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ABSTRACT: Environmental fluctuation dictates life cycles in many ecosystems on earth, especially
within marine coastal areas. The magnitude of those fluctuations at ecologically relevant time
scales (i.e. hours and days) induces phenotypical adjustment in aquatic organisms, including
maternal investment in offspring. However, the effect of the magnitude and the periodicity of those
fluctuations on animal physiology has been poorly investigated. In this study, we investigated the
correlation between environmental fluctuation and maternal investment in offspring. We focused
on one population of the kelp crab Taliepus dentatus from central Chile and considered whether
fluctuations in water temperature, dissolved oxygen and salinity are associated with temporal
changes in maternal investment in early embryos (volume, lipid content and fatty acid composi-
tion) over a period of 1 yr. We used remote data loggers deployed at an ecologically relevant tem-
poral scale to calculate the monthly magnitude, periodicity and predictability of environmental
fluctuations. We found substantial variation among females in embryo volume, lipid content and
fatty acid composition during the year, mostly associated with seasonality (average environmental
conditions). However, embryo lipid content and essential fatty acids (arachidonic acid, docosa-
hexaenoic acid, eicosapentaenoic acid) showed a clear negative relation with the monthly predict-
ability of the environmental fluctuations. This study shows how the integration of environmental
fluctuations and their predictability can improve our understanding of the reproductive ecology of
marine coastal species.

KEY WORDS: Environmental variability - Predictability - Temperature - Dissolved oxygen -
Salinity - Maternal investment - Climate change

1. INTRODUCTION of species, the assembly of the communities and the

functioning of entire ecosystems (Boero 1994). Envi-

Coastal areas harbour dynamic ecosystems where ronmental fluctuations can be observed at different
environmental fluctuations (e.g. temperature, pH, time scales which are relevant to individuals and pop-

salinity, dissolved oxygen [DO]) shape the diversity ulations as they can influence/change physiological
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tolerance and promote plasticity (Rilov et al. 2019,
Bitter et al. 2021, Fusi et al. 2022). For example, short-
term (i.e. diurnal) variability in temperature and light
availability determines rates of photosynthesis and
respiration of aquatic primary producers and con-
sumers that are mainly detected at molecular or indi-
vidual levels, but with important repercussions in
populations and communities (Kroeker et al. 2020).
The biological response of individuals to short-term
fluctuations is fundamental, as it can affect the bio-
logical responses that emerge at greater temporal
scales. Thus, adopting precise methods of investiga-
tion that consider ecologically relevant fluctuations,
and the related variability, can explain the response
of marine populations and communities to environ-
mental drivers and can help us to foresee how species
will adapt to changes imposed by global warming.

An organism's perception of environmental vari-
ability through time defines its capacity to predict
near-future conditions (Kroeker et al. 2020). More
precisely, predictability emerges when environmen-
tal variables are temporally autocorrelated, reflecting
the increased likelihood for individuals to anticipate
and adjust to the near future (physiologically bear-
able) conditions (Helmuth et al. 2006, Bernhardt et al.
2020, Bitter et al. 2021). In the context of evolution of
maternal effects (MEs, an important eco-evolutionary
trait), constant environments will reduce the pheno-
typic variance (canalization) in future generations,
whereas in fluctuating environments, MEs evolve
according to the autocorrelation between maternal
and offspring environments, with positive or negative
MEs triggered by the high or low predictability of the
environmental fluctuation, respectively (Kuijper &
Hoyle 2015). Importantly, many benthic species have
evolved energy-saving mechanisms to cope with pre-
dictable environmental variability at different time
scales. Many examples come from seasonal variabil-
ity in the environment (e.g. dormancy or quiescence
of many ectotherms in polar and cold temperate
ecosystems; see Clarke 1988). On shorter temporal
scales, many marine species can also depress their
metabolism when exposed to extreme, warm tem-
peratures (i.e. aestivation or temperature-insensitive
metabolism; Marshall & McQuaid 2011). This mech-
anism is very efficient to overcome processes that
might make ectotherms more vulnerable to thermal
stress (e.g. movement), by reducing their energetic
demands.

An important phenomenon associated with MEs is
the maternal investment (MI), defined as the expendi-
ture of energy, time and nutrients that females spend
for the correct development of their offspring, there-

