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In marine benthic environments, oxygen availability is highly
variable across temporal and spatial scales. Such variability generates
heterogeneous microhabitats in which organisms experience marked
changes from saturated (i.e. normoxic) to anoxic conditions. For sessile
colonial species, fine spatial differences in oxygen availability can
trigger intra-colony phenotypic differences, influencing the overall colony
performance/fitness. Here, we assessed the extent to which intra-colony
differences in oxygen regimens influence biological characteristics in
adult and larval stages of the colonial bryozoan Bugula neritina. For
this, we measured the critical sensitivity to low oxygen for upper
and lower zones of adult colonies and their larvae. We also measured
larval swimming–exploring behaviour and settlement under hypoxia and
normoxia. Although the results show similar intra-colony tolerances in the
adults, differences were found in their larvae. While the lower zones of the
colonies showed higher tolerant larvae, the upper zones had larvae with
higher sensitivity and a tendency to avoid low-oxygen microhabitats. These
larvae settle more quickly and in greater numbers compared with their
lower-zone counterparts. Our results suggest that intra-colony differences
in sensitivity to low-oxygen conditions (particularly during larval stages)
can be important regulators of ecological processes (e.g. recruitment) and
the resilience of benthic colonial species in deoxygenated oceans.

1. Introduction
Oxygen availability is crucial for the correct functioning, performance and
fitness of marine animals. Exposure to suboptimal oxygen levels (e.g.
hypoxia) can trigger negative effects on their physiology, development,
settlement patterns, survival and the overall ecological dynamics of marine
communities [1–4]. These suboptimal conditions are regularly experienced
in benthic systems, in which oxygen levels are highly heterogeneous across
temporal and spatial scales due to the interaction of biotic (e.g. community
respiration) and abiotic (e.g. temperature) factors [5–7]. Such heterogeneity
is also influenced by the oxygen demands of benthic animals (particularly
dense aggregation of sessile invertebrates), the microbial activity and the
complex topography of benthic systems. In consequence, oxygen levels in
these habitats can change from normoxic to anoxic conditions even within
a few centimetres, exposing marine animals to natural, but contrasting
oxygen conditions at short spatial scales [5–7]. This natural spatial–tempo-
ral heterogeneity in oxygen availability can be intensified by anthropogenic
pressures (e.g. eutrophication), particularly in coastal areas in which the
construction of artificial structures (e.g. marinas, piers and pontoons) reduces
water flow, and stimulates the generation of hypoxic and anoxic microhabi-
tats [7,8]. However, it remains unclear to what extent these microhabitat
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differences in oxygen availability influence the physiology and ecological dynamics of benthic marine animals. In fact, the
understanding of such effects has been mostly derived from studies at large spatial scales (e.g. dead zones; eutrophic areas)
[9,10], while only few studies have emphasized the relevance of hypoxia at the microhabitat scale [5–7]. Such changes are
expected to be driven by the increasing urbanization of coastal areas and the continued effects of climate change, aspects that
have profound implications for coastal biodiversity [7,11]. Therefore, it is imperative to address this major knowledge gap,
considering the projected intensification of hypoxia events in benthic systems [4,9].

