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Abstract

To better understand the ecological consequences of ocean warming on marine ecosystems, experimental manipulation
of ecologically relevant parameters is essential. Here, we employed short-term (3 months) in situ heated settlement panel
experiments over four seasons to assess the effects of warming on shallow-water (3—5 m depth) encrusting invertebrate
communities in a temperate marine ecosystem in New Zealand. Moderate warming (+1 °C above ambient) was gener-
ally associated with increases in growth, while the effects of greater warming (+2 °C above ambient) were more vari-
able and seasonally dependent. Growth rates under a heatwave treatment were often reduced relative to the other heated
treatments, with little difference from ambient. Notably, a non-native colonial ascidian, Lissoclinum perforatum emerged
as the dominant species in warmed treatments, suggesting its potential to dominate future encrusting communities in this
region, even after short-term warming events. For many taxa, increased growth rates did not equate with higher survival
probabilities, with some species exhibiting decreased survival even under +1 °C of warming, despite enhanced growth.
Spatial competition within these encrusting communities also shifted in response to warming, with reduced density and
complexity observed under +2 °C of warming. Our experiment shows that even moderate warming, at temperatures
already being experienced in marine ecosystems, can substantially alter growth and survival within these assemblages
over short time periods and, by extension, benthic community processes and composition. Our findings highlight shifts in
spatial competition dynamics that are anticipated to intensify with further ocean warming.
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Introduction

Anthropogenic climate change has been documented as a
primary driver of elevated local extinctions (Nikolaou and
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The mechanisms driving community change in response
to environmental shifts include direct physiological and
behavioural responses, as well as indirect effects mediated
by altered species interactions, such as intensified predator-
prey dynamics due to increased metabolic rates (Gilman
2017; Gunderson et al. 2017). When temperatures exceed a
species physiological optimum, sublethal effects often pre-
cede declines in survival potential (O’Connor et al. 2007).
In addition, marine encrusting communities, which are
often space-limited due to constraints on primary substrate
availability (Richmond and Seed 1991), are likely to be sig-
nificantly affected by ocean warming due to species-specific
responses to temperature changes (Clark et al. 2019). The
different temperature optima of species can drive shifts in
growth and survival rates, altering competitive advantage
and thereby resulting in significant compositional changes
within these communities (Kroeker et al. 2013), while com-
petitive encounters, particularly under resource-limited
conditions, play a crucial role in community structure,
succession, and function (Barnes and Neutel 2016; Lord
2017b). In space-limited encrusting marine communities,
temperature impacts the outcome of spatial competition by
influencing the ability that species have to maintain space.
For example, in bryozoans, growth responses to tempera-
ture change can depend on competitive interactions within
the community they occupy (Smith 2014). Changes in
energy budgets in response to environmental stress will
influence growth rates, reproductive success, and survival
probability, while also negatively impacting the organ-
ism’s ability to compete (Lord 2017b), with the outcome
dependent on the timescales considered (Ashton et al. 2017,
Clark et al. 2019). The differential impact of environmen-
tal shifts on the fitness of benthic species can have transi-
tional effects throughout the wider community, leading to
wide-scale changes within ecosystems (Wisz et al. 2013).
For instance, the mass mortality of the foundational mus-
sel species, Brachidontes pharaonis, during a heatwave led
to a functional reordering of the community by disrupting
filtration services, demonstrating how benthic assemblage
shifts can have cascading effects on ecosystem structure
and function, particularly when specific functional traits
are minimised or lost (Sara et al. 2021). Laboratory studies
on warming effects are often limited in their applicability
to natural systems, as growth responses to temperature can
differ significantly in situ (Amui-Vedel et al. 2007; Ash-
ton et al. 2017). This can be attributed to the complexity
of environmental and biotic interactions within the ocean
influencing species responses, resulting in growth, survival,
and competitive outcomes not detected in laboratory stud-
ies. Such discrepancies highlight the need to concurrently
study marine ectotherm physiological responses in natural
settings, rather than laboratory experiments alone. Linking
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field observations of community changes with experimen-
tal temperature manipulations under realistic conditions is
essential for predicting future impacts of ocean warming
(Wernberg et al. 2012; Thompson et al. 2013; Bass et al.
2021). This approach is particularly relevant for species
residing near their physiological threshold, as they may be
at increased risk of local extinction and potential replace-
ment by more heat-tolerant species (Sunday et al. 2012).
With the observed impact of temperature on the biodiversity
and function of sessile marine communities (Barnes et al.
2021; Montie and Thomsen 2023b), competition for space
is predicted to intensify under modelled warming scenarios
(Lancaster et al. 2017; Ladd et al. 2019; Barnes et al. 2021).
However, accurate predictions are difficult to make, as spa-
tial competition is influenced by various factors, including
the timing, intensity, frequency, and type of stressor. Fur-
thermore, the strength of interactions among species are
spatially and temporally dependent (Liu and Gaines 2022).
In general, heat-tolerant species are predicted to maintain
physiological performance and compete more effectively
under moderate warming (Diamond et al. 2017; Barnes and
Neutel 2016). Hence, competition for space in encrusting
communities is projected to increase under moderate levels
of warming, while more extreme warming is expected to
generate varied responses (Barnes and Neutel 2016; Lord
et al. 2017). Shallow-water benthic encrusting communities
are ideal model systems for studying the effects of climate
change on marine community structure and function, due
to their high rates of colonisation and sensitivity to small
temperature fluctuations. Furthermore, community structure
changes occur across multiple levels of biological organ-
isation, influencing succession, development, reproduc-
tive timing, and food web processes (Cattano et al. 2020;
Lennon and Sealey 2023). Besides their physiological
responses to temperature fluctuations, encrusting inverte-
brate communities are further ideal model systems as their
sessile nature facilitates standardised experimental designs
through settlement panels, thereby enabling the monitoring
of whole community dynamics, including succession and
community development in a way rarely possible with other
assemblages. In this study, we employed heated settlement
panels developed by Ashton et al. (2017) to simulate ocean
warming in situ. We assessed the growth, survival, and com-
petitive dynamics of shallow-water (3—5 m depth) ascidian
and bryozoan species across seasons under three warming
treatments. The experiment was conducted under environ-
mentally relevant warming conditions, according to current
modelling forecasts based on the RCP8.5 high emission
scenario (Law et al. 2018). By evaluating these processes,
this study aims to enhance our understanding of how ben-
thic encrusting communities may respond to ocean warm-
ing and, ultimately, provide essential insights for successful
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management and conservation of marine biodiversity in a
changing climate.

Materials and methods
Experimental design

We deployed heated settlement panels between September
2021 and June 2022 (following Ashton et al. 2017; supple-
mentary 1). Panels were attached to concrete pavestones
(50x50 cm) on the seafloor of Otago Harbour (Portobello
Marine Laboratory; Otago, New Zealand) at a depth of
approximately 3 to 5 m (Fig. 1). Onshore-powered heated
settlement panels allowed for controlled manipulation of
temperature at the panel surface and the overlying bound-
ary layer of water (Ashton et al. 2017). These panels create
a uniform heated layer between 2 and 10 mm, but never
smaller than 2 mm (Moffitt 2024; Supplementary 1), which
is maintained under tidal flow conditions generally experi-
enced in the Otago Harbour (mean flow of 12.8 cm s~ !). The
present study focused on encrusting invertebrates which
were maintained within the heated boundary layer for the
duration of the experimental period.

Panels were connected to a shore-based control unit,
allowing for a continuous power supply to the panels. Pan-
els were held in place using elastic cord, with the micro-
abraded settlement surface (9.8x9.8 cm) face down,
maintaining a 2 cm gap from the pavestone surface (Fig. 1;
Supplementary 1).
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Fig. 1 Experimental Layout: A) Otago Harbour map indicating the
experimental location (red square, Portobello Marine Laboratory;
-45°49°39.32"S, 170°38°28.24"E), and its location within New Zea-
land indicated in the top left corner. B) Experimental set-up in situ

A total of 16 heated panels were deployed across four
replicate blocks (Fig. 1b). Each replicate block consisted of
a single concrete slab containing one of each experimen-
tal treatment randomly allocated to one of the four pos-
sible positions (Supplementary 1, +1 °C above ambient,
+2 °C above ambient, heatwave and ambient; 16 panels
total). The four replicate blocks were evenly spaced and
rested against wharf pillars for the duration of the experi-
ment (Fig. 1b). The +1 °C and +2 °C above ambient treat-
ments were held at their respective elevated temperatures
throughout the experimental period, while the ambient treat-
ment represents our experimental control. These tempera-
ture treatments were selected based on warming predicted
for New Zealand’s coastal waters (Law et al. 2018; IPCC
2023). We also established a heatwave treatment in which
a community was developed for a month at ambient tem-
peratures before being subjected to a month of increasing
warming (+1 °C for two weeks, followed by two weeks at
+2 °C). Globally, heatwaves are characterised by a period
of warming, within the 90th percentile of temperatures, that
last for at least five consecutive days (Hobday et al. 2016).
In Otago Harbour the historical temperature recordings and
upper 90th percentiles (ranging from +0.9 °C to +1.4 °C
above the long-term mean) suggest that prolonged warming
of +2 °C above ambient is sufficient to simulate heatwave
conditions (Table 1; Supplementary 2). Therefore, the tem-
perature regime used here fell within the accepted definition
of marine heatwaves for this region (Table 1).

