'.) Check for updates

Received: 29 May 2022 | Accepted: 29 September 2022

DOI: 10.1111/1365-2435.14202

RESEARCH ARTICLE

Functional Ecology Eﬁfﬁm

Adaptive effects of parental and developmental environments
on offspring survival, growth and phenotype

Daphne Cortese’?>® | Amélie Crespel>®® | Suzanne C.Mills'*® | Tommy Norin®

5

Shaun S. Killen?® | Ricardo Beldade®

1PSL Université Paris: EPHE-UPVD-CNRS, USR 3278 CRIOBE, Moorea, Papetoai, French Polynesia; 2School of Biodiversity, One Health and Veterinary
Medicine, University of Glasgow, Glasgow, UK; 3Department of Biology, University of Turku, Turku, Finland; “Laboratoire d'Excellence “CORAIL", France; °DTU

Aqua: National Institute of Aquatic Resources, Technical University of Denmark, Kgs. Lyngby, Denmark and ®Estacién Costera de Investigaciones Marinas and

Center for Advanced Studies in Ecology and Biodiversity, Las Cruces, Pontificia Universidad Catélica de Chile, Santiago, Chile

Correspondence
Daphne Cortese
Email: daphne.cortese@glasgow.ac.uk

Ricardo Beldade
Email: rbeldade@bio.puc.cl

Funding information

Agence National de la Recherche, Grant/
Award Number: ANR-14-CE02-0005-01/
StayorGo and ANR-11-JSV7-012001/
WhereDoWeGoNow; LABEX Corail,
Grant/Award Number: LiveandLetDie;
Natural Environment Research Council,
Grant/Award Number: NE/J019100/1;
Danish Council for Independent Research
(now 'Independent Research Fund
Denmark'), Grant/Award Number: DFF-
4181-00297

Handling Editor: Ismael Galvan

Abstract

1. Phenotypic adjustments to environmental variation are particularly relevant to
cope with putative environmental mismatches often imposed by natal dispersal.

2. We used an intergenerational cross-transplant field-based experiment to evalu-
ate the morphological and physiological effects of parental and postsettlement
water flow environments on the orange-fin anemonefish Amphiprion chrysop-
terus through ontogeny (at pre- and postsettlement stages).

3. Offspring born from parents under high water flow had an 18% higher caudal
fin aspect ratio (a compound measure of shape) at the presettlement stage, 10%
slower growth after settlement, and 55% lower survival after settlement com-
pared to offspring from low water flow parents. At the presettlement stage,
caudal fin length was determined by parental caudal fin length. At the postset-
tlement stage, fish survived equally well with similar phenotypes in both high
and low developmental flow environments. However, results suggest potential
developmental phenotypic plasticity in caudal fin length, which increases more
under low water flow during development. After settlement, growth was the
only morphological or physiological trait that was associated with parental water
flow, which was lower from parents under high flow, as was survival.

4. These results give important insights into the parental contribution, both ge-
netic and nongenetic, in determining early offspring phenotype and subsequent
growth and survival. Our results also suggest that offspring may possess flex-
ibility to cope with a wide range of local environments including those different
from their parents. Overall, the findings of this study show the fitness conse-
quences of living in different environments and the likely trade-offs between

parental and offspring fitness in a wild population.
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1 | INTRODUCTION

The way in which the environment, either the immediate, devel-
opmental or parental environment, influences an individual's phe-
notype is one of the core research areas in evolution and ecology.
Environmental variation is common within a population and pheno-
types have different optima across environments. The relative im-
portance of the mechanism, direct or intergenerational, that shapes
phenotypes may vary throughout ontogeny (Lindholm et al., 2006;
Mousseau & Dingle, 1991). While the parental environment, trans-
lated through parental effects, is likely most important in the first
stages after birth (Lindholm et al., 2006), the offspring developmen-
tal environment will predominantly drive phenotypic changes in
subsequent stages, especially in species that develop far from their
natal habitat (Warner, 2014). Limited natal dispersal—the movement
from birth place to settlement place—in stable and predictable en-
vironments may mean that parental and developmental environ-
ments are similar, leading to local adaptation (Linhart & Grant, 1996;
Marshall & Uller, 2007). On the other hand, nonrandom associations
between the environment experienced by parents and offspring
(environmental mismatch) are often prevalent in species whose
offspring disperse further away from their natal environment and
in those that disperse in heterogeneous environments where even
small natal dispersal distances can result in very different settlement
environments (Galloway & Etterson, 2007), as oftentimes observed
in the oceans (Beldade et al., 2016; Burgess et al., 2012). While natal
dispersal may dissociate parental and offspring phenotypes, devel-
opmental plasticity promotes the match between the offspring's
phenotype-environment. However, the environmental cues that
render parental or developmental effects adaptive in offspring and
select for the evolution of intergenerational or developmental plas-
ticity respectively, are not always evident, especially in variable envi-
ronments where the potential for mismatch is increased.