Organismal responses to low-oxygen stress are diverse and vary among animals depending on their physiological toleran-
ces and their different lifestyles [12,13]. Mobile species can seek more suitable areas and escape from stressful low-oxygen
conditions [14,15]. In contrast, due to their limited mobility, sessile species require other types of behavioural and physiological
adjustments to respond and persist in their habitats [16,17]. Such adjustments and the whole-organism tolerance to low oxygen
are influenced by the size, morphology, aerobic scope and life history of benthic sessile animals [7,18,19]. For invertebrate
colonial species, these characteristics and the overall responses to low-oxygen stress differ based on their geometric configu-
ration [7]. Flat (two-dimensional) sessile colonies living in direct contact with the oxygen-depleted boundary layer exhibit
greater resistance to low oxygen levels compared with erected (three-dimensional) species [5]. In the latter, gradients of oxygen
availability are experienced along the colony in which zooids from the upper region have access to more oxygenated waters
compared with their counterparts in the lower region of the colonies [5,7,20]. Given that colonial species are clonal, it would be
expected that zooids from the same colony would display comparable responses and vulnerability to environmental stress (e.g.
hypoxia) [21]. However, physiological acclimatization during colony formation can potentially induce intra-clonal differences in
tolerances and the responses to stress across various locations within a colony [22–24]. These differences would be reflected in
higher tolerances to low oxygen for the segments of adult colonies that are closer to or inside of the oxygen-depleted boundary
layer (e.g. lower zone), compared with those segments that are more frequently exposed to water rich in oxygen (e.g. upper
zone). In this way, phenotypic plasticity during larvae development can also play an important role in modulating similar
intra-colony differences, particularly in invertebrate marine larvae, considering their higher sensitivity to stress [1,25], and the
important contribution of the maternal/parental environment for their development [26].

Here, we hypothesize that larvae originating from the lower segments of a colony may exhibit lower sensitivity to hypoxia
compared with their counterparts from the upper segments. These intra-colonial differences in larval sensitivities to low-oxygen
conditions could influence larval behaviour (e.g. swimming, settlement) and their settlement selection [27–29]. Using this
theoretical framework, we assessed the extent to which normoxic and hypoxic conditions influence intra-colony physiological
differences and behavioural responses in adult colonies and larvae of the marine bryozoan Bugula neritina (Linnaeus, 1758;
WoRMS: https://www.marinespecies.org/).

2. Material and methods
(a) Colonies collection and general methods
Bugula neritina (hereafter Bugula) is a worldwide distributed, cryptic arborescent bryozoan that inhabits submerged hard
substrates at shallow depths, typically associated with artificial structures (marinas, pontoons and jetties) [30,31]. Bugula
releases ‘lecithotrophic’ larvae that are fully competent to settle immediately [30,31]. Thanks to this characteristic, Bugula
is considered a good model for physiological and larval behavioural studies [32–35]. In Hong Kong, this species displays
seasonal phenology with presence between November and March (winter months) in waters characterized by dissolved oxygen
(DO) levels of 6.9 ± 0.9 (mg l−1; mean ± s.d.) and 91.2 ± 10 (% saturation; mean ± s.d.) (electronic supplementary materials)
(Hong Kong Environmental Protection Department: https://cd.epic.epd.gov.hk/EPICRIVER/marine). For this study, mature
colonies of Bugula, of around 9 cm length, were collected from floating piers located in Lamma Island, Hong Kong SAR,
China (22°12′31.47″N, 114°07′56.49″E), between December 2022 and January 2023. Colonies were transported to the School
of Biological Sciences, at The University of Hong Kong, where they were maintained in total darkness for 2 days to later
induce spawning of larvae. Colonies were kept in aquaria with constant aerated seawater (autoclaved, 0.2 mm filtered) under
controlled conditions (temperature: 22°C; salinity: 31‰). Then, colonies were randomly assigned to two different experimental
groups for the physiology and the behavioural/settlement experiments. In both groups, colonies were cut and divided into three
horizontal equidistant segments (3 cm). Only the upper and lower segments of the colonies were used for the experiments
under laboratory-controlled conditions as described above. For larval rearing, the upper and lower segments (coming from 15
mature colonies) were separately placed inside transparent plastic boxes (2 l) filled with fully oxygen-saturated seawater. Then,
colony segments were exposed to bright light to induce spawning before each experimental run [31,35,36]. Larvae released
(typically within 10 min) were randomly collected from the pool of larvae by pipetting and assigned to each experimental
chamber. Additionally, 20 larvae from each treatment were randomly measured (length and width; stereo microscope at 10×), to
calculate their approximated volume and integrate it into equation (2.1); see §2b.