Four independent deployments were undertaken over
the course of a year (hereafter referred to as season) each
involving the deployment of panels for three months that

of one replicate block of heated-settlement panels. Heated settlement
panels were evenly spaced on the concrete slab, that is positioned ver-
tically against the marine lab wharf piling
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Table 1 Long-term average and range of sea temperatures for the
experimental period (2021-2022) for each seasonal deployment
period, and the long-term mean temperature and upper 90th percentile
for the baseline period (1953—1980)

Spring Summer Autumn  Winter

Mean 13.35+€2.11 16.9+0.9 14.0+2.1 8.6+0.9
Minimum 6.4 14.4 8.9 6.9
Maximum 15.5 19.1 16.9 10.1
Median 11.2 16.5 13.5 8.3
95% Range +0.3 +0.2 +0.3 +0.3
Long-term mean 11.4+2.03  15.6+1.5 12.0£24 7.3+1.1
Long-term upper +1.2 +1.3 +1.4 +0.9

90th percentile

spanned the Austral seasons (Spring: Sep — Nov 2021, Sum-
mer: Dec 2021 — Feb 2022, Autumn: Mar — May 2022, Win-
ter: Jun — Aug 2022). Fresh panels were deployed for each
experimental period; hence newly established colonisers
were examined.

Heated settlement panels were sampled monthly for the
duration of the experiment using high-resolution photogra-
phy. For this, individual settlement panels were brought to
the surface by SCUBA divers and immediately submerged in
tanks containing filtered ambient seawater. The submerged
panels were photographed using a Nikon D100 DSLR cam-
era fitted with an AF-S Nikkor macro 60 mm lens. Cam-
era exposure settings were standardised across photographs
(Aperture: 1/16; ISO: 1600; Shutter speed: 1/40; Format:
RAW). Thirty-five overlapping images of each panels sur-
face were captured using a metal sliding frame and corre-
sponding Ikelite underwater housing. Pictures were merged
into a single image of the panels surface using Adobe Photo-
shop (Version 23.3). The final image was cropped to the 96
mm? heated settlement region. Our methodology resulted
in high image resolution, allowing for the identification of
specimens as small as 0.2 mm. The photographing of settle-
ment plates took approximately 5 min, after which panels
were returned to the experimental location (with minimal
air exposure, < 30 s over the entire procedure).

Growth measurements and survival probability

We focused on responses of six target species: three bryo-
zoans: Calloporina angustipora, Disporella sp., and Rhyn-
chozoon zealandicum, and three ascidians: Lissoclinum
perforatum, Asterocarpa humilis, and Corella eumyota. Spe-
cies selection was based on the abundance and occurrence
of individuals on the heated settlement panels, alongside the
relative importance of their contribution to the difference in
community assemblage (Moffitt 2024). Individuals or colo-
nies were identified in ‘endpoint’ photos and traced back
in time, with size measured using ImageJ v 1.53 (Schnei-
der et al. 2012). A small number of individuals/colonies
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that sustained damage during handling were excluded from
analyses. In addition, two bryozoan colonies showed no
incremental growth between initial and final measurements.
After further examination, these colonies were considered
non-viable and excluded from growth analysis.

Size was based on the average surface area (mm?) after
three replicate measurements. Growth rate (mm? day ') was
calculated between sampling months using the following
equation:

AA

Ay — A
growth rate = = 2 !
At to — 11

where A, and A, are the mean of the surface area for the rel-
evant specimen at time point t; and t,, respectively, with At
representing the time between measurements in days (Hoff-
mann and Poorter 2002; Burgess and Bueno 2021).

Survival rates were measured for the duration of the
three-month experiment. Survival was determined based on
the number of observed individuals of each of the target spe-
cies after one month of deployment. Individuals still pres-
ent in subsequent timeframe images were identified, while
individuals that were no longer present were recorded as a
mortality. New individuals and colonies were marked sepa-
rately on each successive time point image.

Percentage coverage and dominant space holder

The total coverage of any individual on each heated settle-
ment panel was calculated using /mageJ (Schneider et al.
2012). Coverage of benthic organisms was distinguished
from the background of each panel (blank space) by select-
ing pixels with the pixel-select tool. Each identified spe-
cies was mapped with a specific colour corresponding to
its species or family, indicating that the specimen had been
counted. This process enabled the measurement of the area
occupied by each species. The overall percentage cover on
each plate was determined by setting a colour threshold that
selected and measured all pixels distinct from the settlement
surface. With the exact size of the settlement surface known,
and standardised image capture conditions, the number of
pixels per mm? was calculated, enabling the occupied area
for each species to be quantified in mm?. Dominant space
holders on each heated settlement panel were determined by
ranking species based on the area of space they occupied.

Competitive encounters

Common metrics used to describe changes in contest com-
petition include encounter probability, complexity, and den-
sity (Barnes and Neutel 2016; Barnes et al. 2021; Koch et al.
2023). For this study, these metrics were defined as follows:
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encounter probability refers to the likelihood that any indi-
vidual within the community will experience competition;
encounter complexity denotes the number of distinct inter-
acting pairs within the community; and encounter density
represents the number of competitive encounters per mm?>.
The probability, density, and complexity of spatial compe-
tition were calculated for each settlement panel. Competi-
tive encounters were identified from endpoint images using
the count tool in ImageJ (Schneider et al. 2012), with an
interaction classified as competitive only when the competi-
tive boundary exceeded 5% of the individual’s outer edge
(Barnes et al. 2021).

Statistical analysis

All statistical analyses were undertaken in R version 4.3.1
(Team 2020; R Core Team 2021). Measurements were
tested for normality and equal variance using the Shapiro—
Wilk test for normality and Levene’s test for equal variance
among treatment groups.

Growth: As the assumptions for parametric tests were
violated for growth rate data, we conducted a PER-
MANOVA analysis using the adonis2 function in vegan
v 2.6.4 (Oksanen et al. 2022). Post-hoc pairwise PER-
MANOVA analyses (function: pairwiseadonis2) were con-
ducted to determine between-group differences in growth.
The number of growth measurements collected for each
species was limited by the species occurrence on the panels
(ranging from 29 to 420 total occurrences). Thus, the num-
ber of measurements available for analysis and their degrees
of freedom varied among species, treatment, and season.
Within-group dispersions were assessed using a robust per-
mutation test on the absolute deviations from the group’s
median, as this test was suitable for unequal samples sizes.
Given that no significance was detected using this permuta-
tion test, the PERMANOVA results for growth were seen to
be robust (supplementary 1).

Survival: For each group, survival probability was cal-
culated as the number of surviving specimens divided by
the total number of initial individuals. Further, a nested-
dichotomies logistic regression (NDLR) model was run on
categorical data: survival data for six species; total survival
of ascidian and bryozoan groups; and overall total survival.
Fitted values were then obtained using the ‘predict()’ func-
tion. NDLR was used to model categorial survival out-
comes across the three-month study period as it allowed for
the inclusion of individuals who settled during the second
experimental month. Survival was further analysed to quan-
tify treatment and season effects using likelihood Chi-square
tests, based on the observed combined deviance across the
NDLR (i.e., survival through the entire nested model), com-
pared to a null model (i.e., no treatment or seasonal effects).

Percentage coverage and dominant space holder: Per-
centage cover data was analysed using chi-square tests to
assess if the observed percentage cover under heated treat-
ments differed from ambient coverage (null hypothesis).
Frequencies of occupied versus unoccupied space were
compared across season and treatment, with a=0.05.

Competitive encounter: Data, that violated the assump-
tions of ANOVA were transformed, with the specific
transformation method dependent on the variable (Supple-
mentary 3). Following transformation, two-way ANOVAs
were performed to assess the impact of season and treat-
ment, as well as their interaction; these were included as
fixed factors. A Tukey’s HSD post hoc test was then used for
pairwise comparisons.

Results
Growth rates

Warming of +1 °C was associated with increased growth
rates during summer or spring for all six target species
(Fig. 2, Supplementary 3). The observed increase in growth
rates during the experiment was significant in four of the
target species under +1 °C of warming (Supplementary 4;
Table S4.2). However, the growth response showed high
species-specific and seasonal variability. Lissoclinum per-
foratum, for example, showed increased growth during
autumn under +2 °C warming, while the slower growing
Calloporina angustipora showed less clear seasonal pat-
terns in growth and in response to temperature treatments.

Overall, PERMANOVA indicated that both temperature
treatment and season factors significantly influenced growth
rates for five of the target species, while only the growth
rate of Asterocarpa humilis did not respond significantly
throughout the experiment (Fig. 2; Table 2; PERMANOVA,
pseudo-F=0.9, R*=0.06, P=0.497). In the heatwave treat-
ment, growth rates tended to be slightly elevated compared
to the ambient treatment, but they were only significantly
in Lissoclinum perforatum and Calloporina angustipora,
in autumn and Rhynchozoon zealandicum during summer
(post-hoc pairwise PERMANOVA: F=3.07, R?=0.10,
P=0.009; F=11.8, R*=0.07 P=0.001; and F=0.307,
R%=0.09, P=0.05, respectively).