Optimal phenotypes depend on variable biotic and abiotic fac-
tors such as predation risk (Lively, 1986), temperature or photope-
riod (Beldade & Brakefield, 2002). In marine ecosystems, and coral
reefs in particular, water flow is spatially and temporally variable
(Hearn, 2011; Lenhardt, 1991; Monismith et al., 2006), and may in-
fluence phenotypic variation. Fishes' morphological and life-history
traits are associated with the water flow regime and habitat of their
environment and are correlated with swimming modes (Fulton
et al., 2001; Langerhans et al., 2003; Webb, 1984). Fish body shape,
particularly the shape and length of the caudal fin, is important
for swimming, acceleration and manoeuvrability in different water
flows, as well as for catching prey or escaping predators (Domenici
& Blake, 1997; Langerhans, 2008; Videler, 1993). The pectoral fin
is also important for generating movement or manoeuvrability, es-
pecially in coral reef fish (Fulton et al., 2005; Webb, 1984). Distinct
purposes and energetic costs are associated with different swim-
ming modes, and each of them can be advantageous under different
situations encountered in a complex environment.

The water flow in an environment may also require different

performance and physiological traits which support more or less

metabolically expensive swimming modes (Boisclair & Tang, 1993).
For example, tropical reef fish living in high-flow areas have higher
maximum swimming speeds and aerobic scopes, and quicker fast-
start escape responses (Binning et al., 2014; Nadler et al., 2018),
while those in lower flow areas have lower metabolic rates, aero-
bic scopes and maximum swimming speeds (Binning et al., 2014;
Binning et al., 2015). Such differences in physiological (metabolism)
and performance (swimming) capacities have rarely been shown in
juveniles, making it difficult to know if observed differences come
from developmental or parental environments. While some studies
have found that water flow affects fin morphology and body shape
during development of freshwater species and salmonids (Fischer-
Rousseau et al., 2010; Pakkasmaa & Piironen, 2001), little is known
for coral reef fishes. In addition, the different energetic costs of
activity under different water flow environments (Boisclair & Tang,
1993) may impose trade-offs with, for example, reproduction cas-
cading onto offspring traits (Marshall & Uller, 2007; Weiner, 1992).
Here, we used an intergenerational cross-transplant experiment
to understand the morphological, performance and physiological
effects of parental and postsettlement developmental water flow
environments on Amphiprion chrysopterus, the orange-fin anem-
onefish. A. chrysopterus is a territorial coral reef fish, mutualist with
sea anemones (Fautin, 1991), which can be found at varying depths
(Haguenauer et al., 2021), water flow (Fautin, 1992; Holbrook &
Schmitt, 2005) and geographic range (Emms et al., 2020). Similar
to many other coral reef fishes that develop in open water (Leis &
McCormick, 2002), anemonefish larvae settle (onto anemones) in
environments which are often different to those of their parents,
especially in terms of water flow and depth (Beldade et al., 2016).
We predict parental and developmental environments interact to
affect offspring phenotype in response to varying flow conditions,
specifically: (1) parents from different flow environments may pro-
duce different offspring phenotypes because of either different
parental investment and/or parental genotype and phenotype;
(2) parents living in high-flow sites may invest less (due to trade-
offs) in their offspring leading to lower offspring survival; and (3)
selection imposed by water flow may explain the distribution of
phenotypes, or (4) offspring phenotype may be directly modulated
through developmental plasticity to match the postsettlement hab-
itat. We evaluated parental contribution and developmental plas-
ticity to explain survival and offspring phenotypic variation across
water flow environments, while accounting for parental genotypic
legacy. These results will help to better understand whether in-
tergenerational plasticity or developmental plasticity provide a
flexible mechanism by which fish cope with heterogeneous flow

environments.

2 | MATERIALS AND METHODS

Ethical approval for the study was granted from The Animal Ethics
Committee, Centre National de la Recherche Scientifique (permit
number 006725).
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2.1 | Experimental overview

A field-based experiment with low and high water flow treatments
was carried out on the offspring of free-living pairs of orange-fin
anemonefish Amphiprion chrysopterus, from a range of water flows in
Moorea lagoon, French Polynesia. The experiment linked three life
stages: adult; presettlement and postsettlement offspring (grey pan-

els in Figures 1 and 2). To establish different water flow categories,

Morphology

flow at the sites of 23 free-living pairs of orange-fin anemonefish
was measured over 12days using Marotte HS (High Sampling Rate)
drag-tilt current metres. Measurements at every 10 min were con-
verted to flow velocity by postprocessing with a tilt-to-speed cali-
bration curve using the MarotteHSConfig Software Version 3.0
(Marine Geophysics laboratory, James Cook University; Figure S1C).
Water flow velocity (mean, maximum and variation) were combined

in a principal component analysis (PCA) to identify two categories
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FIGURE 1 Morphological traits in adult, pre- and postsettlement fish. Body elongation (a), pectoral length ratio (b), and caudal length
ratio (c) of adults (females and males) living in different water flows (low vs. high flow). Presettlement caudal length aspect ratio (CAR)

of offspring produced by low- versus high-flow parents (d). Interaction of maternal and paternal caudal length ratio effect on offspring
caudal length (e). Predicted lines from the model show the effect of maternal caudal length ratio for three categories of paternal caudal

fin length ratio. Elongation (f), pectoral fin length ratio (g), caudal fin length ratio (h) and caudal fin shape (i) of postsettlers after 8-