(b) Estimation of sensitivity to low-oxygen conditions (CCO2)
The oxygen consumption (VO2) was measured using two different closed respirometry systems (for colony segments and
larvae), with non-consumptive O2. Colony segments were introduced into 2 ml glass vials with hermetic caps (n = 24 per
treatment). The vials had a magnetic bar inside to keep constant water recirculation using magnetic stirrers (Wiggens S-1,
Beijing, China). The vials were connected to a four-channel fibre optic oxygen meter Oxy-4 SMA (G3) (PreSens GmbH,
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Regensburg, Germany). The 48 colony segments were tested in runs of four or five samples per day (5 days in total for each
colony section), with each run lasting approximately 3–4 h. During the assessment, two blank vials were randomly interspersed
to provide background respiration rates of the test water (i.e. containing water but no colony segments) [7,20].

For larvae oxygen consumption, pooled groups of 10 larvae were introduced into 80 μl chambers of a glass microplate,
hermetically sealed with adhesive clear polyester films for Loligo System (n = 11 per treatment). Then, VO2 was assessed using
a 24-channel PreSens Sensor Dish Reader SDR2 (Loligo Systems Aps, Tjele, Denmark), with four blanks (i.e. no larvae) [37,38].
This procedure was repeated during three experimental runs (four samples each day), lasting approximately 8–10 h each run.
For both respirometer systems, the calibration was done with air-saturated seawater (100% AS) and saturated water with NaSO3
(0%AS).

The rates of oxygen consumption (VO2) were calculated with the following equation [5]:

(2.1)VO2 = − [(ma − mc)/100] × V × βO2 .

With ma representing the slope for the relationship between the oxygen level (% air saturation) with time (h), for the vials
containing organisms; mc is the slope for the relationship between oxygen level (% air saturation) and time (h), for the control
vial; V is the volume of the chamber minus the volume of the organisms; and βO2 (5.1 ml l−1 at 22.0°C) is the oxygen capacitance
of air-saturated seawater [39]. In the case of the larval VO2, values were divided by 10 (which is the total amount of larvae per
vial) to get individual oxygen consumption [33]. After the measurements, the colony segments were placed in an oven for 2
days at 60°C to obtain dry biomass.

A common way to estimate the sensitivity to low oxygen is by measuring the ‘critical oxygen level’ through the Pcrit (a
parameter that can be used to represent the critical partial pressure [40–42] or the critical concentration of oxygen [6]). This
point represents the level of O2 below which the metabolic rate of an animal becomes oxy-conformer [43]. Below that point,
metabolic rate decreases, anaerobic pathways become more important and oxygen conditions are considered physiologically
stressful [40,42,44]. The lower the critical value, the lower the sensitivity to low oxygen. However, some species present
curvilinear relationships between the oxygen consumption rate and the oxygen availability (as in our case; see §3). This means
that there is no clear point where the organisms transition from a perfect oxy-regulator to an oxy-conformer. To assess this trait,
the oxygen consumption data were transformed to the relative V̇O2 so all individuals present a value bounded between 0 and
1 (0−1) [7,45]. Then, we estimated the CCO2 (a proxy for Pcrit, equivalent to Km [46]), by fitting the data to a Michaelis–Menten
function [7,46] as follows:

(2.2)V̇O2 = (O2max × CO2)/(CCO2 + CO2)

where V̇O2max is an asymptotic V̇O2, CO2 is the oxygen level in the chamber, CCO2 is the value of oxygen level, where V̇O2 =V̇O2max/2. For detailed information about the assumptions of this model check Lagos et al. [7].

