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Abstract

Copepods are aquatic invertebrates with a key role at the basis of marine food webs due to their high biomass as well as
their elevated fatty acid (FA) content. Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are two FA abundant
in copepods which have a well demonstrated role in growth and reproduction in marine organisms. While the majority of
research has focused on planktonic copepod species, less is known for benthic species despite their high richness, abundance
and their role as the main food source for many fish larvae. Temperature is a key driver of organism’s fitness as well as eco-
system functioning and sea surface temperature is expected to rise under all CO, emission scenarios. Thus, understanding
how copepods will respond to such changes is crucial given their role in marine food webs. In this study we expose labora-
tory reared Tachidius discipes, an intertidal benthic copepod to a temperature gradient (12, 15, 18, 21 and 24 °C) including
current seasonal variability as well as future scenarios. Survival, FA, growth rates and nauplii production were measured for
each temperature. We found decreased survival, increased growth rates and detrimental effects for nauplii production with
temperature increase. While relative EPA and DHA decreased with temperature this was not found on absolute levels of
these FA. Changes in benthic copepods’ biomass as well as their FA composition in response to temperature changes could
amplify to higher trophic levels with consequences for food web functioning.
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Introduction

Temperature is the main driver of ecosystem metabolism
and as such it is a major determinant of ecosystem func-
tions such as nutrient cycling and productivity (Brown
et al. 2004). Sea surface temperature (SST) rise, one of
the consequences of climate change, will continue to
intensify under all CO, emission scenarios (Kwiatkowski
et al. 2020). When considering climate change effects on
marine ecosystem functioning copepods are a key focus
group due to their high abundance (Drago et al. 2022),
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their nutritional value for higher trophic levels (Brett et al.
2009) and their role in biogeochemical cycling (Steinberg
and Landry 2017). They represent between 70 and 90% of
the mesozooplankton in pelagic ecosystems (Turner 2004)
and are amongst the most abundant taxa of the meiofauna
in benthic ecosystems together with nematodes (Giere
1993). Changes in phenology, distribution (McGinty et al.
2021) and abundance (Garzke et al. 2016) of copepods in
response to climate change have been well documented.
These changes are driven largely by thermal performance
at the individual level which reflects on life history traits
that determine Darwinian fitness and ultimately come to
alter ecosystem functioning (Sokolova 2021). Although
there has been extensive research on global change effects
on planktonic copepods, less is known of their benthic
counterparts, harpacticoid copepods (Order Harpacticoida,
Copepoda, Crustacea) (Sarmento et al. 2017) despite their
high species diversity and their dominant role in ben-
thic food webs (Giere 1993; Wells 2007). Harpacticoids
are particularly important in estuaries and coastal areas
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where they constitute the main food source of juvenile
fish, including commercially important species like flat
fish and salmonids (Huys and Boxshall 1991).

Climate change driven alterations at lower trophic levels
cascade further to higher trophic levels in marine food webs
through changes in energy transfer efficiency. Trophic bio-
markers such as fatty acids (FA) are good indicators for this
energy flow (Dalsgaard et al. 2003). Fatty acid composition
is an important biochemical trait at the individual level in
metazoans as FA are the building blocks of the energy stor-
age, regulate membrane fluidity, and act as chemical signals
among others (Parrish 2009; Couturier et al. 2020). Research
has particularly focused on eicosapentaenoic acid (20:5n-3,
EPA), docosahexaenoic (22:6n-3, DHA) and to a less extent
also arachidonic acid (22:4 n-6) since these FA are needed
for survival, growth and reproduction in marine organisms
(Sargent et al. 1999; Parrish 2009). These FA are considered
essential because most organisms have to obtain them from
their diet for optimal health (Parrish 2009). Consequently,
EPA and DHA are considered important determinants of
food quality and key factors in modulating energy transfer
efficiency in marine food webs (Brett and Miiller-Navarra
1997a; Miiller-Navarra et al. 2000).

