lee, 568 

H., Romero, J. (eds). IPCC, Geneva.   569 

Ippolitov AP, Rzhavsky AV. 2014. Tube morphology, ultrastructures and mineralogy in recent 570 

Spirorbinae (Annelida: Polychaeta: Serpulidae). I. General introduction. Tribe 571 

Paralaeospirini. Invert Zool 11(2):293–314. 572 

Kupriyanova, E.K., Havenhand, J.N. (2005). Effects of temperature on sperm swimming 573 

behaviour, respiration and fertilization success in the serpulid polychaete, Galeolaria 574 

caespitosa (Annelida: Serpulidae). Invertebr. Reprod. Dev., 48, 7–17.   575 

Lamare, M.D., Pecorino, D., Hardy, N., Liddy, M., Byrne, M., Uthicke, S. (2014). The thermal 576 

tolerance of crown-of-thorns (Acanthaster planci) embryos and bipinnaria larvae: 577 

implications for spatial and temporal variation in adult populations. Coral Reefs, 33, 207–578 

219.   579 



 30 

Lau, S., Qian, P.Y. (2001). Larval settlement in the serpulid polychaete Hydroides elegans in 580 

response to bacterial films: an investigation of the nature of putative larval settlement 581 

cue. Mar. Biol., 138(2), 321–328.  582 

Lavajoo, F., Amrollahi Biuki, N. (2015). Biological structure and the effect of temperature on 583 

embryonic stage of the Spirobranchus kraussii (Baird, 1865) (Annelida: Serpulidae) in 584 

Bandar Abbas in the Persian Gulf. J. Persian Gulf (Mar. Sci.), 6(22), 49–60. 585 

Law, C.S., Bell, J.J., Bostock, H.C., Hurd, C.L., Mountjoy, J.J. (2018). Climate change projections for 586 

New Zealand’s marine environment. N. Z. J. Mar. Freshw. Res., 52, 309–335.   587 

Lenth, R.V., Banfai, B., Bolker, B., Buerkner, P., Giné-Vázquez, I., Herve, M., et al. (2023). 588 

emmeans: Estimated marginal means, aka least-squares means. R package version 1.8.7.  589 

Leung, Y.S., Shin, P.K.S., Qiu, J.W., Ang, P.O., Chiu, J.M.Y., Thiyagarajan, V., et al. (2013). 590 

Physiological and behavioural responses of different life stages of a serpulid polychaete 591 

to hypoxia. Mar. Ecol. Prog. Ser., 477, 135–145. 592 

Li, C., Chan, V.B.S., He, C., Meng, Y., Yao, H., Shih, K., et al. (2014). Weakening mechanisms of the 593 

serpulid tube in a high-CO₂ world. Environ. Sci. Technol., 48, 14158–14167. 594 

Lucey, N.M., Lombardi, C., Florio, M., Rundle, S.D., Calosi, P., Gambi, M.C. (2018). A comparison 595 

of life-history traits in calcifying Spirorbinae polychaetes living along natural pH 596 

gradients. Mar. Ecol. Prog. Ser., 589, 141–152. 597 



 31 

Martins, A.D., Barros, F. (2022). Ecological functions of polychaetes along estuarine 598 

gradients. Front. Mar. Sci., 9, 780318. 599 

McGarrigle, S.A., Hunt, H.L. (2024). Infaunal invertebrate community relationships to water 600 

column and sediment abiotic conditions. Mar. Biol., 171, 3. 601 

Montefalcone, M., Oprandi, A., Azzola, A., Morri, C., Bianchi, C.N. (2022). Serpulid reefs and their 602 

role in aquatic ecosystems: a global review. In: Adv. Mar. Biol., 92, 1–54. 603 

Nguyen, K.D.T., Morley, S.A., Lai, C.-H., Clark, M.S., Tan, K.S., Bates, A.E., et al. (2011). Upper 604 

temperature limits of tropical marine ectotherms: global warming implications. PLoS One, 605 