(c) Behaviour and settlement experiments
All experimental surfaces used in the pre-settlement and settlement behaviour trials were sanded and immersed in non-filtered,
aerated seawater for one week (31‰ salinity and 22°C) to develop biofilms [32]. During each experimental run (aquaria of 5 l,
filled with filtered seawater), the oxygen levels were manipulated by bubbling nitrogen gas, and monitored using fibre-optic
sensors connected to an oxygen meter Oxy-4 SMA (G3) (PreSens GmbH, Regensburg, Germany) [31,36], and then transferred
to the experimental chambers. Our previous exploratory test did not show any variation in the pH (8.1) after injecting nitrogen
into the water. The factorial experimental design included oxygen levels (high oxygen: 100% air saturation; low oxygen: 10% air
saturation) and larvae breeding zone (upper and lower zone) as the two main factors. The oxygen levels were selected according
to previous publications [31,36], with the low level representing some of the extreme oxygen conditions that these animals
experience in the field [5,7,47]. Each experiment was conducted in two experimental runs (days), with 10 replications each run.

Swimming and exploring behaviour. Bugula larvae show behaviours characterized as ‘swimming’ and ‘exploring’. Swimming
behaviour is identified as erratic and quick movement through the water column. Exploring behaviour, on the other hand,
represents a fine-scale searching pattern identified by the adoption of a stationary position or slow movement on the bottom
that occurs prior to settlement. Usually, larvae start the cycle through a general exploration of the habitat by swimming. When
the habitat seems optimal, larvae go to the bottom and explore. If the larvae do not settle, they will go up to swim again.
This cycle is repeated until the larvae decide where to finally settle [34,48]. In this experiment, we tested the effect of oxygen
content on larval behaviour coming from the upper and lower zones of the colonies. Here, a single randomly selected larva
was transferred into a petri dish (3.5 cm diameter, 1.1 cm depth) filled with seawater at the corresponding experimental oxygen
level. Then, the behaviour was examined under a microscope for 5 min, recording the time spent by the larva exploring and
swimming (n = 20 for each treatment).

Settlement time. In this experiment, single randomly selected larvae were individually transferred into 1.5 ml centrifuge tubes
(n = 20 for each of the four treatments), filled with seawater at both experimental oxygen levels. Then, we measured the time
until the larvae settled within a total period of 5 min.

Total settlement. For each experimental treatment, five larvae were transferred to a petri dish (3.5 cm diameter, 1.1 cm depth),
with 20 replications for each treatment. The total number of larvae settled was measured in 0 min old larvae (i.e. individuals
pipetted into the experimental surface immediately after spawning from the colony). Finally, the experiment was repeated using
60 min old larvae [31,33,36].
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(d) Statistical analysis
All data are presented as mean ± s.e. The assumptions of homoscedasticity and residual normality were tested using the
Shapiro–Wilk, complemented by residual fitted plots for homoscedasticity and Q–Q plots for normality. Swimming proportion
and total settlement were arcsine transformed to improve model fit and the distribution of residuals. Such approach is a
standard procedure when analysing proportional data in ecology [49]. The effects of colony zone and day (fixed factors) on
CCO2 of larvae and colony segments were tested using a two-way ANOVA. For the behavioural experiments, a three-way
ANOVA was used to test the effects of the fixed factors (i.e. colony zone, oxygen content and day) and their interactions on
swimming behaviour, settlement time and total settlement, followed by a Tukey’s honest significant difference test [50]. All
analyses were conducted with R (v. 2022.12), using the ‘drc’ package for the Michaelis–Menten models [51]. All scripts are
provided as electronic supplementary material.

3. Results
(a) Estimation of sensitivity to low-oxygen conditions (CCO2)
The upper and lower zones of the colonies showed no significant difference in the CCO2 (F(1,46) = 0.6218, p = 0.43), with an
average of 14.57 ± 0.69% air saturation (figure 1). However, a significant effect was found for the larvae depending on their
breeding zone within the colony (F(1,20)= 23.299, p ≤ 0.001). Larvae from the lower zone showed significantly lower CCO2 (6.38 ±
2.95% air saturation) compared with their upper-zone counterparts (19.13 ± 5.85% air saturation) (figure 2). In both cases, there
was no significant effect of the experimental run (random factor) with a X2 = 0.99 for the colony segments and X2 = 0.14 for
larvae. There was a significant difference in the dried mass of the colonies segments used in the measurements (F(1,46) = 5.1898,
p = 0.02), with an average dry mass of 0.033 ± 0.001 g for the upper segments of the colony and 0.039 ± 0.011 g for the lower
segments. Moreover, there was significant difference in the volume of the larvae (F(1,38) = 47.564, p < 0.001) between the upper
(mean volume: 0.08 ± 0.003 mm3) and the lower (mean volume: 0.05 ± 0.002 mm3) zones of the colony.