Species-specific response among treatments and sea-
sons are outlined below and detailed in Supplementary 4.
The factor ‘season’ differentially influenced the impact of
temperature treatment on growth rate for C. angustipora,
Disporella sp., and L. perforatum (Table 2; Fig. 2). For C.
angustipora growth rates were enhanced under the +1 °C
treatment in summer, where growth was on average 0.08
mm? day ! (n=22) faster than the ambient treatment, while

@ Springer
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Fig. 2 Box and whiskers plots for species-specific growth rates (mm?
day™!) among four seasons for Asterocarpa humilis, Corella eumyota,
Lissoclinum perforatum, Calloporina angustipora, Rhynchozoon zea-

the same warming resulted in growth rate reductions dur-
ing the other seasons (Fig. 2). For instance, C. angustipora
colonies grew significantly slower under heated (+1 °C
and +2°C) treatments during winter than in the ambient
treatment, with growth 0.112 mm? day ' slower in winter
under +2°C (post-hoc pairwise PERMANOVA: F=19.91,
R%=0.26, P=0.001). For Disporella sp. growth rates in sum-
mer were reduced when exposed to the heatwave treatment
when compared to ambient growth rates (post-hoc pairwise
PERMANOVA: F=9.33, R?=0.18, P=0.004). While slight
increases in growth of Disporella sp. under the heatwave
treatment were observed during spring, they were not sig-
nificantly faster than the ambient treatment (Fig. 2; post-hoc
pairwise PERMANOVA: F=0.87, R?=0.07, P=0.41).
Lissoclinum perforatum displayed significant growth dif-
ferences across seasons (PERMANOVA, pseudo-F=2.68,

@ Springer

landicum, and Disporella sp., respectively. Note the Y-axis differs
among species. Black dots represent outliers. For specific n values see
supplementary information 3

R? = 0.04, P=0.007) and treatments (PERMANOVA,
pseudo-F=5.63, R? = 0.12, P=0.0001). Furthermore, the
effect of treatment on growth rates for L. perforatum was
seasonally dependent, with rates of growth 9.52+7.43 mm?
day ! higher in summer when subjected to +2°C warm-
ing (post-hoc pairwise PERMANOVA: F=2.16, R*=0.18,
P=0.09). Despite similar patterns produced across summer
and autumn, growth rates in autumn were always slower
than the summer growth rates (Fig. 2; Table 2). The heat-
wave treatment was associated with non-significant moder-
ate increases in growth rates of L. perforatum (2.21+4.29
mm? day 'and 0.51+2.62 mm? day ™! faster for summer and
autumn, respectively).

Rhynchozoon zealandicum growth rates differed signifi-
cantly among ambient and heated treatments, with maxi-
mum growth observed in spring. During summer, under
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Table 2 Comparison of growth rates among season and treatment for six taxa. PERMANOVA tables, gathered from the ADONIS 2 function
in the Vegan program in R, for growth rate ~ Treatment * Season, accounting for the variation attributed to block, for the six target species consid-

ered here. Where alpha=0.05 and significance is indicated in bold

Treatment Season Treatment * Season Residual Total

Treatment Season Treatment * Season Residual (¢) Total

(e)

Asterocarpa humilis Corella eumyota
DF 3 2 3 38 46 3 3 8 140 154
Mean Squares 6.67 11.11  7.50 6.07 632 222 0.65 4.94 5.96 4.95
R? 0.06 0.03 0.06 0.86 1 0.04 0.15 0.05 0.76 1
F 0.90 0.54 0.80 2.67 9.13 1.2
Pr(>F) 0.497 0.727  0.58 0.02 0.001 0.28

Lissoclinum perforatum Calloporina angustipora
DF 3 2 3 108 116 3 3 9 775 790
Mean Squares 1.29 0.98 6.15 6.14 548 1.46 0.33 1.48 10.09 8.41
R? 0.12 0.04 0.06 0.78 1 0.02 0.10 0.07 0.82 1
F 5.63 2.68 2.90 6.93 30.3 6.82
Pr(>F) 0.001 0.007  0.001 0.001 0.001  0.001

Rhynchozoon zealandicum Disporella sp.
DF 3 3 4 213 223 3 3 6 111 123
Mean Squares 1.29 0.98 6.15 6.14 548 1.89 248 5.22 9.10 7.59
R? 0.06 0.08 0.02 0.85 1 0.09 0.08 0.07 0.76 1
F 4.78 6.30 0.99 4.81 3.65 1.75
Pr(>F) 0.001 0.001 0.46 0.001 0.001  0.05

+2°C warming, R. zealandicum colonies exhibited growth
rates 0.68 mm? day ! faster than under ambient conditions
and 0.20 mm? day™! faster than under the +1 °C warming
treatment (post-hoc pairwise PERMANOVA: F=21.14,
R? = 0.236, P=0.001 and F=6.68, R*> = 0.117, P=0.003
for ambient compared to +2°C and +1 °C, respectively).
Both L. perforatum and R. zealandicum exhibited consis-
tent growth rate increases that correlated with temperature,
reaching peak growth rates in summer and spring, respec-
tively, when subjected to +2°C warming, while showing
slower growth and reduced presence during cooler periods
(Fig. 2).

Corella eumyota growth rates were also correlated with
temperature such that during winter growth rates were sig-
nificantly lower than in the other seasons (Supplementary
4). Corella eumyota also grew faster under warming, with
growth rates on average 1.06 mm? day ! faster under the
+2°C treatment when considering all seasons (post-hoc
pairwise PERMANOVA: F=4.67, R*= 0.083, P=0.005).
The heatwave treatment also resulted in growth rates 0.79
and 1.08 mm? day ! faster than ambient treatments during
spring and summer respectively, however these differences
were not significant.

Survival probability

Species-specific survival rates were recorded for five of the
six target species, with newly settled individuals of R. zea-
landicum unable to be distinguished from other bryozoan
species. The temperature treatments significantly influenced

survival across the remaining five species, with season and
the interaction between season and treatment significant in
three target species (Table 3). Overall, survival rates tended
to be lower during summer, irrespective of heated treat-
ments (Fig. 3). For example, the survival probability of C.
angustipora decreased under the +2 °C warming treatment
in summer (2-fold lower than ambient) and spring (1.6-fold
lower than ambient) but increased during winter (1.85-fold
higher than ambient), while survival did not differ among
treatments for this species during autumn.

The survival of C. eumyota was reduced under heated
treatments (+1 and 2 °C treatments when compared to the
ambient treatment) during summer and autumn, although
initial survival (from months 1 to 2) was on average higher
under the +2 °C treatments in this species, end point sur-
vival was reduced by 0.22 and 0.13, during summer and
autumn, respectively. Survival of C. eumyota was, how-
ever, increased under +2 °C treatments in spring compared
to end-point survival in other treatments. Furthermore, the
heatwave treatment resulted in increased survival of C.
eumyota individuals relative to other heated treatments in
both summer and winter.

The survival probability of L. perforatum increased
under heated treatments in both summer and autumn, with
survival probabilities being 6.9-fold higher under the +2 °C
warming treatment in summer compared to ambient con-
ditions. Conversely, Lissoclinum perforatum exhibited low
survival under cooler temperatures, with no colonies sur-
viving longer than one month in winter and none surviving
under ambient conditions in autumn.
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Table 3 Likelihood chi-squared charts for survival among treatment and season. Pr(>Chisq) based on the observed combined deviance across the
NDLR (i.e., survival through the entire nested model), compared to a null model, (no treatment or seasonal effects) for each species. Alpha=0.05

and significance is indicated in bold

Treatment Season Treatment * Season Treatment Season Treatment * Season
Asterocarpa humilis Corella eumyota
LR Chi Sq 23.84 17.56 21.74 25.06 69.7 95.19
DF 11 11 14 12 12 34
Pr(>Chi Sq) 0.031 0.092 0.084 0.014 0.001 0.001
Lissoclinum perforatum Calloporina angustipora
LR Chi Sq 31.51 74.55 42.23 217.97 87.76 42.26
DF 12 12 25 12 12 34
Pr(>Chi Sq) 0.002 0.001 0.016 0.001 0.001 0.156
Disporella sp.
LR Chi Sq 33.86 65.69 27.41
DF 8 12 17
Pr(>Chi Sq) 0.001 0.001 0.05

Percentage cover and dominant space holder

The observed percentage of occupied space varied sig-
nificantly among seasons (Chi-squared, ¥*(3)=18.68,
P<0.001), which was driven by the overall reduction in per-
centage cover across all treatments in winter (i.e. 10.9+£1.9%
(Winter), 27.8+11% (Spring), 40.94+12.4% (Summer), and
35.3+12.9% (Autumn), n=4). Temperature treatment was
not a significant factor in determining the observed over-
all percentage cover on the settlement panels (Chi-squared,
¥*(3)=1.92, P=0.59). However, percentage cover scaled
with temperature such that cover increased with the aver-
age temperature experienced throughout the experiment,
regardless of the treatment group.