by increasing reproductive success (Trivers 1972). MI
is influenced by fluctuations in the physical environ-
ment (e.g. water temperature, DO and salinity) and
resources (e.g. food sources) since mothers must
adjust their investment strategies to respond in the
most appropriate way to prevailing environmental
conditions (Melbinger & Vergassola 2015) by being
able to predict the immediate future conditions for
their offspring (Gulyas & Powell 2019). Proxies of MI,
such as egg number (i.e. fecundity), size, bioener-
getics (e.g. lipid content), brood protection, oxygen-
ation and grooming have been largely used to under-
stand how the average environment affects the
population reproductive ecology of coastal marine
species (Lardies & Castilla 2001, Herndez & Palma
2003, Baldanzi et al. 2018, Fernandez et al. 2020,
Fields et al. 2020). For example, average values of
water temperature have a well-documented negative
correlation with egg size and lipid content in many
marine taxa (Wehrtmann & Graeve 1998, Laptik-
hovsky 2006, Bascur et al. 2017), while oxygen avail-
ability and salinity were associated with embryo oxy-
genation and female parental care (Fernandez et al.
2020) as well as with egg size (due to osmoregulation
processes) and lipid metabolism (Giménez & Anger
2001). Nonetheless, there is a lack of understanding
of the role of fluctuating environments, such as diel
changes in temperature and oxygen and the predict-
ability of such fluctuations, on traits associated with
MI (e.g. egg size and biochemical composition) in
marine coastal invertebrates. Furthermore, in coastal
areas affected by upwelling events and riverine in-
puts, fluctuations in temperature and DO are associ-
ated with changes in nutrient inputs (Tapia et al. 2009,
Aparicio-Rizzo & Masotti 2019, Aparicio-Rizzo et al.
2020), potentially affecting the food sources available
and adding a certain degree of complexity when in-
vestigating the effects of environment on MI traits.
Few studies have tested the correlation between envi-
ronmental predictability and species from subtidal
ecosystems (e.g. Kroeker et al. 2020, Gill et al. 2022),
and to our knowledge, no studies have investigated
environmental predictability in association with pop-
ulation-level reproductive traits in marine coastal
species and the potential energy-saving mechanisms
to cope with predictable environmental variability.
To investigate the correlation between environ-
mental fluctuations (and their predictability) and MI,
we used the Chilean kelp crab Taliepus dentatus
(H. Milne Edwards, 1834), which thrives from 11.9°S
to Chilean Patagonia (51.0°S), experiencing widely
different local environmental conditions (e.g. tem-
perature; Baldanzi et al. 2020). Female T. dentatus are
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known for their capacity to modulate their MI in dif-
ferent ecological conditions (Baldanzi et al. 2018,
2020). Here we expected that females' MI in early
embryos changes according to different levels of
environmental fluctuations and their predictability
experienced throughout a year. To explore this corre-
lation, we collected ovigerous females to measure the
MI (embryo size, lipid content and fatty acid [FA]
composition) on a monthly basis for 11 mo and corre-
lated the MI with a high-resolution time series of DO,
salinity and temperature (mean, daily variance and its
predictability) extracted from in sifu environmental

logging.

2. MATERIALS AND METHODS
2.1. Study area

The study was performed in the shallow rocky
subtidal area at Montemar, situated on the northern
side of the Valparaiso Bay in central Chile (32.96°5S,
71.55°W; Fig. 1). The sampling area is characterised
by dense patches of the brown macroalgae Lessonia
spicata and L. trabeculata that provide habitat to
many invertebrate and vertebrate species, including
crustaceans, gastropods, echinoderms, fishes, sea
otters and sea lions (Vasquez & Buschmann 1997, Far-
ina et al. 2008). The area is characterised by a low
upwelling intensity (i.e. upwelling shadow), interme-
diate productivity and semi-protected oceanographic

71°33'10”W 71°33'05”"W

conditions (Montecinos & Balbontin 1993, Aparicio-
Rizzo et al. 2020).

2.2. In situ environmental characterisation
of the study area

To characterise the environmental conditions that
animals experienced in their habitat during the study
period, we installed in situ data loggers at ecologi-
cally relevant depths (max. 2 m) to measure water
temperature (T), DO and salinity (S). An optical sen-
sor (miniDOT, PME Electronics) measured DO con-
centration and T every 10 min, while a mini CTD sen-
sor (WiSens, NKE Instrumentation) measured water
conductivity every 5 min. Conductivity was then con-
verted to salinity values applying the conventional
Gibbs formula using the software provided.

2.3. Sampling procedures, female morphometrics
and embryo size

Females (n = 10—20) were collected monthly from
June 2021 to April 2022 (spanning 4 seasons) by free-
diving to a depth of 2—3 m. Given the temporal res-
olution of this sampling design, we opted for a non-
invasive method involving a capturing, marking, and
releasing of females in their environment to avoid
unnecessary impact on local population density. Spe-
cifically, collected females were marked with 1 cm?
fluorescent polyethylene tape (3M 483)
which was attached to the upper part

32°57°20”S

»
e}
N
~
o
g

&
3]

of the carapace and then sealed using
ethyl cyanoacrylate instant glue (La
Gotita®, Fenedur). After embryo col-
lection (see below), females were re-
leased in their habitat. The marking
allowed us to avoid repeated sampling
of the same individual female during
the monthly surveys.

Collected females were transported
to the laboratory (maximum distance

32°57°30”°S

50 m) using cooler bags filled with sea-
water from the site of collection. Fol-
lowing procedures from Baldanzi et al.

32°57°35"S

(2018), each female was sized, measur-
ing both carapace width and length
using a precision calliper (Toolmak®,
precision to the nearest 0.01 mm). For

Fig. 1. Study area in Valparaiso, Chile. Left panel shows a high-resolution
satellite image of the area, highlighting 2 key locations: (1) the sampling site
(yellow star); (2) the location of miniDOT and WiSens sensors (red triangle)

each female, 3 subsamples of about
0.05 g of embryo wet weight (roughly
100 embryos each) were randomly
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extracted from the embryo mass to measure their size
using image analysis (Baldanzi et al. 2018). Only
early-staged embryos (with homogeneous yolk, as
defined by Vargas 1995) were collected to examine
the initial MI (before the losses during development;
Parichy & Kaplan 1992, Lorioux et al. 2012) and to
avoid multiple stages of embryos. Briefly, embryos
were placed in a Petri dish filled with 1 pm- and UV-
prefiltered seawater and separated from one another
using a fine needle to facilitate handling and photo-
graphing. Using a USB portable digital microscope
(model TLOOS5, Tecnolab®) we photographed each
subsample to obtain the area of each egg. From the
area, we derived the volume of each embryo by using
the formula of a sphere:

_3_3
V= (1)

where Vis the volume, ris the radius calculated from
the area, and = is equal to 3.14. The average embryo

volume per female is given in mm?,

2.4. Embryo dry weight, lipid content and
FA composition of embryos

For each female, 200 embryos were randomly ex-
tracted from the embryo mass and stored at —80°C for
further processing. To calculate embryo dry weight
(EDW), samples were freeze-dried in a lyophilizer
(Operon FDU-7012) for 48 h and then weighed using
an analytical balance (Sartorius LA230s) to the nea-
rest 0.0001 g. EDW was then expressed in pg.