(b) Behaviour and settlement experiments

(i) Swimming and exploring behaviour

Main and interactive effects of the oxygen levels and the breeding zone on larval behaviour were detected (table 1A), with
no influence of the experimental run (random factor; X2 = 0.99). Larvae bred in the upper zone of the colonies under high
oxygen conditions showed the lowest proportion of time swimming (mean: 50.74 ± 5.23%). Larvae from this treatment showed

Figure 1. Plots of oxygen level (% air saturation) with relative oxygen consumption rate (V̇O2, 0–1) of upper (blue squares) and lower zones (red circles) of mature
colonies of the bryozoan B. neritina. Each dataset is fitted to a Michaelis–Menten function, where the red lines correspond to the upper segments of colonies and the
blue lines to the lower segments of colonies. An overall model including all sets of data is represented (black line). The intersection of dashed lines (highlighted with an
arrow) with the x-axis shows the CCO2 value (average ± s.e.).
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significant differences compared with those from the lower zone under high- and low--oxygen conditions (Tukey < 0.05, in both
cases). The latter group had the higher proportion of time swimming (approx. 85% of the time; figure 3).

Figure 2. Plots of oxygen level (% air saturation) with relative oxygen consumption rate (V̇O2, 0–1) of larvae breed in upper (blue squares ) and lower (red circles)
zones, within colonies of the bryozoan B. neritina. Each dataset is fitted to a Michaelis–Menten function, where the blue lines correspond to larvae from upper zones
and the red lines to larvae bred in the lower zone of the colonies. For larvae from each zone, an overall model including all sets of data are represented (red and blue
bold lines). The intersection of dashed lines (highlighted with an arrow) with the x-axis shows the CCO2 value (average ± s.e.).

Table 1. ANOVA for the effects of colony zone, oxygen level and their interaction on: (A) swimming time, (B) settlement time, (C) total settlement of 0 min old larvae
and (D) total settlement of 60 min old larvae, in the bryozoan B. neritina.

source sum sq d.f. mean sq F p

A ‘swimming time’

colony zone 0.515 1 0.515 5.181 0.025

oxygen level 2.600 1 2.600 26.161 <0.001

colony zone: oxygen level 0.616 1 0.616 6.196 0.014

residuals 7.555 76 0.099

B ‘settlement time’

colony zone 8242 1 8242 0.681 0.411

oxygen level 335 664 1 335 664 27.747 <0.001

colony zone: oxygen level 57 138 1 57 138 4.723 0.032

residuals 919 393 76 12 097

C ‘total settlement (0 min)’

colony zone 0.040 1 0.040 0.340 0.561

oxygen level 3.652 1 3.652 30.784 <0.001

zone: oxygen level 1.722 1 1.722 14.515 <0.001

residuals 9.017 76 0.118

D ‘total settlement (60 min)’

colony zone 0.520 1 0.520 7.068 0.009

oxygen level 0.211 1 0.211 2.870 0.094

colony zone: oxygen level 0.500 1 0.500 6.794 0.011

residuals 5.5913 76 0.073
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(ii) Settlement time

There was a significant main effect of the oxygen level, but no effect was detected for the breeding zone (table 1B, figure 4).
These factors showed a significant interaction with no effect of the experimental run (random factor: X2 = 0.05). Irrespective
of the breeding zone, larvae exhibited the quickest settlement (approx. 45–78 s; figure 4) under high oxygen conditions. While
the lower-zone larvae showed no significant differences in settlement time between oxygen levels (Tukey = 0.135), there were
significant differences for the upper-zone larvae (Tukey < 0.005; figure 4), with the slowest response (mean: 119 ± 26.82 s) under
hypoxia conditions.