Warming resulted in a shift in the dominant spatial
occupier present on the heated settlement panels, with the
dominant spatial occupier never the same between the
heated (+1 and +2) and ambient treatments (Supplemen-
tary 5 & Fig. 4). For instance, Lissoclinum perforatum was
the dominant spatial occupier in all three heated treatments
in summer and autumn, but never on the ambient panels,
with the dominant space occupier in ambient treatments
being the bryozoan, Calloporina angustipora. When further
examined the space occupied by L. perforatum varied sig-
nificantly among seasons (ANOVA, F 3 ,)=4.48, P=0.001)
and treatment (ANOVA, F |, =4.11, P=0.003), with the
impact of treatment being seasonally dependent (two-way
ANOVA, interaction factor: Fg 45,=3.8, P=0.003; Fig. 4).
In contrast, the space occupied by C. angustipora was sig-
nificantly reduced under 2 °C of warming during summer
(ANOVA, F3,=3.29, P=0.03; Fig. 4). The dominant
occupier also shifted between ambient and the heatwave
treatment, with L. perforatum emerging as the dominant
occupier under summer and autumn seasons, while C.
eumyota emerged during spring, replacing C. angustipora
as the spatial dominant. When considered across season, L.
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perforatum was the spatial dominant under all temperature
manipulated treatments (Fig. 4).

Competitive response

The probability of encountering spatial competition dif-
fered significantly among seasons (ANOVA, F3 150,=12.1,
P=0.001). The probability of spatial competition occur-
ring tended to be higher under the +2 °C treatment, how-
ever this was only statistically significant during spring
(Table 4). Encounter density also differed significantly with
season (ANOVA, F ,,=60.5, P<0.001; Fig. 5). Density
was generally lowest in the +2 °C treatments, apart from
the increase seen in both heated treatments in winter and
the lower density observed in the +1 °C treatment during
spring. Encounter complexity varied with season, where
complexity decreased in winter compared to all other sea-
sons. While treatment was not a significant factor, the influ-
ence it had varied with season (ANOVA, F,,=2.491,
P=0.02; Fig. 5), which was evident through the significant
interaction factor between these variables. This difference is
apparent through the slight loss of competitive complexity
under the +2 °C treatment in spring, summer, and autumn,
while this was moderately increased in winter (Fig. 5).

Discussion

Using in situ temperature manipulation experiments we
found that small, environmentally relevant increases in sea
temperature impacted growth and survival of encrusting
taxa, altering the structure and composition of the studied
communities. This was particularly evident through analy-
sis of spatial dominance, where we found that the dominant
occupier was never the same species between ambient and
heated panels.
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Fig. 3 Species-specific survival probability. Survival probability of
five species, using the raw survival data (L. perforatum, A. humilis,
C. eumyota, Disporella sp., and C. angustipora) as rows for each sea-

Linking species-specific responses with potential
community shifts

We observed that species-specific changes in growth rate
resulted in significant changes to the encrusting inverte-
brate communities. The ability to increase growth rates was
observed under moderate (+1 °C) temperature increases,
which in conjunction with increased survival or occurrence,
can provide species with the advantage to gain and retain
space. This response was seen in L. perforatum and Corella
eumyota for example, where the ascidians increased in
abundance under warming as a result of improved relative

son (columns) for the duration of the experiment. Error bars represent
between replicate standard error, n=4

fitness. These observations are consistent with prior stud-
ies, which have indicated an increase in growth and cov-
erage within marine encrusting invertebrate communities
under moderate warming from both field observations and
temperature manipulations (Wernberg et al. 2012; Lord
2017a; Ashton et al. 2017; Salama et al. 2018). Moder-
ate warming has also been linked to increased percentage
cover within marine encrusting communities (Maughan and
Barnes 2000; Schiel et al. 2004; Lord 2017b; Khosravi et
al. 2019). Although we anticipated increased total cover-
age of encrusting communities under warmed treatments,
the observations from this study were not strong enough to
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summer (B), autumn (C) and winter (D), where significant difference
from the ambient treatment is indicated by * and the error bars rep-
resent standard error. N=4 (E) indicates the relative assemblage of

support this hypothesis. In this respect, we only observed
total percentage cover increases in warming treatments of
less than 1% above the ambient treatment. The duration of
our experiments (3 months) meant that we only captured the
early development of the encrusting communities, and lon-
ger observations would likely have produced more distinct
changes in coverage in the warming treatments.
Species-specific shifts in growth rates will have the largest
impact where species have the potential to increase growth
rapidly under warmed conditions. Such traits can allow spe-
cies to take advantage of conditions, which adversely or
neutrally impact competitor species, to gain and maintain
space. Our results indicate that encrusting communities in
the Otago region may be vulnerable to overgrowth by spe-
cies that can take advantage of warming through increased
growth and competitive ability; several of these species will
be non-native, such as L. perforatum. These results are con-
sistent with previous documentation of the dominance of L.
perforatum in an intertidal coral reef community (Kelmo et
al. 2014), where an increased density of L. perforatum was
observed during an extended heat event, lasting one year
with temperatures approximately 1.5-1.7 °C warmer that
previous periods. (Kelmo et al. 2014). While Kelmo et al.
(2014) noted that a stable benthic community was re-estab-
lished, it varied significantly from initial assemblages, with
L. perforatum noted as influential in this shift. Assemblage-
level shifts which persist after warming events can be linked
to increased coverage of species that would normally be out-
competed by native or more specialised species (Michaud et
al. 2022). We observed a shift in the dominant space occupier
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each species averaged across season for each treatment, indicating the
change in dominant spatial occupier between ambient and heated treat-
ments. Note that the Y-axis is different for each plot in this figure, due
to seasonal differences in coverage

on our panels, from a native bryozoan species Calloporina
angustipora, to an exotic ascidian species Lissoclinum
perforatum during the two warmest seasonal experiments.
Interestingly, the reductions in C. angustipora are consistent
with similar observations of reductions in abundance within
the Otago Harbour, which have been documented alongside
an increase in non-native ‘weedy’ ascidian and bryozoan
species (Feary and Smith 2024). These abundance changes
coincided with a 0.1 °C+0.047 °C decadal ocean warming
measured in the Otago Harbour (Shears and Bowen 2017),
and suggest changes in wild communities predicted by our
experiments are already underway.

Heatwave treatment responses

Marine heatwaves are now seen as having important impacts
on communities (Capotondi et al. 2024), and with changes
that can differ from long-term warming. For New Zealand
coasts, marine heatwaves have been documented as drivers
in community and assemblage level shifts, which often per-
sist long after the event (Thomsen et al. 2019; Montie and
Thomsen 2023a; Bell et al. 2024 ; Spyksma et al. 2024). Our
study demonstrates the differential impact that shorter term
warming (as seen in a marine heatwaves) has on growth
and survival within encrusting communities. Here, we
found growth rates post-heatwave exposure were reduced
when compared to the constant warming treatments, such
that increased growth or survival under continuous warm-
ing treatments did not always translate to increases under
the heatwave treatment. Heatwave events can be the cause
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of major physiological stress resulting in conditions which
exceed physiological tolerances and result in local mortality
events (Pansch et al. 2018; Bell et al.2024 ), supporting the
conclusion that acute thermal stress and temperature varia-
tion are important contributors to physiological responses
to warming (Stoks et al. 2017). This pattern was particu-
larly evident during spring and winter, where ascidian sur-
vival as a group was reduced under the heatwave treatment
when compared to the ambient and constant warming treat-
ments. Thus, despite a seemingly positive impact on growth
under a continuous warming scenario, acute heat stress dur-
ing colder months may result in increased mortality, and
the opportunity for dominance of warm affiliated species
(Atkinson et al. 2020). While continuous and prolonged
warming, which does not exceed a species physiological
threshold, can enhance growth (Smale et al. 2017; Ashton et
al. 2017), it should be noted that thermal thresholds can be
very low, even in 1°C or less in in situ warming trials last-
ing well in excess of 1 year (Clark et al. 2019). Acute heat
stress which is unanticipated can drive short-term declines
in growth, survival and competitive ability, even when tem-
peratures do not exceed summertime maxima (Atkinson et
al. 2020).