11 weeks in developmental water flow treatments (low vs. high flow). Caudal fin length ratio changes during development (l), from pre- to
postsettlement, in low (left and light grey) and high developmental flow (right and dark grey). Symbols represent individual raw data points.
In each panel, boxplots with medians, interquartile ranges (IQRs) and whiskers are shown (SI-4). Significant differences across water flow

regimes or across sex are indicated with asterisks (*; refers to p <0.05)
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FIGURE 2 Physiological traits in adult, pre-and postsettlement fish. Standard metabolic rate (SMR, a), maximum metabolic rate (MMR,
b) and aerobic scope (AS, c) of adults (females and males) living in different water flows (low vs. high flow). Presettlement swimming speed
(U of offspring produced by low- versus high-flow parents (d). Postsettlement SMR (e), MMR (f), AS (g) and U,,,., (h) after 6 weeks in
developmental water flow treatments (low vs. high flow). Symbols represent individual values adjusted (using model residuals) to the overall
mean body mass of measured fish (59.5 and 0.304 g in adults and juveniles respectively). Boxplots with medians, interquartile ranges (IQRs),
and whiskers are shown (SI-4). Asterisks (*p < 0.05) indicate significant differences

of water flow based on their PCA scores: high and low flow (SI-1,
Figure S2A-E; Table S1). Anemonefish breeding couples were moni-
tored for over 5years prior to this study (Beldade et al., 2017; Mills
et al., 2020) and no differential parental mortality was found across
flow regimes, which allowed us to disregard differential effects of
parental selection on offspring phenotypic plasticity (Burgess &
Marshall, 2014). Adult morphological and physiological (metabolic
rate) traits were measured from 20 and 8 adult pairs (40 and 16 indi-
viduals) respectively. Second, 11 free-living pairs from the most prac-
tical sites and extreme water flows were selected and monitored until
spawning, and eggs were collected from each clutch (one clutch per
free-living pair). Eggs were hatched and reared until presettlement

(after 18days) under identical laboratory conditions, when perfor-
mance (swimming) and morphological traits were measured on six
randomly selected presettlers per clutch (n = 66). However, due to
poor quality microscope photographs and a malfunction of the swim
tunnel, not all performance and morphological traits could be meas-
ured (sample sizes on presettlers ranged from n = 48-58; Table S3).
Using a full-sib split-brood design, the same six presettlers from each
clutch were randomly assigned to six different developmental water
flow sites in Moorea lagoon (two treatments; low and high flow, SI-1,
Figure S3A-E; Table S4) and individually monitored. However, the
six presettlers from only a subset of eight clutches were released
into the developmental flow sites (n = 48) for practical reasons

85U017 SUOWILIOD 818D 8|qed![dde auyy Aq pausenob a1e S9ppile YO ‘SN JO S3INJ 10} Akeud1 78U UQ 8|1 UO (SUOTHIPUOO-PUE-SWLI W0 AB | IMAe1q 1 |BuUO//:SANY) SUOTIPUOD pue SWie | 8U} 89S *[2202/TT/6z] Uo Ariqiauliuo AB|IM ‘881 Aq Z02rT SErZ-GOET/TTTT 0T/I0p/W0d A8 imAIq 1 pUl|UO'S eUINOKBq)/:SANY WOJJ pepeojumod ‘0 ‘GEvZSIET



CORTESE ET AL.

Functional Ecology 5

(Table S3). Two presettlers died during performance measurements
and could not be replaced, therefore only 46 presettlers were re-
leased in Moorea lagoon for the cross-transplant experiment. After
release in the lagoon, 21 of the 46 postsettlers disappeared within
a week of release. These missing fish were quickly replaced with a
new, full-sib postsettler from the same clutch. However, presettler
traits had not been measured on these replacement fish, nor were
postsettler traits measured on the fish that disappeared. Fish disap-
pearing after 1week were not replaced as the remaining laboratory
full siblings were too old for the purpose of the experiment (release
at settlement). Therefore, a total of 46+21 = 67 individual fish
were used for all or some part of the cross-transplant experiment.
In the third part of the experiment, postsettler survival and water
flow were measured at the developmental water flow sites over
60days. Performance (swimming test), physiological (metabolic rate)
and morphological traits were measured on surviving postsettlers
after 6-8weeks of developmental water flow treatment exposure
(see ‘Developmental water flow treatment, exposure and postset-
tler traits’). Natural morality accounted for the remaining reduced
sample sizes of postsettler traits. Sample sizes of all traits along de-

velopment are summarised in Table S3.

2.2 | Offspring traits at presettlement

The subset of 11 selected pairs (four high and seven low; SlI-1,
Table S2) were monitored every 2-3 days over 2 months for spawn-
ing. When egg clutches were found (Figure S1B), the day of hatch-
ing was predicted from their egg development stage (Beldade
et al., 2017). On the day of hatching (6-7days after fertilisation),
approximately a fifth of the egg clutch (~200-300 eggs) was col-
lected while SCUBA diving, brought to the laboratory and hatched
overnight. All newly hatched larvae were maintained under common
garden laboratory conditions minimising environmental variation
during natal dispersal (SI-2). At the end of the larval (presettlement)
stage, determined by the appearance of the first vertical white stripe
after ~18days posthatch (dph), performance (see ‘Maximum swim-
ming speed’) and morphological (see ‘Morphological measures’)
traits were determined for about six presettlers from each clutch
(h = 48-58, sample sizes are summarised in ‘Experimental overview’
and Table S3). Over 3days, the same six presettlers from the same
clutch were kept inindividual 5 L aquaria containing a small anemone
(~5 cm diameter), to facilitate settlement for the postsettlement de-

velopmental water flow treatment.