(iii) Total settlement

There was no significant effect of the breeding zone on total settlement for the 0 min old larvae. However, there was a significant
effect of the oxygen level and the interaction of this factor with the breeding zone (table 1C, figure 5A). While no significant
differences in settlement were found for the lower-zone larvae between oxygen levels (Tukey = 0.61, figure 5A), there were
significant differences for their upper-zone counterparts (Tukey < 0.001). The highest (94.0 ± 2.55%) and lowest (44.0 ± 5.73%)
settlements were documented in this group under high- and low-oxygen conditions, respectively (figure 5A). For the 60 min
old larvae, significant effects of the breeding zone and the interaction of this factor with oxygen level were detected (table
1D). For this trait, the upper-zone larvae exposed to low oxygen levels showed the lowest total settlement (75.0 ± 3.80%), with
significant differences when compared with all the other treatment combinations (Tukey < 0.05, figure 5B). Similar to the 0 min

Figure 3. Main and interactive effects of colony zone and oxygen levels on the proportion of time swimming (%) of the bryozoan B. neritina. The jitter plot shows: (i)
significant differences within the O2 level treatment for larvae bred in the upper zones; (ii) significant differences within the colony zone treatment for larvae under the
high and low O2 level; and (iii) a significant interactive effect (differences between high O2 larvae from the upper zone with the low O2 larvae from the lower zone of
the colony).

Figure 4. Main and interactive effects of colony zone and oxygen levels on the larval settlement time (s) of the bryozoan B. neritina. The jitter plot shows: (i) no main
effect of the colony zone treatment; (ii) significant main effect of the O2 level treatment for larvae bred in the upper zones; and (iii) significant interactive effects across
levels of the two factors.
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old larvae, no significant differences were found between oxygen conditions for the lower-zone larvae (Tukey = 0.91, figure 5B).
No significant effect of the experimental run (random factor) was found for the 0 min old (X2 = 0.15) and the 60 min old (X2 =
0.95) larvae.

4. Discussion
Spatial and temporal variation in oxygen availability in marine benthic systems can generate heterogeneous oxygen seascapes
that influence the distribution, vulnerability and physiology of sessile colonial species. For these organisms, settlement selection
is one of the ecological processes affected by low-oxygen microhabitats in which the ability of the larvae to read environmen-
tal cues is significantly reduced [31,36,47]. It remains unclear, however, whether and how differential exposure to oxygen
conditions among colonial organisms influence such responses, inducing intra-colony differences in physiological sensitivity
to hypoxia. In this study, we assessed this research gap, exploring the overall influence of the larval breeding zones in
colonial marine species, using the bryozoan B. neritina as a model system. Studying the effects of hypoxia in different zones
of the colonies (upper and lower zones) sheds light on the importance of understanding stress at small spatial scales (i.e.
microhabitat).

Physiological differences in stress responses within different parts of a colony have been observed in colonial organisms
such as corals [22]. Despite having genetic homogeneity among polyps, each part of the colony exhibits different patterns
of functional regulation that vary according to the differential exposure to stress [22]. Contrary to these expectations, upper
and lower zones within adult colonies of B. neritina showed similar sensitivities to hypoxia (CCO2), despite their minor
differences in dry mass. Such lack of influence of body size/mass on CCO2 has been previously documented across a range
of invertebrate species [5,7,52], for which the metabolic rates and gas exchange capacities scale similarly with size/mass [53].
In our study, the mean CCO2 value found for B. neritina colonies (14.57 ± 0.69% air saturation) was similar to other Bugula