Short-term warming, such as heatwave conditions can
have more immediate influences on marine shallow-water
encrusting communities. For example, our results indicate
that dominance shifts can occur after heatwaves within the
Otago Harbour region. With a year-round increase in inten-
sity and duration of marine heatwaves anticipated in New
Zealand (Behrens et al. 2022), such dominance shifts are
becoming increasingly likely. The dominance of warm-
affiliated species after heatwave events can lead to persis-
tent changes within encrusting communities (Davis et al.
2018; Vicente et al. 2021; Lennon and Sealey 2023). Such
responses have already been observed after heatwave events
in other areas of New Zealand, for instance the increase of
an invasive ascidian, Symplegma brakenhielmi during the
2021/2022 marine heatwave (Spyksma et al. 2024). This
inference suggests that changes in community composition
and dominance within shallow water encrusting communi-
ties may move towards more warm affiliated assemblages in
response to short-term thermal events. This emphasises the
vulnerability of these near-shore encrusting communities to
near future heatwave events. The loss of foundation species,
shifts in dominance, and community reshuffling are emerg-
ing as real-time responses to marine heatwaves (Thomsen et
al. 2019; Montie and Thomsen 2023b; Bell et al. 2024), and
understanding the differential responses of species to such
events is required for adequate mitigation and protection of
vulnerable species. In addition, wintertime heatwaves, even
those that do not exceed summertime temperatures, may
have lasting negative impacts on encrusting ascidian species
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in this region. The impact of wintertime heatwave events
has often been overlooked, but the frequency of these events
has increased in our study area, as well as in multiple other
locations around New Zealand (De Burgh-Day et al. 2022;
Montie et al. 2024).

Overgrowth and dominance

A change in spatially dominant species is expected to have
widescale impacts on community composition and ecosys-
tem function, given that ecological communities are gener-
ally made up of a small number of dominant species, and
a large number of rare species (Magurran and Henderson
2003). Such a shift is particularly relevant if the replace-
ment species alters the functional roles within the commu-
nity (Gomez-Gras et al. 2021). Furthermore, if a dominant
space occupier influences settlement or survival of other
taxa within the community, it can result in impacts on the
evenness and hence stability of the community. Indeed, the
early dominance of a colonial species, such as L. perfora-
tum can switch the mechanisms which maintain biodiver-
sity, leading to an increased importance in primary space
occupation (Dijkstra and Harris 2009). For example, some
solitary ascidians facilitate settlement as their tunic pro-
vides a suitable settlement surface for smaller organisms.
In contrast, flat colonial ascidians have considerably softer
outer tunics, and as a result do not provide a suitable settle-
ment surface (Claar et al. 2011). Within the encrusting com-
munities observed in the present study, Corella eumyota, a
solitary ascidian, often had early settlers on its tunic (set-
tlers included bryozoans and spirorbid worms), which was
not observed on L. perforatum. The increased importance
of primary space occupation in this instance may result in
increased spatial competition later as the amount of suitable
habitat is reduced (Ladd et al. 2019).

There are many examples of facilitation coinciding with
shifts in dominance within marine communities (Davis et
al. 2018; Vicente et al. 2021; Lennon and Sealey 2023). For
instance, the invasive solitary ascidian Pyura doppelgangera,
forms dense beds that have competitively displaced native
communities of the northern tip of New Zealand (Davis et
al. 2018). The dominance of P. doppelgangera facilitates
the development of a completely different community, indi-
cating the cascading impact that a dominant superior com-
petitor can have (Davis et al. 2018). This response can be
amplified in such cases, where dominance alters the value
of the community to higher trophic levels. In a more broad
example, a switch from sponge/coral-dominated benthos
to a sponge/algal-dominated system occurred as a result
of anthropogenic influences, negatively impacted associ-
ated fish assemblages in nearshore marine systems in the
Florida Keys (Lennon and Sealey 2023). Changes in species
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associated with benthic communities, including abundance,
composition and community succession, has been observed
in fouling communities (Vicente et al. 2021).

Climate change and spatial competition

As space becomes increasingly limited, the intensity and
occurrence of competitive encounters are predicted to
increase (Lord et al. 2015; Barnes et al. 2021). Our results
are consistent with this statement, with the probability of
encountering spatial competition increasing with increasing
percentage cover of the heated settlement panels. Further-
more, as seasonality was the major driver in determining the
percentage cover on the heated settlement panels, this trans-
lated to a strong seasonal impact seen in the probability,
density, and complexity of competitive encounters. It has
previously been suggested that competitive encounters are
of increased importance in seasonal environments (Lord et
al. 2015; Gastaldi et al. 2020). Maughan and Barnes (2000)
found that competition was more intense during summer
in biofouling communities in Lough Hyne, Ireland when
recruitment was highest. More broadly this indicates that
competitive encounters followed a seasonal pattern along-
side patterns of percentage cover and recruitment (Maughan
and Barnes 2000).

There has been increasing evidence that the impact of spe-
cies interactions under changing conditions may be a driving
factor in determining community composition (Gunderson
et al. 2017). A moderate increase in growth across multiple
species present within a community, as seen under the +1 °C
treatment here, translates to a higher demand on available
space potentially leading to more intense and frequent lev-
els of competition (Barnes and Neutel 2016; Barnes et al.
2021). In a similar study, Barnes et al. (2021) determined
that warming of 1 °C above ambient increased the probabil-
ity that an individual within the community would encoun-
ter spatial competition, a result which was not evident
under late-century levels of warming (Barnes et al. 2021).
Therefore, the present study anticipated that both density
and probability of competition would increase under future
ocean temperatures. However, despite a slight increase in
encounter probability under the +2 °C, treatment, warming
was not a significant factor in determining the probability of
competitive encounters. This may reflect the short duration
of our experiments (3 months), which may be insufficient
for strong competitive interactions to develop. Despite little
evidence to support this hypothesis here, our data (such as
increased growth rates) suggest that spatial competition
would be anticipated to shift under future warming, particu-
larly when considering competition complexity, although
the anticipated increase in competitive encounters associ-
ated with increased growth rates could be balanced by the
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increased failure of some species seen in heated treatments
here. The effects and implications of this change are likely
to be more readily detectable under longer-term experimen-
tal studies.

The dynamics of competitive encounters are highly
dependent on the assemblage of competitors, their levels of
physiological tolerances, and how species within the com-
munity allocate energy (i.e. to growth, competition, or repair
etc.) as ocean warming progresses. Given the high probabil-
ity that warming will alter community composition within
encrusting communities, alongside changes in growth, it
is clear that strategies for maintaining space within sessile
marine communities will shift with warming (Ladd et al.
2019; Barnes et al. 2021). Thus, spatial competition will
continue to be an influential factor in community stability.

Conclusions

The implications of temperature on physiological function
are likely to have cascading effects on species interactions
and community assemblages (Gunderson et al. 2017). The
results presented here indicate that ocean warming can shift
the growth and survival of species under moderate warming
with increasingly variable impacts under further tempera-
ture increases. In particular, responses observed indicate
that warming of 2 °C in the Otago Harbour may lead to
increased sub-lethal stress in species less equipped to cope
with increased temperatures, resulting in reduced growth
and ultimately survival rates, with likely implications for
competitive success in such species. Temperate encrust-
ing reefs provide a complex habitat structure, the loss of
which, through the dominance of flat colonial ascidians, for
example, may shift the epifaunal use of these communities,
resulting in similar outcomes to the simplification of mac-
roalgae and coral-dominated systems (Sunday et al. 2017;
Cattano et al. 2020; Fraser et al. 2020; Agostini et al. 2021).

Our results ultimately indicate that assemblage-level
shifts and wider ecosystem-level consequences are becom-
ing increasingly probable in these communities. As a whole,
this study suggests that warming of as little as 1-2 °C will
have strong but variable influences on encrusting marine
invertebrates, which will in turn influence the community
composition and likely the resulting function of these sys-
tems. Our experiments also suggest short-term warming
events (i.e. marine heatwaves) can have strong effects on
encrusting taxa, but which can differ from effects of con-
stant increases in sea temperature. Given the increase in the
occurrence and duration of marine heatwaves, community
level shifts may occur earlier than expected, given aver-
age warming alone. Of particular importance when con-
sidering community changes is the apparent advantages
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of warming given to non-native taxa. As the pool of com-
petitors can influence how interactions shape communi-
ties (Lord 2017b), the introduction of non-native species is
anticipated to become an important aspect of understanding
competitive encounters under future ocean conditions.

While the experimental design used here provides a step
forward in understanding responses in situ, it is important
to note that these experiments do have limitations. Of note,
these experiments only manipulate temperature while cli-
mate change impacts multiple environmental and biological
variables (IPCC 2023). Although other factors, such as the
solubility of carbonates and oxygen, will also vary within
the micro-environment created by the warmed bound-
ary layer, this was not actively measured here. Lastly, our
experiments were of short durations (3 months) which does
not capture changes that occur beyond settlement and early
establishment of encrusting species, nor responses to warm-
ing once these communities have fully developed.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s00227-0
26-04872-z.

Acknowledgements We would like to thank all the laboratory staff
and diving technicians at the Portobello Marine Laboratory who
helped with the fieldwork associated with this research. We would also
like to acknowledge Dr Dennis Gordon (NIWA) who helped in the
identification of bryozoan species for this research. Further we would
like to thank the British Antarctic Survey for their contribution to the
design of the heated panel methodology used in this study.

Author contributions This study was conceptualised by Lloyd Peck,
Miles Lamare and Jessica Moffitt, the experimental design was devel-
oped by Lloyd Peck and the specific methods used here were designed
and by Jessica Moffitt, Tom Massué and Miles Lamare. Jessica Moffitt
completed the investigation, data collection and was responsible for
data visualisation. Gert- Jan Jeunen, Ceridwen Fraser, Neil Gemmell
and Miles Lamare supervised the research process. Jessica Moffitt
wrote the original draft of the manuscript; all authors contributed to
editing the manuscript.