2.3 | Developmental water flow treatment and
postsettler traits

Developmental water flow sites (four high and two low, SI-1) were
selected on lagoonal sandy flats (Figures S1A and S3; Table S4) in
which eight plastic mesh cages, each containing a healthy anemone
of approximately equal size (224 + 83 cm? surface area), were placed

10 m apart. Cages were used to prevent anemone predation and
once added, postsettlement anemonefish swam freely in and out
of the cage mesh (3 x3 cm squares). While the presence of cages
slightly reduced the intensity and variation range in water flow ve-
locities, average and variation in water flows were still different be-
tween water flow treatments (Table S4; Figure S4).

After 21 dph, six postsettlers from the same clutch (subset of
eight clutches) were randomly added to caged anemones at each
of the six developmental water flow sites (Figure S1A, n = 46 fish
released, two fish were lost during measurements and therefore
excluded from the analyses; Table S2). Postsettlers dying within a
week of release (n = 21) were replaced with a new full-sib postsettler
from the same clutch, but for which neither performance nor mor-
phological traits had been measured at 18 dph. Total number of fish
released: 46 +21 = 67.

After 6 weeks of exposure to developmental water flow treat-
ments, surviving postsettlers were captured and brought to the
laboratory where performance and metabolic traits were measured.
Postsettlers were then returned to their respective anemones and,
after an additional 2-5weeks, all surviving fish were re-caught and
morphological traits were measured (i.e. after ~8-11 weeks total ex-
posure with no difference in exposure time between the develop-
mental flow treatments; ANOVA, all p >0.05, Table S6; n = 22-26;
Table S3).

2.4 | Maximum swimming speed (U, )

Fish swimming performance was measured for individual preset-
tlers (18 dph, n = 56; Table S3) and surviving postsettlers (6 weeks
exposure, n = 30; Table S3) using a constant acceleration test
(Farrell, 2008) to estimate maximum swimming speed (U,.,) fol-
lowing Brett, 1964 equation (SI-3). Measurements were carried
out in a 170ml Blazka-style swim tunnel (Loligo System, Viborg,
Denmark) immersed in a larger aquarium kept at constant tempera-
ture (27.5+1°C). The velocity of a one-way flow through the swim
tunnel against which the fish swims was regulated by a voltmeter,
which was calibrated for velocity in cm/s. After an acclimation pe-
riod in the swim tunnel (presettlers: 10 min; postsettlers: 30min) at
a water velocity of ~0.5-1 body length s (Plaut, 2001) water flow
was gradually increased until the fish could no longer maintained its
position in the flow (Killen et al., 2015).

2.5 | Metabolic rate measurements (SMR,
MMR and aerobic scope)

Measurements of fish metabolic rates [standard metabolic rate
(SMR) and maximum metabolic rate (MMR)], were carried out in
respirometry chambers where fish oxygen uptake rate was re-
corded as a proxy for metabolic rate (Norin & Clark, 2016; Svendsen
et al., 2016). Fish aerobic scope (AS) was calculated as the difference
between MMR and SMR.
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Eight of the 11 wild breeding anemonefish pairs and all surviv-
ing postsettlers after 6 weeks (n = 31) were caught and brought to
the laboratory. Adults and postsettlers were transferred into 30L
individual tanks for 36 and ~24h of fasting respectively. For MMR,
adult fish were manually chased in a circular tub containing seawa-
ter for 2 min until exhaustion, then immediately transferred into the
static intermittent-closed respirometry setup to measure oxygen
consumption rate immediately postchase, which is a proxy of fish
MMR (Norin & Clark, 2016). The SMR of adult fish and postsettlers
was obtained by leaving the adults in or transferring the postsettlers
to the respirometry chambers overnight (for ~20 and ~15h, respec-
tively, Table S7). The following day, the MMR of postsettlers was
measured in the swim tunnel by recording fish oxygen uptake im-
mediately after U,,,, measurements (Clark et al., 2013). After fish ex-
haustion, the velocity in the swim tunnel respirometer was reduced
to 1 BL s™* and three cycles of 10 min (6 min closed and 4 min flush)
were used to estimate the maximum rate of oxygen uptake (MMR).
Background microbial oxygen uptake was also recorded in an empty
respirometry or swim chamber before and after SMR or U,,,, and
MMR measurements respectively. Slopes of the decline in oxygen
concentration over time during the closed phases of the intermit-
tent respirometry cycles (Svendsen et al., 2016) were calculated
using LabChart software (v.8.1.14; ADInstruments). Fish oxygen
uptake rates were calculated by multiplying these slopes by the vol-
ume of the respirometry chamber after subtracting fish volume and
background microbial respiration (additional details on metabolic
rate measurements and calculations are listed in Table S7, follow-
ing list from Killen et al., 2021). After all metabolic measurements,
we weighed the adults (+0.1g) and postsettlers (+0.001g). Because
the swim tunnel malfunctioned at one point, some measurements of
postsettler MMR were excluded from the analyses (n = 6), so final
n = 25 fish for MMR and AS, but n = 31 for SMR (Table S3).