For lipid extraction, the standard method developed
by Folch et al. (1957) was slightly adapted to our
samples following Cequier-Sanchez et al. (2008) and
Baldanzi et al. (2018). Lyophilized samples were pla-
ced in a 15 ml tube to which 5 ml of dichloromethane—
methanol (2:1) solution was added to extract lipids.
Tubes were then placed in an ultrasonic bath for about
60 min at 20—25°C until embryo tissue had completely
broken with the addition of potassium chloride (4 ml;
0.88%). Sonicated samples were centrifuged for 5 min
at 1500 rpm (250 x g) for lipid deposition. The lipid-rich,
lower phase was then removed, placed in a pre-weighed
flask to evaporate the solution with a sample concen-
trator (109A YH-1, Glas-Col) and weighed using an
analytical balance (Sartorius LA230s) to the nearest
0.0001 g to determine total lipid content (pg). Lipid
content per embryo was estimated by dividing the
total lipid content by 200. The proportion of lipids
to the total EDW was also calculated and given as a
percentage.

Lipid extracts were used to determine FA composi-
tion following procedures from Cequier-Sanchez et
al. (2008) and subsequent modifications of Urzua &
Anger (2013). Extracts were resolved using 5 ml of
dichloromethane—methanol solution (2:1), and 2 ml
of 1% sulfuric acid were added to 1 ml of the resolved
solution to allow for the esterification of FAs. Tubes
were then shaken for 3 h at 70°C using a thermo-shaker
(model MRC DBS-001), washed 3 times with hexane
and vortexed. Two phases formed, and the higher layer
was extracted, placed in a 2 ml amber glass vial suit-
able for gas chromatography and evaporated using a
gentle stream of nitrogen. To obtain FAs present in
the sample (from 200 embryos), a gas chromatograph
(Agilent 7890A) equipped with an autosampler was
used. The samples were analysed with a GC DB-225ms
column (30 m long, 0.25 mm in diameter, 0.25 pm fill).
FAs are expressed as g egg ™! by dividing the total FA
mass by the total number of embryos (200).

2.5. Statistical analysis

2.5.1. Daily means, variability and predictability
of environmental data

The time series retrieved from data loggers were
analysed to provide ecologically relevant proxies of
how individuals may perceive, respond to and inte-
grate environmental fluctuations (see Burgess & Mar-
shall 2014, Bernhardt et al. 2020). Time series of T, DO
and S were first checked for any gaps in the data.
Minor gaps were interpolated or filled with observa-
tions from nearby days as required by the statistical
methodology using a generalized additive model (for
further methodology, see Dierschke et al. 2022).

Mean daily values of T, DO and S were calculated
from the data set and plotted against time to visualise
daily temporal changes in the environmental con-
ditions. The daily variability was calculated as the
variance around the mean daily values for each of the
3 environmental variables.

To create an index of predictability, we first per-
formed wavelet analysis to identify the dominant
periodicities in the time series of T, DO and S and
determine whether they were taking place as regular,
periodic oscillations or were only found in certain
moments or periods, for example as isolated or inter-
mittent bursts. To compute the continuous wavelet
power spectrum (Maraun & Kurths 2004), each time
series was percentile transformed and analysed using
the Morlet wavelet. Significance levels were assessed
against a null hypothesis of red noise. The analysis
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was limited to the longest period of each time series.
Calculations were performed using the R software
(version 4.3.1, R Core Team 2023) and the package
‘WaveletComp' (Roesch & Schmidbauer 2018). The
method of the wavelet analysis allowed us to deter-
mine the relative contribution of variability at each
period or frequency to the total variation observed in
each T, DO and S time series. In simpler terms, this
analysis tests for the cyclical periodicity of the envi-
ronmental variables (environmental parameters in our
case) and the correlation of these periodicities. Since
results of the wavelet analysis showed significant
fluctuationsin T, DO and S at a daily scale (see Results),
for each day (144 measures d!) and variable (T, DO and
S), we applied a sine—cosine (sin-cos) model (Shum-
way & Stoffer 2017) to capture the harmonic daily
fluctuation of the environmental variable, and we cal-
culated the coefficient of the sin, cos and the relative
R? We applied the sin-cos model on DO, T and S data
retrieved 15 d earlier than the date of animal collec-
tion. Since (1) the embryo developmental time of
T. dentatus at 14°C lasts about 36 d (Baldanzi et al.
2020) and (2) early stages last about 10 d (S. Baldanzi
unpubl. data), 15 d is a reasonable time lag to test for
the association between the predictability of the daily
fluctuation during reproduction and/or embryo de-
position and the near-future Ml on early embryos (see
details in Section 2.5.3). We used analysis of the resid-
ual capture with R? to assess the fit of the harmonic
model. If the R? was high, meaning that observed
daily fluctuation followed or tended toward an ex-
pected harmonic oscillation, the daily predictability
was high. If the R? was low, meaning that observed
daily fluctuation deviated from an expected har-
monic oscillation, a non-daily (unpredictable) varia-
tion of the variable was occurring. We then averaged
the R% for month and year (Table S1 in the Supplement
at www.int-res.com/articles/suppl/m755p079_supp
.pdf) and this average was used as a predictor for the
biological response measured for the crabs.