Funding Open Access funding enabled and organized by CAUL and
its Member Institutions. We acknowledge the financial support of the
Otago University Doctoral scholarship, which contributed to the com-
pletion of this work.

Data availability Data relating to this paper has been deposited to
Mendeley data and can be found at DOI: https://doi.org/10.17632/m
kfntxpx43.1.

Declarations

Competing interests The authors declare that we have no known con-
flicts of interest that have influenced the work presented in this paper.

Compliance with ethical standards The authors declare that we have
complied with ethical standards.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

Agostini S, Harvey BP, Milazzo M, Wada S, Kon K, Floc’h N, Kom-
atsu K, Kuroyama M, Hall-Spencer JM (2021) Simplification,
not tropicalization, of temperate marine ecosystems under ocean
warming and acidification. Glob Chang Biol 27:4771-4784.
https://doi.org/10.1111/gcb.15749

Alistair J. Hobday, Lisa V. Alexander, Sarah E. Perkins, Dan A. Smale,
Sandra C. Straub, Eric C.J. Oliver, Jessica A. Benthuysen, Michael
T. Burrows, Markus G. Donat, Ming Feng, Neil J. Holbrook,
Pippa J. Moore, Hillary A. Scannell, Alex Sen Gupta, Thomas
Wernberg, A hierarchical approach to defining marine heatwaves,
Progress in Oceanography, Volume 141, 2016, Pages 227-238,
ISSN 0079-6611, https://doi.org/10.1016/j.pocean.2015.12.014

Amui-Vedel AM, Hayward PJ, Porter JS (2007) Zooid size and growth
rate of the bryozoan Cryptosula pallasiana Moll in relation to
temperature, in culture and in its natural environment. J Exp Mar
Bio Ecol 353:1-12. https://doi.org/10.1016/j.jembe.2007.02.020

Ashton GV, Morley SA, Barnes DKA, Clark MS, Peck LS (2017)
Warming by 1°C Drives Species and Assemblage Level
Responses in Antarctica’s Marine Shallows. Curr Biol 27:2698—
2705¢3. https://doi.org/10.1016/j.cub.2017.07.048

Atkinson J, King NG, Wilmes SB, Moore PJ (2020) Summer and win-
ter marine heatwaves favor an invasive over native seaweeds 1.
1600:1591-1600. https://doi.org/10.1111/jpy.13051

Barnes DKA, Neutel AM (2016) Severity of seabed spatial compe-
tition decreases towards the poles. Curr Biol 26:R317-R318.
https://doi.org/10.1016/j.cub.2016.03.012

Barnes DKA, Ashton GV, Morley SA, Peck LS (2021) 1°C warming
increases spatial competition frequency and complexity in Ant-
arctic marine macrofauna. Commun Biol 4:208. https://doi.org/1
0.1038/s42003-021-01742-w

Bass A, Wernberg T, Thomsen M, Smale D (2021) Another Decade
of Marine Climate Change Experiments: Trends, Progress and
Knowledge Gaps. Front . Mar . Sci . 8:71462. https://doi.org/10.
3389/fmars.2021.714462

Behrens E, Rickard G, Rosier S, Williams J, Morgenstern O (2022)
Projections of Future Marine Heatwaves for the Oceans Around
New Zealand Using New Zealand * s Earth System Model. 4
1-13. https://doi.org/10.3389/fclim.2022.798287

Bell JJ, Micaroni V, Strano F, Ryan KG, Mitchell K, Mitchell P,
Wilkinson S, Thomas T, Batchiar R, Smith RO (2024) Marine
heatwave-driven mass mortality and microbial community reor-
ganisation in an ecologically important temperate sponge. Glob
Chang Biol 30:1-22. https://doi.org/10.1111/gcb.17417

Burgess SC, Bueno M (2021) When does growth rate influence fitness
in a colonial marine invertebrate? Mar Biol 168:1-9. https://doi.o
rg/10.1007/s00227-020-03804-9

Capotondi A, Rodrigues RR, Gupta A, Sen, Benthuysen JA, Deser
C, Frolicher TL, Lovenduski NS, Amaya DJ (2024) A global

@ Springer


https://doi.org/10.1007/s00227-026-04872-z
https://doi.org/10.1007/s00227-026-04872-z
https://doi.org/10.17632/mkfntxpx43.1
https://doi.org/10.17632/mkfntxpx43.1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/gcb.15749
https://doi.org/10.1016/j.pocean.2015.12.014
https://doi.org/10.1016/j.jembe.2007.02.020
https://doi.org/10.1016/j.cub.2017.07.048
https://doi.org/10.1111/jpy.13051
https://doi.org/10.1016/j.cub.2016.03.012
https://doi.org/10.1038/s42003-021-01742-w
https://doi.org/10.1038/s42003-021-01742-w
https://doi.org/10.3389/fmars.2021.714462
https://doi.org/10.3389/fmars.2021.714462
https://doi.org/10.3389/fclim.2022.798287
https://doi.org/10.1111/gcb.17417
https://doi.org/10.1007/s00227-020-03804-9
https://doi.org/10.1007/s00227-020-03804-9

143 Page 16 of 17

Marine Biology (2026) 173:143

overview of marine heatwaves in a changing climate Check for
updates. Commun Earth Environ doi. https://doi.org/10.1038/s43
247-024-01806-9

Cattano C, Agostini S, Harvey BP, Wada S, Quattrocchi F, Turco G,
Inaba K, Hall-Spencer JM, Milazzo M (2020) Changes in fish
communities due to benthic habitat shifts under ocean acidifica-
tion conditions. Sci Total Environ. https://doi.org/10.1016/j.scito
tenv.2020.138501

Claar DC, Edwards KF, Stachowicz JJ (2011) Positive and negative
effects of a dominant competitor on the settlement, growth, and
survival of competing species in an epibenthic community. J Exp
Mar Bio Ecol 399:130—134. https://doi.org/10.1016/j.jembe.201
1.02.014

Clark MS, Villota Nieva L, Hoffman JI, Davies AJ, Trivedi UH, Turner
F, Ashton GV, Peck LS (2019) Lack of long-term acclimation in
Antarctic encrusting species suggests vulnerability to warming.
Nat Commun doi. https://doi.org/10.1038/s41467-019-11348-w

Clarke A (2017) Principles of Thermal Ecology: Temperature, Energy,
and Life. Oxford University Press

Davis AR, Walls K, Jeffs A (2018) Biotic consequences of a shift
in invertebrate ecosystem engineers: Invasion of New Zealand
rocky shores by a zone-forming ascidian. Mar Ecol. https://doi.o
rg/10.1111/maec.12502

De Burgh-Day CO, Spillman CM, Smith G, Stevens CL (2022) Fore-
casting extreme marine heat events in key aquaculture regions
around New Zealand. J South Hemisph Earth Syst Sci 72:58-72.
https://doi.org/10.1071/ES21012

Diamond SE, Chick L, Penick CA, Nichols LM, Cahan SH, Dunn RR,
Ellison AM, Sanders NJ, Gotelli NJ (2017) Heat tolerance pre-
dicts the importance of species interaction effects as the climate
changes. Integr Comp Biol 57:112-120. https://doi.org/10.1093/
icb/icx008

Dijkstra JA, Harris LG (2009) Maintenance of diversity altered by a
shift in dominant species: Implications for species coexistence.
Mar Ecol Prog Ser 387:71-80. https://doi.org/10.3354/meps081
17

Feary TM, Smith AM (2024) Changing bryozoan fauna in Otago Har-
bour reflects growing urbanisation and globalisation. New Zeal
J Mar Freshw Res 1-22. https://doi.org/10.1080/00288330.2024
.2377601

Fraser KM, Stuart-Smith RD, Ling SD, Heather FJ, Edgar GJ (2020)
Taxonomic composition of mobile epifaunal invertebrate assem-
blages on diverse benthic microhabitats from temperate to tropi-
cal reefs. Mar Ecol Prog Ser 640:31-43. https://doi.org/10.3354
/meps13295

Gastaldi M, Firstater FN, Romero MA, Pereyra PJ, Narvarte MA
(2020) Seasonality dictates changes in the ecological interactions
among spatial dominants. Mar Biol 167:1-14. https://doi.org/10.
1007/s00227-020-03791-x

Gilman SE (2017) Predicting Indirect Effects of Predator—Prey Inter-
actions. Integr Comp Biol 57:148—158. https://doi.org/10.1093/i
cb/icx031

GoOmez-Gras D, Linares C, Dornelas M, Madin JS, Brambilla V,
Ledoux JB, Lopez-Sendino P, Bensoussan N, Garrabou J (2021)
Climate change transforms the functional identity of Mediterra-
nean coralligenous assemblages. Ecol Lett 24:1038-1051. https:/
/doi.org/10.1111/ele.13718

Gunderson AR, Tsukimura B, Stillman JH (2017) Indirect Effects of
Global Change: From Physiological and Behavioral Mechanisms
to Ecological Consequences. Integr Comp Biol 57:48-54. https://
doi.org/10.1093/icb/icx056