2.6 | Morphological measures

After physiological measurements, adults were gently immobilised
within hand nets and photographed using a Sony DSC-RX100 Il
camera. In addition, at 12 adult sites from which physiological meas-
urements were not taken, adult anemonefish were captured, photo-
graphed for morphological measures and immediately released back
onto their anemones. Presettlers were anesthetised (0.1 g of MS222
in 1 L of water) and, on losing equilibrium, transferred to a petri
dish containing clean filtered water where lateral photographs were
taken with a binocular microscope (LEICA EX4W) before regaining
normal activity. Similarly to adults, postsettlers were photographed
using a Sony DSC-RX100 Ill camera. All sample sizes are summarised
in Table S3.

The following morphological traits were measured using ImageJ
software (Figure S5; Table S3): body elongation, the ratio of either
total length (TL; distance from head to end of tail) in pre- and post-
settlers or fork length (FL; distance from head to the fork of the tail)
in adults to body height (BH; distance from the pelvic fin and the

start of the dorsal fin); pectoral fin length ratio, length of the pec-
toral fin from insertion to the longest tip of the leading edge (PL)
divided by fish body length; caudal fin length ratio, the ratio of the
length of the caudal fin from the end of the standard length to the
longest tip (CL) and fish body length. Caudal fin shape was also mea-
sured in pre- and postsettlers as the caudal fin aspect ratio (CAR),
the squared caudal fin height (CH) divided by the surface area of the
caudal fin (CS).

2.7 | Specific growth rate

Specific growth rate (SGR) was determined as the percentage in-
crease in individual body size per day between presettlers (18-29
dph; initial time, n = 14) and postsettlers aged ~70-96 dph (final time,
n = 14; Hopkins, 1992) as: SGR = (In(TLy,) — In(TLy)) /n x 100;
where TL is the body total length at t, (final time) and t; (initial
time), and n is the number of days between the two consecutive
measurements.

2.8 | Survival

Postsettlement survival (absence/presence) in each developmental
water flow treatment was regularly monitored over the 11-week
(76 days) experiment (every 1-2days for the first week and every
4-5days thereafter). Given the high predation risk outside anemone
tentacles, especially for early life stages (Cortese et al., 2021), the
chance of fish movement was highly reduced and the absence of a
fish from its anemone was equated to mortality. Despite the use of
cages, three anemones disappeared during the experiment, together
with their anemonefish, which were excluded from the survival anal-
yses. Nine additional fish were excluded due to nonnatural mortality
(during transport or holding in the laboratory). Total sample size for
survival was thus 55 (Table S3).

2.9 | Statistical analyses

All statistical analyses were carried out in R version 4.0.4 (R Core
Team, 2019). To explore the effect of water flow regime on adult
fish morphology and metabolism, we used LM with adult elongation,
TL ratio, CL ratio and body mass-adjusted metabolic rate (MMRadj,
SMRadj or ASadj) as response variables (see SI-2 for details on body
mass adjustments). Explanatory variables were fish sex, parental
water flow and anemone surface area (Table S8). To find the best
fit model, all covariates were initially included with interactions and
subsequently removed if nonsignificant using the likelihood ratio
test (LRT) in the wmTesT package (Zeileis & Hothorn, 2002). To reveal
differences among groups on model results, we carried out a Tukey
post-hoc test (EMmEANs package; Lenth, 2020).

We determined the effect of parental water flow on preset-
tler phenotype using separate linear mixed-effects regression
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models (LMERs) with presettler elongation, PL ratio, CL ratio,
log,,-transformed CAR or U, as response variables. Parental
water flow was used as an explanatory variable and parental ID as
a random factor to account for nonindependence of full siblings
(Table S9).

To determine the influence of parental phenotype on offspring
phenotype, we fitted an LM that included presettler morphology as
response variables (elongation, PL ratio, CL ratio or TL) and the same
maternal and paternal morphological traits as explanatory variables.
The interaction among parental traits was included to explore syn-
ergetic effects of both parents (Table S10).

To explore the effect of water flow on morphology, performance,
metabolic rate and growth (SGR) postsettlement, we fitted LMERs
with parental and developmental water flow as predictor variables,
and parental ID and offspring sites as random effects. Response
variables were elongation, PL ratio, CL ratio or CAR for morpholog-
ical traits (Table S11A) and SMR, 4, MMR, 4, AS
abolic and performance traits (Table S12A). In the SGR model, the

initial offspring length was also included as a covariate to account for

or U, for met-

max

their asymptotic growth (Table S14).

We also explored the effect of developmental water flow on
each individual fish over time by fitting an LMER with developmen-
tal water flow treatment and fish stage (pre- vs. postsettlement) as
explanatory variables. Response variables were elongation, PL ratio,
CL ratio, CAR or U,,,. Fish ID was also included as a random variable
to account for repeated measures. Parental ID and offspring site
were also included as random factors (Table S13).

The effect of parental and developmental water flow was
also tested on offspring survival by fitting a mixed Cox propor-
tional hazard model via the ‘coxme’ function in the coxme package
(Therneau, 2020). Parental water flow and developmental water
flow were used as explanatory variables, the hazard function (risk
of death at time t, which refers to the end of the experiment) used
as a response variable, and parental ID was used as a random effect
(Table S15A).