6, e29340. 606 

Ni, S., Taubner, I., Böhm, F., Winde, V., Böttcher, M.E. (2018). Effect of temperature rise and 607 

ocean acidification on growth of calcifying tubeworm shells (Spirorbis spirorbis): an in situ 608 

benthocosm approach. Biogeosciences, 15, 1425–1445. 609 

Oksanen, J., Simpson, G.L., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P.R., et al. (2023). 610 

vegan: community ecology package. R package version 2.6-4. 611 

Oliver, E.C.J., Donat, M.G., Burrows, M.T., Moore, P.J., Smale, D.A., Alexander, L.V., et al. (2018). 612 

Longer and more frequent marine heatwaves over the past century. Nat. Commun., 9, 613 

1324. 614 



 32 

Pansch, C., Scotti, M., Barboza, F.R., Al-Janabi, B., Brakel, J., Briski, E., et al. (2018). Heat waves 615 

and their significance for a temperate benthic community: a near-natural experimental 616 

approach. Glob. Change Biol., 24, 4357–4367. 617 

Peck, L.S., Clark, M.S., Morley, S.A., Massey, A., Rossetti, H. (2009). Animal temperature limits 618 

and ecological relevance: effects of size, activity and rates of change. Funct. Ecol., 23, 619 

248–256. 620 

Peck, L.S., Morley, S.A., Richard, J., Clark, M.S. (2014). Acclimation and thermal tolerance in 621 

Antarctic marine ectotherms. J. Exp. Biol., 217, 16–22. 622 

Peria, J., Pernet, B. (2019). Tolerance to salinity and thermal stress by larvae and adults of the 623 

serpulid annelid Ficopomatus enigmaticus. Invertebr. Biol., 138, e12271. 624 

Potswald, H. E. (1965). Reproductive biology and development of Spirorbis (Serpulidae, 625 

Polychaeta). PhD dissertation, University of Washington, Seattle, USA. 626 

R Core Team (2024). R: A language and environment for statistical computing. R Foundation for 627 

Statistical Computing, Vienna. 628 

Read, G.B., Gordon, D.P. (1991). Adventive occurrence of the fouling serpulid Ficopomatus 629 

enigmaticus (Polychaeta) in New Zealand. N. Z. J. Mar. Freshw. Res., 25, 269–273. 630 

Reusch, T.B.H. (2014). Climate change in the oceans: evolutionary versus phenotypically plastic 631 

responses of marine animals and plants. Evol. Appl., 7, 104–122. 632 

RStudio Team (2023). RStudio: Integrated development environment for R. RStudio, PBC, Boston. 633 



 33 

Sánchez-Ovando, J.P., Benítez-Villalobos, F., Bastida-Zavala, J.R. (2023). Elevated temperatures 634 

increase abnormalities in embryos and reduce larval survival in serpulid polychaetes. Biol. 635 

Open, 12, bio060053. 636 

Scheffers, B.R., De Meester, L., Bridge, T.C.L., Hoffmann, A.A., Pandolfi, J.M., Corlett, R.T., et al. 637 

(2016). The broad footprint of climate change from genes to biomes to people. Science, 638 

354, aaf7671. 639 

Schneider, C.A., Rasband, W.S., Eliceiri, K.W. (2012). NIH Image to ImageJ: 25 years of image 640 

analysis. Nat. Methods, 9, 671–675. 641 

Schwan, I.D.S., Brasil, A.C.D.S., Neves, D., Dias, G.M. (2015). The invasive worm Hydroides 642 

elegans (Polychaeta – Serpulidae) in southeastern Brazil and its potential to dominate 643 

hard substrata. Mar. Biol. Res., 12, 96–103. 644 

Schwindt, E., Bortolus, A., Iribarne, O.O. (2001). Invasion of a reef-builder polychaete: direct and 645 

indirect impacts on the native benthic community structure. Biol. Invasions, 3, 137–149. 646 

Seebens, H., Blackburn, T.M., Dyer, E.E., Genovesi, P., Hulme, P.E., Jeschke, J.M., et al. (2018). 647 

Global rise in emerging alien species results from increased accessibility of new source 648 

pools. Proc. Natl. Acad. Sci. USA, 115, E2264–E2273. 649 

Shi, Y., Li, Y. (2024). Impacts of ocean acidification on physiology and ecology of marine 650 

invertebrates: a comprehensive review. Aquat. Ecol., 58, 207–226. 651 



 34 

Smale, D.A. (2020). Impacts of ocean warming on kelp forest ecosystems. New Phytol., 225, 652 