Hochachka PW, Somero GN (2002) Biochemical adaptation. Elsevier,
Princeton

Hoffmann WA, Poorter H (2002) Avoiding bias in calculations of rela-
tive growth rate. Ann Bot 90:37-42. https://doi.org/10.1093/aob
/mcf140

@ Springer

IPCC, IPCC (2023), 2023: Climate Change 2023: Synthesis Report.
Contribution of Working Groups I, II and III to the Sixth Assess-
ment Report of the Intergovernmental Panel on Climate Change
[Core Writing Team, H. Lee and J. Romero (eds.)]. IPCC,
Geneva, Switzerland

Kelmo F, Bell JJ, Moraes SS, Gomes RDCT, Mariano-Neto E, Attrill
MIJ (2014) Differential responses of emergent intertidal coral reef
fauna to a large-scale el-nifio southern oscillation event: Sponge
and coral resilience. PLoS ONE. https://doi.org/10.1371/journal.
pone.0093209

Khosravi M, Nasrolahi A, Shokri MR, Dobretsov S, Pansch C (2019)
Impact of warming on biofouling communities in the northern
Persian Gulf. J Therm Biol. https://doi.org/10.1016/j.jtherbio.20
19.102403

Koch F, Neutel AM, Barnes DKA, Tielborger K, Zarfl C, Allhoff KT
(2023) Competitive hierarchies in bryozoan assemblages mitigate
network instability by keeping short and long feedback loops
weak. Commun Biol 6:1-9. https://doi.org/10.1038/s42003-02
3-05060-1

Kroeker KJ, Micheli F, Gambi MC (2013) Ocean acidification causes
ecosystem shifts via altered competitive interactions. Nat Clim
Chang 3:156—159. https://doi.org/10.1038/nclimate 1680

Ladd MC, Shantz AA, Burkepile DE (2019) Newly dominant benthic
invertebrates reshape competitive networks on contemporary
Caribbean reefs. Coral Reefs 38:1317-1328. https://doi.org/10.1
007/s00338-019-01832-6

Lancaster LT, Morrison G, Fitt RN (2017) Life history trade-offs, the
intensity of competition, and coexistence in novel and evolving
communities under climate change. Philos Trans R Soc B Biol
Sci. https://doi.org/10.1098/rstb.2016.0046

Law CS, Rickard GJ, Mikaloff-Fletcher SE, Pinkerton MH, Behrens E,
Chiswell SM, Currie K (2018) Climate change projections for the
surface ocean around New Zealand. New Zeal J Mar Freshw Res
52:309-335. https://doi.org/10.1080/00288330.2017.1390772

Lennon E, Sealey KS (2023) Fish diversity declines with loss of sessile
benthic invertebrate density on nearshore hardbottom communi-
ties in the Florida Keys, United States. Bull Mar Sci 99:487-506.
https://doi.org/10.5343/bms.2022.0071

Liu OR, Gaines SD (2022) Environmental context dependency in spe-
cies interactions. Proc Natl Acad Sci U S A 119:1-11. https://doi.
org/10.1073/pnas.2118539119

Lord JP (2017a) Impact of seawater temperature on growth and
recruitment of invasive fouling species at the global scale. Mar
Ecol 38:1-10. https://doi.org/10.1111/maec.12404

Lord JP (2017b) Temperature, space availability, and species assem-
blages impact competition in global fouling communities. Biol
Invasions 19:43-55. https://doi.org/10.1007/s10530-016-1262-7

Lord J, Whitlatch R, Grosholz ED (2015) Predicting competitive shifts
and responses to climate change based on latitudinal distributions
of species assemblages. Ecology 96:1264—1274. https://doi.org/1
0.1890/14-0403.1

Lord JP, Barry JP, Graves D (2017) Impact of climate change on direct
and indirect species interactions. Mar Ecol Prog Ser 571:1-11.
https://doi.org/10.3354/meps12148

Magurran AE, Henderson PA (2003) Explaining the excess of rare spe-
cies in natural species abundance distributions. Nature 422:714—
716. https://doi.org/10.1038/nature01547

Maughan BC, Barnes DKA (2000) Seasonality of competition in
early development of subtidal encrusting communities. Mar Ecol
21:205-220. https://doi.org/10.1046/7.1439-0485.2000.00703.x

Michaud KM, Reed DC, Miller RJ (2022) The Blob marine heatwave
transforms California kelp forest ecosystems. Commun Biol 5:1—
8. https://doi.org/10.1038/s42003-022-04107-z

Moffitt J (2024) The impact of ocean warming on marine encrusting
communities: Insights from an in situ experiment. University of
Otago


https://doi.org/10.1038/s43247-024-01806-9
https://doi.org/10.1038/s43247-024-01806-9
https://doi.org/10.1016/j.scitotenv.2020.138501
https://doi.org/10.1016/j.scitotenv.2020.138501
https://doi.org/10.1016/j.jembe.2011.02.014
https://doi.org/10.1016/j.jembe.2011.02.014
https://doi.org/10.1038/s41467-019-11348-w
https://doi.org/10.1111/maec.12502
https://doi.org/10.1111/maec.12502
https://doi.org/10.1071/ES21012
https://doi.org/10.1093/icb/icx008
https://doi.org/10.1093/icb/icx008
https://doi.org/10.3354/meps08117
https://doi.org/10.3354/meps08117
https://doi.org/10.1080/00288330.2024.2377601
https://doi.org/10.1080/00288330.2024.2377601
https://doi.org/10.3354/meps13295
https://doi.org/10.3354/meps13295
https://doi.org/10.1007/s00227-020-03791-x
https://doi.org/10.1007/s00227-020-03791-x
https://doi.org/10.1093/icb/icx031
https://doi.org/10.1093/icb/icx031
https://doi.org/10.1111/ele.13718
https://doi.org/10.1111/ele.13718
https://doi.org/10.1093/icb/icx056
https://doi.org/10.1093/icb/icx056
https://doi.org/10.1093/aob/mcf140
https://doi.org/10.1093/aob/mcf140
https://doi.org/10.1371/journal.pone.0093209
https://doi.org/10.1371/journal.pone.0093209
https://doi.org/10.1016/j.jtherbio.2019.102403
https://doi.org/10.1016/j.jtherbio.2019.102403
https://doi.org/10.1038/s42003-023-05060-1
https://doi.org/10.1038/s42003-023-05060-1
https://doi.org/10.1038/nclimate1680
https://doi.org/10.1007/s00338-019-01832-6
https://doi.org/10.1007/s00338-019-01832-6
https://doi.org/10.1098/rstb.2016.0046
https://doi.org/10.1080/00288330.2017.1390772
https://doi.org/10.5343/bms.2022.0071
https://doi.org/10.1073/pnas.2118539119
https://doi.org/10.1073/pnas.2118539119
https://doi.org/10.1111/maec.12404
https://doi.org/10.1007/s10530-016-1262-7
https://doi.org/10.1890/14-0403.1
https://doi.org/10.1890/14-0403.1
https://doi.org/10.3354/meps12148
https://doi.org/10.1038/nature01547
https://doi.org/10.1046/j.1439-0485.2000.00703.x
https://doi.org/10.1038/s42003-022-04107-z

Marine Biology (2026) 173:143

Page 17 of 17 143

Montie S, Thomsen MS (2023a) Facilitation of animals is stronger
during summer marine heatwaves and around morphologically
complex foundation species. Ecol Evol 13:1-16. https://doi.org
/10.1002/ece3.10512

Montie S, Thomsen MS (2023b) Long-term community shifts driven
by local extinction of an iconic foundation species following an
extreme marine heatwave. Ecol Evol 13:1-16. https://doi.org/10
.1002/ece3.10235

Montie S, Thoral F, Smith RO, Cook F, Tait LW, Pinkerton MH, Schiel
DR, Thomsen MS, Montie S, Thoral F, Smith RO, Cook F, Leigh
W, Pinkerton MH, Schiel DR, Thomsen MS (2024) Seasonal
trends in marine heatwaves highlight vulnerable coastal ecore-
gions and historic change points in New Zealand. https://doi.org/
10.1080/00288330.2023.2218102

Nikolaou A, Katsanevakis S (2023) Marine extinctions and their driv-
ers. Reg Environ Chang. https://doi.org/10.1007/s10113-023-02
081-8

O’Connor MI, Bruno JF, Gaines SD, Halpern BS, Lester SE, Kinlan
BP, Weiss JM (2007) Temperature control of larval dispersal and
the implications for marine ecology, evolution, and conservation.
Proc Natl Acad Sci U S A 104:1266—1271. https://doi.org/10.107
3/pnas.0603422104

Oksanen J, Simpson GL, Blanchet FG, Kindt R, Legendre P, Minchin
PR, O’Hara RB, Solymos P, Stevens MHH, Szoecs E, Wagner
H, Barbour M, Bedward M, Bolker B, Borcard D, Carvalho G,
Chirico M, De Caceres M, Durand S, Evangelista HBA, FitzJohn
R, Friendly M, Furneaux B, Hannigan G, Hill MO, Lahti L, McG-
linn D, Ouellette MH, Cunha ER, Smith T, Stier A, Ter Braak
CJF, Weedon J (2022) Package Vegan Title Community Ecology
Package. Cran 1-297