3 | RESULTS
3.1 | Effect of water flow on adult phenotype

We observed no differences in body elongation among adults liv-
ing between low and high water flow sites (LM, flowhigh; t =0.688,
p = 0.496, R? =0.193, Rgdj =0.150, Table S8B, Figure 1a), however,
male bodies were 5.7% more elongated than females (LM, SEX el
t =2.928, p = 0.006, Table S8B, Figure 1a). On the other hand, pec-
toral fin length ratio, despite showing a trend for a higher ratio in
low flow for both sexes, did not vary across parental water flow
sites nor with sex (LM—sex removed from the model according to
LRT p >0.05, flow,,,; t =-1.817, p = 0.077, R? =0.080, Rgdj =0.056,
Table S8A, S8B, Figure 1b).

Water flow impacted adult caudal length ratio, but differently for
each sex (LM, parental flowx sex; t =-2.209, p = 0.034, R? =0.238,

Rgdj =0.151, Table S8B, Figure 1c). The caudal fin to body length
ratio of males at low water flow sites was 2.5% higher compared to
that in males living at high flow (post-hoc test: t = 1.957, p = 0.058,
Table S8C, Figure 1c), while no difference was observed in females.
Within low parental water flow sites, the caudal fin length in rela-
tion to body length of females was 12.1% shorter than that in males
(post-hoc test: t =-2.585, p = 0.014, Table S8C).

Fish body mass-adjusted standard metabolic rate (SMR__) was

adj
also affected by the interaction between parental water fIO\;v and
sex (LM, parental flowxsex; t =-2.254, p = 0.044, R? =0.346, dej
=0.182, Table S8B, Figure 2a). In females, there was a trend for a
lower SMRadj in low compared to high water flow (post-hoc test:
t =-1.988, p = 0.070, Table S8C), whereas there was no difference
in SMRadj among sites in males (post-hoc test: t = 1.201, p = 0.253,
Table S8C). Within high water flow sites, females had a 25.9% higher
SMR,;
Table S8C). Neither parental water flow nor sex had any effect on
fish MMR_; or AS_; (Table S8B, Figure 2b,c).

compared to males (post-hoc test: t = 2.285, p = 0.041,

3.2 | Effect of parental water flow on
presettler phenotype

Anemonefish breeding pairs at high water flow sites produced pre-
settlement offspring whose caudal fin shape (CAR) was 18% greater
than that of offspring from low water flow sites (LMER, FIowhigh;
t = 3.389, p = 0.001, R2 =0.196, R? =0.196, Table S9, Figure 1d).
No other presettler morphological trait or swimming capacity var-
ied with parental water flow (LMER, flowhigh; all p >0.005, Table S9,
Figure 2d).

3.3 | Effect of parental phenotype on presettler
morphological phenotype

There was an interaction among maternal and paternal caudal length
ratio on that of their offspring (LMER, CLratio(matema” x Clratio
(paternaly ¢ = 2.866, p = 0.007, R2 =0.180, Rf =0.115, Table S10;
Figure 1e). The caudal fin ratio of presettlers increased with ma-
ternal caudal fin ratio, but only if mothers were paired with fathers
that also had a high caudal fin ratio. An opposite trend was observed
if mothers were paired with a male that had a low caudal fin ratio

(Figure 1e).

3.4 | Effects of water flow on postsettler
morphology, metabolism and performance

After 8-11weeks, with measures from up to 26 surviving postset-
tlers, we found neither an effect of parental nor developmental
flow on any morphological trait (LMER, parental flow; all p >0.05,
developmental flow; all p >0.05, Table S11A and S11B, Figure 1f-i).
Similarly, neither parental flow nor developmental water flow
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after 6weeks had an effect on fish SMR,;;, MMR,;, AS,; or U,
(LMER, parental flow; all p >0.05, developmental flow; all p >0.05,
Table S12A and S12B, Figure 2e-h).

3.5 | Offspring developmental plasticity due to
water flow

Despite no difference in caudal length ratio of postsettlers between
developmental flow treatments (post-hoc: stage sisettlement: flow-
low VS flowhigh; t = 1.098, p = 0.328, Table S13C), there was vari-
ation in individual phenotype across early life stages. Regardless
of parental water flow, the caudal length ratio of anemonefish de-
veloping in the low water flow treatment increased by 18.4% from
the pre- to postsettlement stage (LMER: flow xstage; t =-2.790,
p = 0.016, R2 =0.269, R2 =0.396; post-hoc: flow,: stage
vs. stage

presettlement

postsettiements § =~3-397, p = 0.005, Table 5$13B and S13C,
Figure 1), but not for fish developing in the high water flow (post-
hoc: t =0.110, p = 0.914, Table S13C, Figure 1l). Developmental flow
category had no effect on any other measured morphological trait
(Table S13B). However, there is some potential for type 2 errors be-
cause of to the low sample size (Table S3) due to limited number
of surviving individuals that were repeatedly measured across life
stages. Additionally, one outlier fish in a low water flow treatment
may have been a driver of this difference between fish in high and

low water flow treatments.

3.6 | Effect of water flow on postsettler
growth and survival

Postsettlement fish from high-flow parents had a 10.3% lower
specific growth rate (SGR) than the SGR of fish from low-flow par-
ents (LMER, flowhigh; t =-2.392, p = 0.036, Rﬁq =0.728, Rf =0.728,
Table S14; Figure 3a) but growth was not affected by developmental

flow (LRT: flowp; p >0.05, Table S14A). In addition, only 32% of the
offspring from high-flow parents survived over 76days of water
flow exposure compared to 71% of the offspring from low-flow
parents, that is, the probability of survival was about 55% lower
from high-flow parents (coxme, coef = 1.155, z = 2.330, p = 0.020,
Table S15, Figure 3b) regardless of developmental water flow (LRT:
flow,, x flowp; p >0.05, Table S15A), which had no effect on survival
(coxme: coef = 0.591, z = 1.280, p = 0.200, Table S15). Of those
postsettlers that died, parental water flow treatments combined,
approximately 82% of postsettlement mortality occurred within
3-4days of release (i.e. at settlement).