2.5.2. Temporal variation in embryo volume,
lipid content, EDW and FAs

To test for differences among months in the embryo
volume, lipid content and EDW, we performed gener-
alized linear models (GLMs) using month as a catego-
rical explicatory variable with a fixed term. For the
embryo volume, we applied a gamma family distribu-
tion of the error with a negative inverse link function,
as data were not normally distributed, while for lipid
content and EDW, we applied a Gaussian family dis-

tribution of the error with an identical link function,
as data were normally distributed. To further explore
the temporal trend of embryo volume, lipid content
and EDW, we performed general additive models
(GAMs) using days from first sampling (elapsed time)
as a continuous explanatory variable.

To test for the temporal variation in FAs, we per-
formed a permutational multivariate analysis on the
Bray-Curtis dissimilarity matrix of the FA data using
999 permutations of the raw data. To graphically visu-
alise the decomposition of principal coordinates of the
Bray-Curtis dissimilarity matrix of the FA data, we per-
formed a principal coordinates analysis (PCoA). Com-
parisons in the FA contribution among seasons were
also made using permutational multivariate analysis of
variance (PERMANOVA) and SIMPER analysis. GLMs,
PERMANOVA, PCoA and SIMPER were performed
using the R packages ‘stats' (Wickham & Bryan 2023),
‘vegan' (Oksanen et al. 2007), and 'ape’ (Paradis &
Schliep 2019) from the R environment, respectively.

2.5.3. Relationships between environmental
and biological data

Relationships between the mean, variance and pre-
dictability of T, DO and S and embryo volume, lipid
content and dry weight were concurrently evaluated
for additive effects by performing linear regression
models in R. We then selected the best model ex-
plaining the MI traits based on the higher level of
variance explained among the significant ones. To
test for the overall effects of the mean, variance and
daily predictability of environmental variables (T, DO
and S) on FA composition, we performed a multivari-
ate GLM (manyGLM) using the R package ‘mvabund’
(Wang et al. 2022), followed by single GLMs for each
FA to test which produced the most significant change
with the change in the mean, variance and predict-
ability of the environmental variable considered (T,
DO and S). A p-value with a false discovery rate cor-
rection was applied for multiple testing. A heatmap was
produced to graphically visualise significant results
of the single GLMs using the package ‘ggplot2' (Wick-
ham 2016) in the R environment. Prior to running the
model presented above, we checked the explanatory
variables (mean, variance and predictability of the 3
environmental variables analysed, i.e. DO, T and S)
for collinearity using variance inflation factor (VIF)
analysis (see Figs. S3 & S4) using the R package ‘car’
(Fox et al. 2019). No significant collinearity was de-
tected among the explanatory variables considered
that could have inflated the tested model.
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3. RESULTS

3.1. In situ environmental characterisation
of the study area

The T time series showed greater variability (i.e.
variance) during the austral Autumn 2021 (March to
June) and during Summer 2022 (December to Febru-
ary) (Fig. 2A; Table S1) compared to winter months.
DO concentrations showed low variability during
Spring and Winter 2021 (except for August), while
during Spring 2021 and Summer 2021—-2022, vari-
ability of DO was higher (Fig. 2C; Table S1). The
time series of S showed fairly constant values from
March to October 2021, with some sporadic events of
low S during April 2021 (Fig. 2E; Table S1). Daily

mean values of S showed a marked decrease from
October to December 2021 (Fig. 2E; Table S1) and a
maximum variability (variance = 15.46) during April
2021 (Table S1).

Wavelet analysis showed a significant dominant
periodicity at a diurnal scale for T and DO concentra-
tions (Fig. 2B,D) from October 2021 to April 2022,
while no signal of daily periodicity was detected dur-
ing winter months. S did not show any significant
dominant periodicity in its time series (Fig. 2F). The
daily predictability of T showed high values during
the sampling period (R? always >0.4) with maximum
predictability in February 2022 (R? = 0.91) (Table S1).
The daily predictability of DO concentrations showed
a steady increase in R? from December 2021 to Feb-
ruary 2022 (Table S1). The daily predictability of S
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Fig. 2. Time series and wavelet analysis of environmental data of the study area retrieved by in situ data logging. Time series of
(A) temperature, (C) dissolved oxygen (DO) and (E) salinity, given as hourly data. For each time series, a wavelet transforma-
tion of detrended (B) temperature, (D) DO and (F) salinity is given. The x-axis represents time (in days), while the y-axis repre-
sents the periodicity (in half hours). Wavelet power (given as colour legend) quantifies the relative contribution of variation in
the environmental variable at each period to the total variance over time. High (low) power is represented by warm (cool) col-
ours. Black contours designate regions of significantly high temporal variation compared to a null model (red noise). Values
outside of the cone of influence — the bolder colour arch shape — are less reliable due to edge effects. Thick lines with white
contour indicate the 5% significance level against red noise
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showed R? values always below 0.50, with a maximum
value of 0.41 during October 2021 (Table S1).

3.2. Temporal variation in embryo volume,
lipid content and dry weight

The average volume of Taliepus dentatus early
embryos was significantly different over the sampling
period (GLM: Devianceggz = 1.02; p = 0.034). Em-
bryo volume was significantly higher from October
2021 to January 2022 compared to the other months
(Fig. 3A; Table S2). There was a significant increase
in embryo volume over time, with a peak between 160
and 200 d after the first sampling (GAM: R? = 0.10,
F =375, p = 0.012; Fig. S1A) corresponding to the

austral spring to summer transition. The lipid content
of early embryos showed significant differences
among months (Fg g3 = 9.52; p < 0.0001). Particularly,
the embryo lipid concentrations from June to Sep-
tember 2021 were significantly higher than those
from October 2021 to March 2022, except for
November 2021 (Fig. 3B; Table S2). There was a clear
trend of decreasing lipid content with elapsed time
up until 255 d (corresponding to January 2022) and
then increasing until the end of the sampling pe-
riod (GAM: R? = 0.45; F = 19.25; p <0.0001; Fig. S1B).
The EDW showed significant differences among
months (Fjgg; = 4.19; p = 0.0001), mostly associated
with August 2021 and April 2022 being significantly
lower and higher than the rest, respectively (Fig. 3C;
Table S2). EDW steadily increased during the sam-
pling period except in October 2021
(GAM: R? = 0.22; F = 9.99; p < 0.001;
Fig. S1C).