Pansch C, Scotti M, Barboza FR, Al-Janabi B, Brakel J, Briski E,
Bucholz B, Franz M, Ito M, Paiva F, Saha M, Sawall Y, Wein-
berger F, Wahl M (2018) Heat waves and their significance for
a temperate benthic community: A near-natural experimental
approach. Glob Chang Biol 24:4357-4367. https://doi.org/10.11
11/gcb.14282

R Core Team (2021) R: A language and environment for statistical
computing

Richmond MD, Seed R (1991) A review of marine macrofouling com-
munities with special reference to animal fouling. Biofouling
3:151-168. https://doi.org/10.1080/08927019109378169

Salama AJ, Satheesh S, Balgadi AA (2018) Development of Biofoul-
ing Communities on Nylon Net Panels Submerged in the Central
Red Sea: Effects of Season and Depth. Thalassas 34:199-208.
https://doi.org/10.1007/s41208-017-0052-z

Sara G, Giommi C, Giacoletti A, Conti E, Mulder C, Mangano MC
(2021) Multiple climate-driven cascading ecosystem effects after
the loss of a foundation species. Sci Total Environ. https://doi.org
/10.1016/j.scitotenv.2020.144749

Schiel DR, Steinbeck JR, Foster MS (2004) Ten years of-induced
ocean warming causes comprehensive changes in marine benthic
communities. Ecology 85:1833—1839. https://doi.org/10.1890/0
3-3107

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to
ImagelJ: 25 years of image analysis. Nat Methods 9:671-675.
https://doi.org/10.1038/nmeth.2089

Shears NT, Bowen MM (2017) Half a century of coastal temperature
records reveal complex warming trends in western boundary cur-
rents. Sci Rep. https://doi.org/10.1038/s41598-017-14944-2

Smale DA, Taylor JD, Coombs SH, Moore G, Cunliffe M (2017)
Community responses to seawater warming are conserved across
diverse biological groupings and taxonomic resolutions. Proc R
Soc B Biol Sci. https://doi.org/10.1098/rspb.2017.0534

Smith AM (2014) Growth and calcification of marine bryozoans in a
changing ocean. Biol Bull 226:203-210. https://doi.org/10.1086
/bblv226n3p203

Spyksma AJP, Miller KI, Shears NT (2024) Marine heatwave pro-
motes population expansion of the invasive ascidian Symplegma
brakenhielmi. Biol Invasions. https://doi.org/10.1007/s10530-02
4-03296-4

Stoks R, Verheyen J, Van Dievel M, Tiiziin N (2017) Daily tempera-
ture variation and extreme high temperatures drive performance
and biotic interactions in a warming world. Curr Opin Insect Sci
23:35-42. https://doi.org/10.1016/j.c0is.2017.06.008

Sunday JM, Bates AE, Dulvy NK (2012) Thermal tolerance and the
global redistribution of animals. Nat Clim Chang 2:686—690.
https://doi.org/10.1038/nclimate1539

Sunday JM, Fabricius KE, Kroeker KJ, Anderson KM, Brown NE,
Barry JP, Connell SD, Dupont S, Gaylord B, Hall-Spencer JM,
Klinger T, Milazzo M, Munday PL, Russell BD, Sanford E, Thi-
yagarajan V, Vaughan MLH, Widdicombe S, Harley CDG (2017)
Ocean acidification can mediate biodiversity shifts by changing
biogenic habitat. Nat Clim Chang 7:81-85. https://doi.org/10.10
38/nclimate3161

Team Rs, RStudio (2020) RStudio: Integrated Development for R.
PBC, Boston, MA URL. http://www.rstudio.com/

Thompson RM, Beardall J, Beringer J, Grace M, Sardina P (2013)
Means and extremes: Building variability into community-level
climate change experiments. Ecol Lett 16:799-806. https://doi.o
rg/10.1111/ele. 12095

Thomsen MS, Mondardini L, Alestra T, Gerrity S, Tait L, South PM,
Lilley SA, Schiel DR (2019) Local Extinction of bull kelp (Dur-
villaea spp.) due to a marine heatwave. Front Mar Sci 6:1-10.
https://doi.org/10.3389/fmars.2019.00084

Uthicke S, Patel F, Karelitz S, Luter HM, Webster NS, Lamare M
(2020) Key biological responses over two generations of the sea
urchin Echinometra sp. A under future ocean conditions. Mar
Ecol Prog Ser 637:87—-101. https://doi.org/10.3354/meps13236

Vicente VS, Ferreira AP, Peres PA, Siqueira SGL, Leite FPP, Vieira EA
(2021) Succession of marine fouling community influences the
associated mobile fauna via physical complexity increment. Mar
Freshw Res 72:1506—1516. https://doi.org/10.1071/MF21025

Weiskopf SR, Rubenstein MA, Crozier LG, Gaichas S, Griffis R,
Halofsky JE, Hyde KJW, Morelli TL, Morisette JT, Muiioz RC,
Pershing AJ, Peterson DL, Poudel R, Staudinger MD, Sutton-
Grier AE, Thompson L, Vose J, Weltzin JF, Whyte KP (2020)
Climate change effects on biodiversity, ecosystems, ecosystem
services, and natural resource management in the United States.
Sci Total Environ 733:137782. https://doi.org/10.1016/j.scitoten
v.2020.137782

Wernberg T, Smale DA, Thomsen MS (2012) A decade of climate
change experiments on marine organisms: Procedures, patterns
and problems. Glob Chang Biol 18:1491-1498. https://doi.org/10
A111/5.1365-2486.2012.02656.x

Wisz MS, Pottier J, Kissling WD, Pellissier L, Lenoir J, Damgaard CF,
Dormann CF, Forchhammer MC, Grytnes J, Guisan A, Heikkinen
RK, Hoye TT, Kiihn I, Luoto M, Maiorano L, Nilsson M, Nor-
mand S, Ockinger E, Schmidt NM, Termansen M, Timmermann
A, Wardle DA, Aastrup P, Svenning J (2013) The role of biotic
interactions in shaping distributions and realised assemblages of
species: implications for species distribution modelling. Biol Rev
88:15-30. https://doi.org/10.1111/j.1469-185X.2012.00235.x

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1002/ece3.10512
https://doi.org/10.1002/ece3.10512
https://doi.org/10.1002/ece3.10235
https://doi.org/10.1002/ece3.10235
https://doi.org/10.1080/00288330.2023.2218102
https://doi.org/10.1080/00288330.2023.2218102
https://doi.org/10.1007/s10113-023-02081-8
https://doi.org/10.1007/s10113-023-02081-8
https://doi.org/10.1073/pnas.0603422104
https://doi.org/10.1073/pnas.0603422104
https://doi.org/10.1111/gcb.14282
https://doi.org/10.1111/gcb.14282
https://doi.org/10.1080/08927019109378169
https://doi.org/10.1007/s41208-017-0052-z
https://doi.org/10.1016/j.scitotenv.2020.144749
https://doi.org/10.1016/j.scitotenv.2020.144749
https://doi.org/10.1890/03-3107
https://doi.org/10.1890/03-3107
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/s41598-017-14944-2
https://doi.org/10.1098/rspb.2017.0534
https://doi.org/10.1086/bblv226n3p203
https://doi.org/10.1086/bblv226n3p203
https://doi.org/10.1007/s10530-024-03296-4
https://doi.org/10.1007/s10530-024-03296-4
https://doi.org/10.1016/j.cois.2017.06.008
https://doi.org/10.1038/nclimate1539
https://doi.org/10.1038/nclimate3161
https://doi.org/10.1038/nclimate3161
http://www.rstudio.com/
https://doi.org/10.1111/ele.12095
https://doi.org/10.1111/ele.12095
https://doi.org/10.3389/fmars.2019.00084
https://doi.org/10.3354/meps13236
https://doi.org/10.1071/MF21025
https://doi.org/10.1016/j.scitotenv.2020.137782
https://doi.org/10.1016/j.scitotenv.2020.137782
https://doi.org/10.1111/j.1365-2486.2012.02656.x
https://doi.org/10.1111/j.1365-2486.2012.02656.x
https://doi.org/10.1111/j.1469-185X.2012.00235.x

	﻿Mild ﻿in situ ﻿warming altered community structure, increased growth, and decreased survival in New Zealand subtidal encrusting ascidian and bryozoan assemblages
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Experimental design
	﻿Growth measurements and survival probability
	﻿Percentage coverage and dominant space holder
	﻿Competitive encounters
	﻿Statistical analysis

	﻿Results
	﻿Growth rates
	﻿Survival probability
	﻿Percentage cover and dominant space holder
	﻿Competitive response

	﻿Discussion
	﻿Linking species-specific responses with potential community shifts
	﻿Heatwave treatment responses
	﻿Overgrowth and dominance
	﻿Climate change and spatial competition

	﻿Conclusions
	﻿References