4 | DISCUSSION

Our study highlights the importance of the environment and pheno-
typic variation on offspring phenotype and survival in a sex-changing
coral reef fish, underlining the role of intergenerational environmen-
tal effects (nongenetic), genetic legacy and potential developmental
phenotypic plasticity, in a system where the natal and settlement
environments are often mismatched. The fitness implications of
living in high and low water flow sites cascades across life stages,
for example via a reduction in offspring survival after settlement,
or through offspring morphological differences, which could have
consequences for competition, foraging, reproduction and survival
(Arendt, 1997; Sogard, 1997). Our field-based study reveals the im-
portance of multiple mechanisms at play, including parental effects
and adaptation but also the potential for phenotypic plasticity dur-
ing development, allowing enough variability for species to survive,
grow and persist under natural environmental conditions. Our study
also raises other questions, such as morphological and physiological
plasticity across male and female stages or the survival and dispersal
implications of different larval fish morphotypes.

Over a period of about 8-11weeks, offspring from high-flow
parents had higher mortality and slower growth compared to those

Post-settlement growth and survival
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FIGURE 3 Postsettlement growth and survival. (a) specific growth rate measured from settlement (18 dph) to 8-11 weeks of flow
exposure. Symbols represent individual data points adjusted to the initial body length (1.08 cm, size at settlement). The boxplot shows
medians, IQRs and whiskers (SI-4). (b) Survival curve over 11 weeks (~75 days). Time O corresponds to the settlement stage, the time at which
fish were released into the lagoon. Solid blue lines are survival probabilities curves, surrounded by 95% confidence bands. Colours refer to
parental water flow sites (low vs. high flow). Asterisks (*p < 0.05) indicate significant differences
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from low-flow parents, regardless of the flow conditions they set-
tled into. Despite the majority of mortality occurring at settlement
(~82% within 4 days after settlement), the overall mortality rate was
comparable with another laboratory-reared field-based experiment
on A. chrysopterus, which showed 50% survival on early life stages
(Schligler et al., 2021). Adult fish may invest less into reproductive
output to maximise their own growth and survival during unfavour-
able or more demanding environmental conditions (Green, 2008;
Reznick et al., 2000). Anemonefish largely feed on plankton by
swimming in the water column (Allen, 1972; Mariscal, 1970) and,
despite the higher resource availability in high-flow environments,
routine activity is likely to be more energetically demanding than
in lower flow environments (Boisclair & Tang, 1993). If fish living in
high-flow environments trade-off their energy budget between for-
aging activity and reproduction, offspring swimming performance
could be impacted and explain the lower offspring growth and sur-
vival we found. While we only found a tendency for a higher stan-
dard metabolic rate in females in high-flow environments, and we
did not find evidence for differences in adult maximum metabolic
rates in response to water flow, there could still be differences in
routine energy expenditure while swimming and performing daily
activities between areas of high and low flow.

Parental environment and phenotype, as predicted, correlate
with some presettlement offspring morphological traits associated
with performance in high- and low-flow environments. Parents liv-
ing in high-flow environments produce presettlement offspring with
a higher caudal fin aspect ratio, a trait associated with steady swim-
ming enabling fish to maintain their position in high water flow while
minimising drag (Langerhans, 2008; Videler, 1993). While develop-
mental plasticity of embryos exposed to parental flow (during egg
development) may be involved in determining this trait, anemonefish
eggs are often laid into rock cavities or protected by the anemone,
potentially exposed to a different microflow compared to parental
flow, making a direct effect of water flow on embryos unlikely and
suggesting instead parental effects or genetic inheritance. While we
cannot separate the effects of these two mechanisms, the genetic or
epigenetic inheritance of caudal fin shape did not appear to provide
any survival advantage after settlement. It is possible that having
a higher caudal fin aspect ratio may be advantageous for survival
at a different developmental stage, such as during the dispersal
phase, to help maintain sustained swimming against water currents
(Leis, 2006), suggesting context-dependent parental effects across
life stages (Marshall, 2008). This result could explain why Beldade
et al. (2016) found that anemonefish breeding pairs living in reef
passes (gap in barrier reef created by fresh water runoff through
which the dominant mechanism of water exchange with the open
occurs), known to be high-flow environments, produce more self-
recruits (i.e. larvae that return to their natal population) than pairs
living in the lagoon or forereef. Our results also show that maternal
and paternal caudal length have a synergistic effect on presettle-
ment caudal length, suggesting that this morphological trait pos-
sesses some genetic inheritance. However, the lack of difference
in presettlement caudal fin length with parental flow suggests that

there may be no local adaptation to water flow for this trait. Indeed,
a long caudal fin may not be particularly advantageous or disadvan-
tageous in coping with a specific flow at the presettlement stage
when larvae from different parental flow origin are dispersing in sim-
ilar flow environments.