Figure 5. Jitter plots for the settled larvae (%) bred in lower and upper zones of mature colonies of the bryozoan B. neritina. (A) For the 0 min old larvae, the plot
shows: (i) no main effect of the colony zone treatment; (ii) significant main effect of the O2 level treatment for larvae bred in the upper zones; and (iii) significant
interactive effects across levels of the two factors. (B) For the 60 min old larvae, the plot shows: (i) no main effect of the O2 level treatment; and (ii) significant main
effect of the colony zone and its interaction with the O2 level effects across levels of the two factors.
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species and B. neritina populations from Australia [5,7], and suggests high resistance to low-oxygen conditions [5,7]. In general,
colonial bryozoans like Bugula are considered tolerant to hypoxia and can persist in hypoxic environments [5,7,52]. Therefore,
the similar response of both zones of the colony may be due to the general tolerance to low oxygen of the species and its
relatively low metabolic demands [20]. As not all species exhibit this type of responses and tolerances, it is important to conduct
more species-specific studies to understand the role of ecological and evolutionary backgrounds shaping variability in the
physiological responses to hypoxia within colonial organisms. Variability in the sensitivity (and vulnerability) to low oxygen
may arise from energetic differences through development, particularly in early ontogenetic stages [54]. To our knowledge, such
variability has only been previously documented in one study for marine invertebrate larvae [54]. Using different larval stages
of the Haliotis rubra and Haliotis laevigata, authors found significant intra- and inter-species variation in low-oxygen sensitivity
(Pcrit: 14.1−18.6% air saturation) [54]. For colonial organisms, such variation is hypothesized to operate at micro-spatial scales
(i.e. intra-colony) driven by microhabitat differences in oxygen availability [7], potentially influencing larval behaviour (e.g.
swimming, settlement) and their settlement selection [27–29]. Our study supports this hypothesis showing that phenotypic
variation in low-oxygen sensitivity can be observed at the intra-individual level for colonial erected (three-dimensional) species,
in which larvae bred in the lower zones of the colonies are less sensitive to low-oxygen conditions (i.e. lowest CCO2; 6.38 ±
2.95% air saturation) compared with their upper-zone counterparts (CCO2; 18.68 ± 2.38% air saturation). These intra-colony
differences in larval sensitivity to hypoxia were reflected in the pre-settlement and settlement behaviour of the larvae, with
variations in their performance within the spawning zone. In general, larvae from the upper zone performed better under
normoxic conditions but displayed greater sensitivity to hypoxia (swim more, have a slower settlement and exhibit a lower total
settlement) than larvae from the lower zone.

The traditional way of assessing settlement success (i.e. by only measuring final settlement and recruitment in response to
a particular environmental stressor) has important limitations. For this trait, it is also fundamental to consider the selection
behaviour of the larvae under stress, as their ability to select a suitable habitat is constrained by exogenic and endogenic
factors [32,55,56]. Using this approach, our results indicate that larvae from the lower segments of the colonies are less efficient,
regardless of the oxygen conditions. Their swimming time (70–90% of the total time) was equivalent to the time for the
upper-zone larvae under hypoxic conditions. Larvae from upper zones of the colonies were more selective and had shorter
swimming time (approx. 50%) in high oxygen conditions. A similar response was found for the settlement time, showing that
larvae from the lower zones of the colonies were less sensitive to oxygen levels compared with those from the upper zones,
which settle within seconds. The contrasting responses of upper-zone larvae to oxygen conditions suggest that, in nature, they
have a higher ability to detect low oxygen and keep swimming, increasing their chances of finding and settling in a high-quality
habitat rich in oxygen [5–7]. On the other hand, larvae bred in the lower segments of the colony probably settle in any place
regardless of the oxygen conditions, as they are less oxygen selective.