3.3. FAs of early embryos of
Taliepus dentatus

A total of 25 FAs were detected, of
which 10 were saturated FAs (SFAs), 6

were monounsaturated FAs (MUFAs),
and 9 were polyunsaturated FAs
(PUFAs). The sum of SFAs decreased
during the sampling period, from 44—
48% in Autumn and Winter 2021 to
38% in Summer and Autumn 2022
(Table S3). Within the SFAs, C16:0
(palmitic acid) was the most abun-
dant, followed by C18:0 (stearic acid)
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and C14:0 (myristic acid). The MUFAs
showed steady percentage values
throughout the sampling period (25—
29%,; Table S3). The most represented
MUFAs were C18:1n9 (oleic acid) and
C16:1 (palmitoleic acid). The PUFAs
showed highly variable percentages
during the sampling period (Table S3).
Specifically, the n3-PUFAs were most

Month
Autumn Winter Spring Summer
Season B8 4 2021 2021 2022

Fig. 3. Temporal variation in maternal investment traits of Taliepus dentatus.
The boxplots show the monthly variation in (A) embryo volume, (B) lipid
content and (C) embryo dry weight (EDW). Box: interquartile range; horizon-
tal and vertical lines: median and the entire data range, respectively; black

dots: outliers. Data are grouped by season

abundant during Spring 2021, and
Summer and Autumn 2022 (Table S3).
The sum of n6-PUFAs in Autumn and

Autumn

2022 Winter 2021 was 26.87 and 23.08, re-
spectively, while it was higher in
Spring 2021 (35.30), and increased in
Summer and Autumn 2022 (36.28 and
36.32, respectively) (Table S3). The
PERMANOVA on FAs revealed signif-
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icant differences in FA composition among months
(pseudo-Fiyg7; = 21.03; p = 0.001). The PCoA showed
that most of the variance was explained by PCol
(74.5%), while PCo2 only explained 12.7% (Fig. 4). A
separation of FAs between 2 blocks was found along
PCo1, which was related to a seasonal differentiation
(Spring 2021/Summer 2022 vs. Autumn 2021/Winter
2021) in the production of FAs in early embryos. FAs
in Autumn 2022 differentiated from those in Autumn
2021 and were grouped with the Spring 2021/Summer
2022 block (Fig. 4). The FAs that most contributed to
the Autumn 2021/Winter 2021 block were the PUFAs
C22:6n3 (docosahexaenoic acid, DHA), C20:5n3 (eico-
sapentaenoic acid, EPA) and C20:2 (eicosadienoic
acid) and the MUFAs 14:1 (tetradecanoic acid) and
15:1 (pentadecanoic acid). The FAs that most con-
tributed to the Spring 2021/Summer 2022 block were
the PUFAs C20:4n6 (arachidonic acid, ARA), C18:2n6
(linoleic acid) and C22:2 (docosadienoic acid); the
MUFAs C20:1 (eicosenoic acid) and C17:1 (hepta-
decanoic acid); and the SFAs C21:0 (heneicosanoic
acid) and C23:0 (tricosanoic acid). According to the
SIMPER analyses, the average contribution of FAs
was less even for the following combinations: (1)
Autumn 2021 vs. Spring 2021, (2) Autumn 2021 vs.
Summer 2022, (3) Autumn 2021 vs. Autumn 2022, (4)
Winter 2021 vs. Spring 2021, (5) Winter 2021 vs.
Summer 2022 and (6) Winter 2021 vs. Autumn 2022. In

terms of single FAs, the SIMPER analysis found that
C16:0 (palmitic acid), C20:4n6 (ARA) and C20:5n3
(EPA) were the FAs that contributed with the highest
average to the separation between blocks (Fig. S2,
Table S4).

3.4. Effects of environmental means, variance
and monthly predictability on embryo volume,
lipid content and EDW

Five models best described the relationship be-
tween the mean, variance and predictability of the
environmental variables (T, DO and S) and MI traits
(embryo volume, lipid content and dry weight). In
terms of mean values, the best model was the one
considering the single effect of T on embryo volume,
with T positively related to embryo volume (Fig. 5A,
Table 1). In terms of variance, the best models were
the ones considering (1) the single effect of T on
embryo lipid content (Fig. 5B, Table 1), with T being
negatively related to embryo lipids, and (2) the con-
current effect of T+DO on embryo volume (Fig. 5B,
Table 1), with T and DO being positively related to
embryo volume. In terms of predictability, the best
models were the ones considering (1) the single effect
of DO on embryo lipids (Fig. 5C, Table 1), with in-
creasing predictability of DO negatively related

to embryo lipids, and (2) the concur-

c20 Season rent effect of DO+S on embryo volume
® Autumn_21 : : sgs
A Winter 21 (Fig. 5C, Table 1?, with positive effects
£o) B Spring_21 of DO and negative effects of S.
@ 050 -+ Summer_22
E X Autumn_22
o C15:1
) cla-. . 3.5. Effects of environmental means,
8 0.25 h T , C18:2n6t variability and predictability on FAs
_§ G20:5n3 &
g C22:6n3 ‘ ,022:2 The GLM analysis showed overall
G # @++'020'1 ‘ 230 significant effects of the mean, vari-
g oo * = Bﬁ"{.’%\f ‘ﬁ‘ﬁ."” cowas ance and predictability of the envi-
a A . J = ronmental variables (T, DO and S) on
:-' A M " FA composition (Table 2). When de-
o) A composing the variance of FAs using
L 025 - single GLMs (Table S5), T, DO and S
affected FAs differently, depending
[ on whether the mean, variance or pre-
025 0.00 0.95 dictability were considered (Fig. 6).