1447–1454. 653 

Smale, D.A., Wernberg, T., Oliver, E.C.J., Thomsen, M., Harvey, B.P., Straub, S.C., et al. (2019). 654 

Marine heatwaves threaten global biodiversity and the provision of ecosystem 655 

services. Nat. Clim. Change, 9, 306–312. 656 

Stanwell-Smith DP, Peck LS (1998) Temperature and embryonic development in relation to 657 

spawning and field occurrence of larvae of three Antarctic echinoderms. Biol Bull 194:44–658 

52. 659 

Uyà, M., Bulleri, F., Wright, J.T., Gribben, P.E. (2020). Facilitation of an invader by a native 660 

habitat-former increases along interacting gradients of environmental stress. Ecology, 661 

101, e02961. 662 

Vellani, V., Cuccaro, A., Oliva, M., Pretti, C., Renzi, M. (2024). Assessing combined effects of long-663 

term exposure to copper and marine heatwaves on the reef-forming 664 

serpulid Ficopomatus enigmaticus through a biomarker approach. Mar. Pollut. Bull., 201, 665 

116269. 666 

Villota Nieva, L. (2019). Effects of in situ oceanic warming on marine benthic recruitment and 667 

community development in Antarctica. PhD dissertation, Bangor University, Bangor, UK. 668 

Wang, C., Kou, N., Liu, X., Yang, D. (2021). Oxygen consumption and ammonia excretion 669 

of Marphysa sanguinea (Polychaeta: Eunicidae) in relation to body mass and 670 

temperature. Fishes, 6, 52. 671 



 35 

Wernberg, T., Smale, D.A., Thomsen, M.S. (2012). A decade of climate change experiments on 672 

marine organisms: procedures, patterns and problems. Glob. Change Biol., 18, 1491–673 

1498. 674 

Whiteley, N., Mackenzie, C. (2016). Physiological responses of marine invertebrates to thermal 675 

stress. In: Stressors in the marine environment: physiological and ecological responses; 676 

societal implications, [eds. Solan, M., Whiteley, N.]. Oxford University Press, Oxford, pp. 677 

56–72. 678 

 679 

Figure 1. (A) Four experimental plates attached to a cement paving slab (50 cm x 50 cm), 3 m depth in the Otago Harbour. Note 680 

the array is kept 20 cm off the seafloor and is attached to a wharf piling. The elastic cords holding the panels in place are evident. 681 

Note that the heated area is between the inner surface of the panels and the concrete slab. (B) A side-view of the paving slab with 682 

panels attached. (C) A single panel showing a serpulid assemblage. The serpulin organisms are pointed by green arrows, and the 683 
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spirorbin organisms are circled by blue circles (anticlockwise in dark blue and clockwise in light blue). (D) Examples of in situ heated 684 

panels at the end of each season studied. Each season (Winter 2021, Spring 2021, and Summer 2021/2022) was deployed over 685 

three months under a control and warming treatments (+1°C and +2°C above ambient, and heatwave[H.W]). Each image (for C and 686 

D) shows an entire experimental recruitment surface (9.8 x 9.8 cm). 687 

 688 

Figure 2. Abundance count per morphospecies group presented in Massué et al. in review: (A) and (B) averaged across the level of 689 

season under warming treatments. (C) and (D) averaged at the level of treatment per experimental seasons. Due to its high 690 

abundance, the morphospecies group 6 is displayed in separate graphs  (B and D) for clarity. Data show the estimated marginal 691 

means (EMMs) and 95% confidence intervals (CIs), accounting for the effects of other variables in the model. The morphospecies 692 

group “Others” regroups unidentified early-stage individuals. Differences of lowercase letters indicate significant differences of 693 
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abundance within each morphospecies groups (p < 0.05). H.W = Heatwave treatment. (E) Illustration of the morphospecies groups 694 

from the Spirorbinae sub-family (blue rectangle), and the Serpulinae sub-family (green rectangle).  695 

 696 

Figure 3. Diversity indices (species richness, Simpson’s diversity index, and Pielou’s evenness index) under warming and control 697 

treatments at the end of each seasons. Boxplots show the median and interquartile range, while the grey crosses indicate the 698 

means, and the solid symbols the range. Differences among treatments were only detected for species richness in spring, where 699 
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the heatwave (H.W) treatment showed lower values than all other treatments (p < 0.05; letters indicate significant pairwise 700 

contrasts). However, this effect did not persist when season was included as a factor in the full model. 701 