Several studies have shown that acclimatization of organisms to specific environmental conditions can affect morphological,
physiological and behavioural responses to environmental stressors [57–60]. This suggests that the upper- and lower-zone
larvae of Bugula colonies may have different acclimatization responses to oxygen availability, resulting in different sensitivi-
ties. It is possible that the lower-zone larvae are more tolerant of hypoxia due to their exposure to lower oxygen levels
during their embryonic development compared with the upper-zone larvae (i.e. developmental plasticity). In this case, the
microhabitat background of the colonial segment may underpin the phenotypic differences detected among larvae generated
from genetically identical zooids [61]. Furthermore, the maternal/parental effects may have played a critical role in shaping
the intra-colonial phenotypic differences shown in the larvae [62]. These effects are known to influence various aspects of
larval development, including gene expression, epigenetic modifications, nutrient allocation and the physiological responses
of offspring to environmental stressors, including hypoxia [63–65]. Further research is needed to determine the underlying
mechanisms that contribute to the observed intra-colony differences in their vulnerability to hypoxia, and the extent of the
carryover effects (i.e. within/trans-generational) induced by the microhabitat and the maternal/parental environment.

In our study, the total settlement of recently hatched larvae was significantly influenced by the combined effects of oxygen
level and the breeding zone of the larvae. Larvae from the upper zone had high selectivity for high oxygen conditions (i.e.
settlement 94.00 ± 2.55%), and showed reduced settlement capacity under hypoxia (i.e. 44.00 ± 5.73%). This reduced capacity
seems to be associated with some degree of loss in the interpretation efficiency of environmental cues, as they have a similar
proportion of settlement in all treatments. Similarly, Bugula larvae showed a reduced efficiency of habitat selection as they aged,
evidencing an increasingly ‘desperate’ settlement behaviour [55,66,67]. Swimming more, delaying settlement and larvae getting
‘desperate’ to settle are all behavioural responses with deep implications for Bugula larvae, considering their lecithotrophic
nature and their limited energy budget. Therefore, each second they spend swimming under low-oxygen conditions, represents
less energy available for survival and growth in the future [32,68]. For larvae, high selectivity is beneficial as this behaviour
enhances the probability of choosing settlement habitats with good quality, avoiding strong competitors and maximizing their
fitness [27,36,69]. However, there are trade-offs associated with high selectivity as swimming is an energetically expensive
activity considering the negative buoyancy of Bugula larvae [33,70]. Individuals that spend more time swimming (e.g. 60% of
the time) have elevated energetic costs (around 0.4 J h-1) compared with larvae with shorter swimming times (approx. 20% time
invested, 0.05 J h-1) [33]. Therefore, the avoidance of hypoxia and the delay of settlement represent a trade-off in terms of the
reduction of energy reserves and the energy allocation for post-metamorphic growth, leading to the formation of smaller and
less successful colonies [34,56,71,72]. These effects can be more accentuated in larvae from the upper zones of the colonies, as
they avoid hypoxia in higher proportion than larvae from the lower zones.

Benthic marine biodiversity is under high pressure due to the increase in the frequency and magnitude of hypoxic events
and the scale of low-oxygen zones. Therefore, it is fundamental to understand the capacity of these organisms to adjust
their responses (e.g. behaviour, physiology) to cope with such environmental threats. Although we know that this capacity
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can vary among species and populations, our study has provided novel insights demonstrating that it can also vary within
individuals (for colonial species), at least in part, as a consequence of oxygen differences at the microhabitat scale. Overall,
our findings contribute to a better understanding of the fundamental role of hypoxia at small spatial scales (i.e. microhabitat)
shaping ecological dynamics, phenotypic differences and the regulation of functional responses in colonial organisms. This has
important implications for predicting the impacts of anthropogenic activities, for the conservation and management of benthic
systems. This information should be considered in future studies of larval ecology, since the breeding zone of the colonies can
significantly influence larval physiological sensitivity, tolerance, performance and behaviour in hypoxic systems. Future studies
should also assess the extent to which intrinsic differences in biological characteristics within colonial organisms (e.g. age of
the zooids in the different colony sections; size and number of zooids) contribute to the observed intra-individual phenotypic
differences in hypoxia sensitivity and vulnerability.
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