PCO1 (74.5% of variance explained)

Fig. 4. Multivariate analysis (principal coordinates analysis, PCoA) of the fatty

acid (FA) composition. Each point represents the averaged FA composition.

The shape and colour of each point represent the season in which the sample

was collected. Dashed arrows represent the factorial charge, and the FAs with
higher (>015) factorial charge are presented

Specifically, when looking at T, al-
most all FAs were significantly related
to changes in its mean and variance,
while only 2 FAs (C20:5n3 and C1%:1)
were related to changes in the pre-
dictability of T fluctuations (Fig. 6).
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Fig. 5. Linear regression models between maternal investment traits (embryo volume and lipids) and the environmental data

(T: temperature, DO: dissolved oxygen, S: salinity) considering (A) mean, (B) variance and (C) predictability values. The best

single and additive effects based on multiple linear regression models are shown based on the highest F-statistic among the
significant models (see Section 2 for details)

Considering DO, most FAs were significantly related only 1 FA (C14:0) was related to changes in its vari-
to changes in the variance and predictability, while ance, while all remaining FAs were related to either
only 2 FAs (C18:3n3 and C17:1) were related to the changes in the mean or the predictability of S
changes in the mean DO (Fig. 6). With regard to S, fluctuations (Fig. 6).
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Table 1. Best linear models describing the effects of the environmental components (mean, variance and predictability) of dis-
solved oxygen (DO), temperature (T) and salinity (S) on kelp crab Taliepus dentatus embryo lipids, volume and dry weight.
Bold variables and values represent significant results (p < 0.05)

Response Explanatory Mean Variance —— Predictability —
variable variable Residuals F P Residuals F P Residuals F P

Embryo lipids DO 1,11 1.84 0.223 1,11 4.18 0.087 1,11 36.15  0.002
T 1,11 1.63 0.249 1,11 9.78 0.020 1,11 738 0.035

S 1,11 0.82 0.404 1,11 1.00 0.362 1,11 0.04 0.841

T+S 2,11 0.44 0.670 2,11 2.72 0.180 2,11 0.26 0.778

T+ DO 2,11 2.33 0.193 2,11 4.73 0.070 2,11 1291 0.011

S+DO 2,11 0.34 0.729 2,11 0.92 0.467 2,11 2522  0.005

T+S+DO 311 0.26 0.851 311 1.38 0.397 3,11 1293 0.032

Embryo volume DO 1,11 0.31 0.602 1,11 0.49 0.510 1,11 298 0.138
T 1,11 18.79  0.005 1,11 2599  0.002 1,11 1.9 0.217

S 1,11 1.45 0.281 1,11 0.00 0.960 1,11 4.7 0.082

T+S 2,11 7.11 0.048 2,11 13.23  0.017 2,11 2.68 0.182

T+ DO 2,11 9.04 0.022 2,11 52.72 <0.001 2,11 1.22 0.370

S+DO 2,11 2.91 0.217 2,11 0.10 0.901 2,11  35.44 0.003

T+S+DO 311 5.96 0.088 311 22.05 0.015 3,11  21.47 0.016

Embryo dry weight DO 1,11 0.34 0.882 1,11 0.00 0.962 1,11 0.43 0.536
T 1,11 2.36 0.176 1,11 0.38 0.559 1,11 0.7 0.424

S 1,11 0.00 0.972 1,11 0.84 0.399 1,11 2.09 0.207

T+S 2,11 0.58 0.601 2,11 0.45 0.662 2,11 0.84 0.494

T+ DO 2,11 1.03 0.422 2,11 0.24 0.791 2,11 031 0.745

S+DO 2,11 0.09 0.910 2,11 0.48 0.649 2,11 1.65 0.299

T+S+DO 311 0.29 0.831 311 0.25 0.852 3,11 0.85 0.551

Table 2. Results of multivariate generalized linear modelling to test for the effects of mean, variance and predictability of tem-
perature, dissolved oxygen and salinity on the fatty acid composition of early eggs of Taliepus dentatus. All p-values were
significant (p < 0.05)

Mean Variance — Predictability —

Deviance (df) P Deviance (df) ) Deviance (df) P
Temperature (T) 472.4 (1,76) 0.002 1554 (1,76) 0.002 85.65 (1,76) 0.005
Dissolved oxygen (DO) 80.92 (1,76) 0.005 510.3 (1,76) 0.002 304.6 (1,76) 0.002
Salinity (S) 1308 (1,56) 0.002 72.81 (1,56) 0.007 177.6 (1,56) 0.002