 702 

Figure 4. Abundance count of the overall serpulid tube-worms assemblage (A), and recruitment count (B) through time under 703 

warming and control treatments per seasons. The points signify the estimated marginal means (EMMs) and the error bars are for 704 

the 95% confidence intervals (CIs), accounting for the effects of other variables in the model. Different lowercase letters indicate 705 

significant differences between treatments for each month of each season (p < 0.05). H.W = Heatwave treatment. 706 
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 707 

Figure 5. Survival proportion (A), and percentage cover through time (B), of serpulid tube-worms under warming and control 708 

treatments per seasons. The points signify the estimated marginal means (EMMs) and the error bars are for the 95% confidence 709 

intervals (CIs), accounting for the effects of other variables in the model. Different lowercase letters indicate significant differences 710 

between treatments for each season, or for each month of per season (p < 0.05). H.W = Heatwave treatment. 711 
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 712 

Figure 6. Growth rate (A) and size (B) responses of spirorbin tube-worms through time under warming and control treatments per 713 

seasons. (C) Size responses of spirorbin tube-worms under warming and control treatments only at the end of the experimental 714 

seasons including winter. For all graphs, the points signify the estimated marginal means (EMMs) and the error bars are for the 715 

95% confidence intervals (CIs), accounting for the effects of other variables in the model. Different lowercase letters indicate 716 

significant differences between treatments for each months or differences of each season for (A) and (B), and for each season for 717 

(C) (p < 0.05). H.W = Heatwave treatment. 718 
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APPENDICES 730 

Table A1. Deployment, photography, and retrieval dates of heated panels at the Portobello Marine Science Laboratory, by season. 731 

Deployment Season Deployment Date Photographed Retrieved and Sampled Days - Weeks duration 

Winter  2021-06-11 2021-09-10 2021-09-10 91 days  -  13 weeks 
Spring  2021-09-14 2021-10-14&15 

2021-11-08 
2021-12-06 

2021-12-06 83 days  -  12 weeks  

Summer 2021-12-07 2022-01-11 
2022-02-02 
2022-03-01 

2022-03-01 84 days  -  12 weeks  

 732 

 733 

Figure A2. (A) Deployment site of the heated panels at the Portobello Marine Science Laboratory, outlined by a red square, on the Otago 734 

Peninsula, Dunedin, New Zealand. (B) Map of the Portobello Marine Science Laboratory and its wharf. The red square indicates the location 735 

of the four concrete slabs attached to the wharf columns. The red dot marks the power supply unit behind the hatchery building. The red 736 

dashed line shows the cables connecting the panels to the unit. Image retrieved from Google Earth (2022). 737 

 738 

Figure A3. (A) Illustration of the power supply and the twelve cables (three per replicate) connected to it. Each cable is 100 m long. 739 

(B) Illustration of the inside of the power supply unit, where cables are connected either to a +1°C or a +2°C outlet. 740 
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 741 

Figure A4. Three-dimensional model of the heated panel experiment beneath the wharf at the Portobello Marine Science Laboratory, 742 

Dunedin, New Zealand. Four cement slabs are elevated on concrete blocks at the base of each wharf column. All panels are secured to the 743 

slabs with elastic cords and connected by cables to the power supply unit located behind the hatchery building (see Figure A2, A3). 744 

 745 

Figure A5. Ambient sea surface temperatures at the Portobello Marine Science Laboratory during the three seasons studied, from July 746 

2021 to March 2022. Note the +1°C or +2°C treatment temperatures were not measured directly, but are plotted as temperatures +1°C 747 

or +2°C above the reported ambient temperatures. Boxes represent temperature ranges for each season. 748 
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Video S1. Visualisation of the four cement slabs, each supporting four heated panels elevated on 749 

concrete blocks at the base of each wharf column at the Portobello Marine Science Laboratory, 750 

Dunedin, New Zealand. Cables connected the heated panels to the power supply and lay on the 751 

seafloor for a short distance before being secured under the wharf to reach the power unit. 752 