After settlement, despite some uncertainty due to the low sam-
ple size, results suggest an increase in the caudal fin length ratio
through development in low-flow regimes, while no change in length
was found in juvenile fish living in high flow. This suggests that, to
some extent, caudal fins of anemonefish may be plastic to devel-
opmental flow, as observed in other fish species such as salmonids
(Fischer-Rousseau et al., 2010). In environments with low (mean)
but highly variable flow, unsteady swimming is likely to be the main
mode adopted by fish, and this may elicit the higher growth of the
caudal fin. Parental effects on presettlement fin shape and poten-
tially developmental plasticity on postsettlement fin length highlight
the role of parental-offspring environment mismatch in determining
offspring phenotype at different stages across ontogeny. Parental
effects on fin morphology seem stronger at early stages of devel-
opment and weaken as offspring grow, and the effect of the devel-
opmental environment increases but in a different direction than
parental environment. However, offspring were able to cope equally
well in both developmental flow environments, with no differences
in survival according to developmental flow. While we were only
able to measure physiology and morphology on individuals that
survived, the observed results suggest that anemonefish produce
offspring that survive after settlement with phenotypes suited for
heterogeneous environments, that is, irrespective of parental water
flow, offspring had comparable survival across both developmental
environments. Altogether, this suggests an absence of local adapta-
tion based on water flow and highlights the environmental mismatch
between parental and offspring environments, that is, offspring
will not necessarily settle into anemones in the same water flow
regime as their parents, as plasticity and the absence of any sur-
vival advantage negates any advantage of parental adaptation. This
finding matches the range of flow environments in which anemo-
nes can be found (Fautin, 1992; Holbrook & Schmitt, 2005). While
some tropical reef fish larvae are able to delay metamorphosis until
they reach a suitable environment in which to settle (Victor, 1986),
the probability of encountering anemones on reefs is relatively low
(Chadwick & Arvedlund, 2005; Fautin, 1991). Therefore, the water
flow environment may not be a key determinant of when settlement
occurs. Settled anemonefish may have alternative ways of coping
with the flow environment, including behavioural adjustments.
Early postsettlement anemonefish mostly dwell among anem-
one tentacles (Ross, 1978), thus avoiding high-flow regimes in the
same way as other coral reef fish use holes and the space among
coral branches as shelter from strong currents (Fulton et al., 2001;
Johansen et al., 2008). It appears that environmental factors other
than water flow may be involved in determining individual morphol-
ogy and physiology after settlement. However, our results may be
conservative due to the use of cages that reduced the intensity of
water flow, which was already lower than the intensity of water flow
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measured in previous studies (12-18cm/s in this study compared
to 37-38cm/s in Binning et al., 2014, 2015). Furthermore, the high
variation in water flow at low-flow sites may buffer differences in
plasticity in physiological traits among the two treatments. Plasticity
may also not be visible at the whole organism scale occurring only
at the cellular level, for example, in mitochondria via effects on ATP
production (Chung & Schulte, 2020), or at the behavioural level, as
previously mentioned, sheltering from water flow.

We detected adult anemonefish phenotypic variability across
environments with water flow accentuating the differences be-
tween the sexes. These fish are a particularly interesting model to
look at any sex-related morphological or physiological differences
given that they are sequential protandrous hermaphrodites, that
is, change from male to female depending on size and social rank
(Buston, 2003; Hattori & Yanagisawa, 1991). Males had 5.7% more
elongated bodies than females; at low water flow sites, the caudal
fin length in relation to body length of females was 12.1% shorter
than that in males; and finally, at high water flow sites, females had
a 25.9% higher standard metabolic rate compared to males. The ob-
served differences can be understood given the shifts in behaviour,
dimension and spatial distribution of territory defence (Rueger
et al., 2021), and potentially growth, when fish are male and female.
Furthermore, males provide parental care which lasts on average
6days (Beldade et al., 2017) during which they often chase off poten-
tial egg predators. Male behaviours entailing fast-starts, rapid turns
and manoeuvres could benefit from longer caudal fins (Domenici &
Blake, 1997; Videler, 1993). Females may need to stay further out in
the water column to control the territory, and be exposed to higher
flow regimes which would require a higher energetic demand and
possibly increased standard metabolic rate (Weiner, 1992).

Overall, our study reveals the relative importance of parental
and developmental environment in shaping offspring phenotypes
along ontogeny and the fitness implications of living in different
environments. Despite the developmental environment playing
a greater role than parental environment in shaping morphology
after settlement, parental environment is the main determinant of
offspring survival and fitness. Indeed, a lower growth in one stage
can have fitness implications beyond that stage, such as a smaller
size which will decrease their reproductive potential (Barneche
et al., 2018). Moreover, less offspring that survive at early stages of
development will affect the number of reproductive adults with con-
sequences on population dynamics. If offspring from a specific en-
vironment (high flow) have lower fitness (growth and survival), then
selection against settlement in that specific environment should
be expected. However, previous research on the same species
found higher self-recruitment in high-flow environments (Beldade
etal., 2016), suggesting trade-offs between parental investment into
self-recruitment and postsettlement offspring fitness and survival
(Livnat et al., 2005). Eventually, selection may maximise parental fit-
ness in an environment that is energetically costly, such as high flow,
at the cost of decreasing offspring fitness, a strategy observed in
many animal taxa (Marshall & Uller, 2007).
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