4. DISCUSSION

The present study showed a significant temporal
(11 mo) variation in MI traits (embryo volume, EDW,
embryo lipid content and FA composition) in a pop-
ulation of the Chilean kelp crab Taliepus dentatus,
which were associated with changes in the mean, vari-
ance and predictability of fluctuations in DO, water
temperature and salinity. Embryo volume, lipids and
dry weight varied non-linearly with time, suggesting
within-population phenotypic flexibility (sensu Piers-
ma & Drent 2003) shaped by changes in environmen-
tal conditions and characteristics of the study site.
Significant linear relationships (both positive and
negative) were found between the MI traits and the in
situ characterisation of DO concentrations, water
temperature and salinity that crabs experienced sev-

eral days before embryo collection. Importantly, our
analysis included an in-depth characterisation of the
environmental drivers affecting the MI of kelp crabs,
including the mean, the variance and the predictabil-
ity of environmental fluctuations that improved our
understanding of (1) how diel variation in environ-
mental conditions can be perceived by benthic or-
ganisms (see Bernhardt et al. 2020) and (2) how this
perception can be incorporated into important eco-
logical traits of a population, such as MI in offspring
(Baldanzi et al. 2022). Furthermore, this study showed
that different environmental variables emerged as
main drivers of MI traits depending on which environ-
mental parameter (mean, variance or predictability of
the fluctuations) was considered for characterising
the environment. For instance, when average values
were considered to explain the effects of the environ-
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Fig. 6. Univariate results of the multivariate generalized linear model (manyGLM) analysis on the effects of the mean, variance

and predictability of the fluctuations in temperature, dissolved oxygen (DO) and salinity on the fatty acid (FA) composition of

Taliepus dentatus embryos. The heatmap shows only significant results of the manyGLM of each FA. The deviance (given in the

colour legend) quantifies the FA compositions that are best explained by either the mean, the variance or the predictability of

the fluctuations in temperature, DO and salinity. High (low) deviance is represented by darker (lighter) colours. Blank cells
are not statistically significant

ment on MI traits, temperature appeared to be the
most important driver, but when adding the variance
and predictability as additional components of the
environmental characterisation, the DO concentra-
tion and salinity contributed to explain the complex
relationships between the environment and MI traits.

The general increase in embryo volume from Winter
to Summer 2021 (with a peak around November 2021)
was well predicted by an increase in the mean and the
variance of water temperatures, especially during the
spring—summer transition and a concurrent effect of
increasing DO mean and variance. While the positive
relation of embryo volume with temperature contrasts
with many studies showing greater volumes at lower
temperatures (as predicted by the Rule of Rass; see
Lardies & Castilla 2001, Brante et al. 2003, Wehrt-
mann & Lopez 2003, Laptikhovsky 2006), it confirmed
the findings of Baldanzi et al. (2018), who reported
larger volumes of early embryos of T. dentatus at
lower latitudes (higher temperatures) on the coast of
Chile. We interpreted this result as a direct conse-
quence of temperature on the biochemical composi-
tion of embryos, which in turn affected embryo size
(McAlister & Moran 2012). The size of an embryo is
one of the most important aspects of the life history of
free-spawning marine organisms; however, little is
known about how embryo size relates to its composi-

tion and how this interplay is affected by the environ-
ment (Moran & McAlister 2009). Baldanzi et al. (2018)
found that the lipid content of early embryos of
T. dentatus increased significantly at higher latitudes,
where cold waters slowed down metabolic activity
and thus required a high amount of energy stored.
The concurrent positive effect of increasing variances
of temperature and DO on embryo volume can be
explained in terms of optimal allocation strategy
(sensu Levins 1968). Increasing variance of tem-
perature and DO conditions induced females to invest
in larger (but less lipid-rich) embryos to better cope
with this environmental variability. The decrease in
lipid content and a concurrent increase in embryo
volume suggests that other temperature- and oxygen-
dependent biochemical components of early em-
bryos, such as proteins, were produced to meet the
energetic demand for faster development at higher
and more variable temperatures (Navarro et al. 2014)
and can substitute lipids as energy storage (Moran &
McAlister 2009). Nevertheless, since this study inves-
tigated early-staged embryos only (so that a decrease
in nutrient concentration due to embryo development
is excluded), the interplay between Ml in biochemical
components of embryos and the environment could
be key in determining inter-individual variability in
MI (Pavanelli et al. 2010, Baldanzi et al. 2022).
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Interestingly, we found a strong negative relation-
ship between lipid concentration of early embryos
and (1) the predictability of the fluctuations in DO
concentrations and (2) the temperature variance. On
average, female T. dentatus invested in more lipid-
rich embryos when fluctuations in DO concentrations
measured days before embryo collections were less
predictable, but the temperature values were less
variable, adopting an optimal allocation strategy
(sensu Levins 1968) and showing an average increase
in ML In contrast, during more predictable fluctua-
tions in DO concentrations (towards austral summer),
but more variable temperatures, decreasing invest-
ment in lipids could allow females to save energy to
future reproductive events (Foster et al. 2015) or to
deal with stress (Marshall & McQuaid 2011). For
example, during summer months, environmental
conditions in our study area (i.e. temperature, DO
and salinity) showed increased mean temperatures,
hyper- and hypoxic events, and a marked decrease in
salinity, although more predictable, which could have
affected crab activity and metabolism. By lowering
the investment in energy-rich embryos, females could
optimise the energy allocation to adjust the offspring
phenotype to the prevailing environmental condi-
tions. These findings agree with previous studies on
the effects of environmental predictability on inverte-
brate physiology. For example, Baldanzi et al. (2015)
found that natural populations of south African
sandhoppers increased their thermal sensitivity (the
slope of the reaction norm) when local temperatures
showed a more predictable variability, suggesting
that predictable fluctuations can improve the energy
allocation to the overall animal metabolism under
thermal stress (Sokolova 2021).

The seasonal differentiation in FAs found in early
embryos suggests that females invested differently in
the quality (FA composition) of their offspring and
not only in the quantity (lipid concentration), depen-
ding on the conditions experienced during the year.
The FAs that best represented this seasonal effect
were the long-chain PUFAs C20:4n6 (ARA) found dur-
ing spring/summer months and C22:6n3 (DHA)/
C20:5n3 (EPA) found primarily during autumn/
winter. Given that long chain PUFAs cannot be syn-
thesized de novo and are transferred conservatively
from mothers to offspring (Steinberg 2022), the pres-
ence of PUFAs in the diet, especially DHA and EPA, is
fundamental. Changes in diet quality within our
study area and specifically for T. dentatus is not ex-
pected, as these animals feed mainly on kelp (see
Jofré Madariaga et al. 2013 for the congeneric species
T. marginatus). However, changes in diet quality of

other invertebrate species driven by environmental
conditions are common in the Humboldt Current Sys-
tem and are associated with seasonal changes in
upwelling (Lazo-Andrade et al. 2021). While we did
not assess the effect of diet on seasonal changes in the
FA composition, we demonstrated that the environ-
mental conditions during embryogenesis played a
non-marginal role in determining maternal allocation
and energy transfer to embryos, potentially affecting
the quantity/quality of food available for kelp crabs,
adding a certain degree of complexity when inter-
preting the link between MI, embryo quality and the
multivariate environment.

Overall, temperature, DO and salinity were signifi-
cantly correlated with FA differentiation in early
embryos of T. dentatus during our sampling period;
however, this depended on whether we considered
the mean, the variance or the predictability of the
fluctuation. For instance, FA composition of early
embryos was mostly explained by the mean and vari-
ance, but not the predictability, of temperature fluc-
tuation, whereas the predictability of oxygen and
salinity fluctuations well explained FA differentia-
tion, much more than changes in average values.
These results can be interpreted in terms of oxidative
stress and homeoviscous adaptation.

The results suggested that periodical and predict-
able fluctuations in DO are associated with the differ-
entiation in many FAs, particularly the long-chain
PUFAs, which are vulnerable to reactive oxygen spe-
cies during oxidative stress (Rivera-Ingraham & Lig-
not 2017). Therefore, predicting changes in DO could
be fundamental during oogenesis, allowing females
to invest in the quality of the offspring according to
the degree of fluctuating conditions perceived, con-
tributing to an optimal allocation strategy (Levins
1968). Similarly, this may apply to situations where
salinity changes. Many marine coastal invertebrates
are osmoconformers and are abundant in coastal
areas where salinities do not fluctuate frequently
and periodically. Our environmental data, however,
showed that T. dentatus may experience hypoosmotic
stress due to sudden decreases in salinity in the study
area, which receives seasonal (although low) riverine
discharges from the Aconcagua semi-closed estuary
(Masotti et al. 2018). T. dentatus may benefit from a
certain level of predictability of the salinity con-
ditions to avoid oxidative stress (Rivera-Ingraham &
Lignot 2017) as, during salinity stress, radical and
non-radical reactive species are generated by mito-
chondrial respiration and other processes.

Low temperature can affect developmental FAs by
acting on the membrane fluidity (Ernst et al. 2016),



Fernandez et al.: Maternal investment, environmental fluctuations and predictability 91

supporting the theory of homeoviscous adaptation
(Sinensky 1974), the idea that greater unsaturation of
the fatty acyl chains decreases the melting point,
resulting in more fluid structure in membranes. For
example, Pacific cod embryos increased n3-PUFA
content during exposure to cold temperatures
(decreasing temperatures from 8 to 2°C) (Laurel et al.
2012). The magnitude of temperature changes neces-
sary to activate membrane lipid regulation pathways
and, therefore, its fluidity, are more associated with
changes in mean and variance at a seasonal rather
than daily scale. Changes in mean and variance in our
sampling periods between seasons could be respon-
sible for the differentiation in FA production between
seasons and the transfer of energy from mother to off-
spring through diet incorporation. In this context, the
Chilean coastal habitats generally show poor avail-
ability of PUFAs, especially EPA and DHA, during
autumn/winter (Guzman-Rivas et al. 2021, Vina-Trillos
& Urzua 2021). Therefore, in coastal species such as
T. dentatus, these FAs must be obtained from lipid
reserves that the females have previously stored in the
hepatopancreas, subsequently deposited in the eggs
and finally preserved during the embryogenesis until
the first larval feeding stage is reached (Jeffs & O'Rorke
2020). This may explain why the content of essential
PUFAs (autumn/winter: EPA, DHA; spring/summer:
ARA) in early embryos of T. dentatus show a marked
seasonality associated with the mean and variance of
temperature as revealed by the present study. In ad-
dition to selective storage and preservation of these
biomolecules, selectively enhanced maternal storage
of essential long-chain PUFAs in the embryos is also
likely to occur but needs scrutiny in future experi-
mental studies to reveal association with these envi-
ronmental factors (temperature, food, DO, salinity).

In conclusion, the present study revealed a signifi-
cant correlation between environmental fluctuations
and their predictability on females' per-offspring in-
vestment, improving our understanding of the effects
of the environment on the ecology of benthic species.
These findings are promising to inform future la-
boratory-based studies to disentangle the link be-
tween environmental fluctuation and species biolog-
ical traits. Our results suggest new insights regarding
how species may perceive, integrate and process
environmental fluctuations and generate responses
that may be transferred to subsequent generations
(latent effects of maternal allocation on larvae), an
important and overlooked aspect in the ecology of
marine coastal invertebrates. Considering that recent
climate predictions forecast an increase in weather
variability (IPCC 2023), such as more frequent and

unpredictable extreme events (Harris et al. 2018),
investigating the overlooked relationship between
maternal effects and environmental predictability will
improve our understanding of the impacts of rapid
climate change on coastal marine species (Crean &
Marshall 2009).
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