FA composition is known to change in response to envi-
ronmental change in marine organisms. The decrease of
polyunsaturated FA (PUFA) relative to saturated FA (SFA)
with SST rise is a well characterized response across marine
taxa (Tan et al. 2022; Holm et al. 2022). Predictions also
estimate a decrease in DHA and EPA in response to SST
increase in primary producers decreasing the availability of
these essential FA (Hixson and Arts 2016; Colombo et al.
2020). Harpacticoids have the enzymatic pathways to per-
form biosynthesis of DHA and EPA from shorter precursors
(Kabeya et al. 2021). This has been previously indirectly
demonstrated for several harpacticoid species (Watanabe
et al. 1983; Norsker and Stgttrup 1994; Nanton and Castell
1998; Parrish et al. 2012; De Lima et al. 2013; Arndt and
Sommer 2014) and more recently directly demonstrated by
functional characterization of methyl-end desaturase and
elongase enzymes (Kabeya et al. 2021; Boyen et al. 2023).
Still, the efficiency with which harpacticoid copepods can do
this and how this ability is modified by SST remains largely
unclear (Boyen et al. 2020; Sahota et al. 2022). Lower DHA
(ng ind™!) in response to warming was described before for
the harpacticoid Platychelipus littoralis (Werbrouck et al.
2016; Boyen et al. 2020). A mismatch between supply and
demand of EPA and DHA in marine ecosystems can lead
to decrease growth, increased stress response and altered
behaviour in animals ultimately impacting secondary pro-
duction and nutrient cycling (Bret and Muller-Navarra,
1997; Twining et al. 2016). Temperature driven changes at
lower trophic levels have been described to cascade through
the food web altering its structure and dynamics, for example
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shifting fish communities from lipid rich to lipid poor com-
munities (Litzow et al. 2006).

Addressing energy-relevant compound dynamics like
FA together with life history traits of harpacticoid species
under a warming scenario is crucial for understanding the
trade-offs between processes like maintenance, growth and
reproduction and changes in both food quality and quan-
tity in marine benthic food webs. Intertidal invertebrates
have a wide acclimation capacity to environmental change
which results from exploiting mechanisms such as metabolic
depression, anaerobic metabolism and expression of heat
shock proteins (Portner et al. 2017). These organisms may
therefore already be at the extreme of their tolerance range
and further environmental stress could negatively impact
their fitness and eventually population growth (Harley
et al. 2006; Helmuth et al. 2006; Kelly et al. 2012; Portner
et al. 2017). The majority of research on Harpacticoids has
focused on one model genus, Tigriopus (Raisuddin et al.
2007; Sasaki and Dam 2021), which inhabits intertidal rock-
pools and hence may display very different responses from
harpacticoids inhabiting intertidal soft sediments. Therefore,
in this study we focus on the copepod T. discipes (Giesbre-
cht 1881), a dominant species of the intertidal sediments
of salt marshes and mudflats in the coasts of Norway, the
Baltic Sea and the North Sea. The objective of this study
is to analyse survival, FA content, growth rates and repro-
duction of T. discipes in response to temperature increase.
We hypothesized that in response to temperature increase of
up to 3 °C above summer mean temperatures predicted for
temperate coastal areas: (i) survival is negatively impacted
in T. discipes, (ii) FA composition shows differences among
temperatures with a decrease of PUFAs relative to saturated
FA (SFA) and a decrease in EPA and DHA content and (iii)
growth rates increase with temperature while reproduction
is negatively affected.

Materials and methods
Experimental design and set-up

Tachidius discipes adults were obtained from lab cultures
initiated from samples taken from the Paulina intertidal
mudflat (51°21' 24" N, 3° 42’ 51"E) of the Westerscheldt
estuary in The Netherlands. Samples were taken by scrap-
ing the top sediment layer and subsequently sieving through
1 mm and 250-um sieves. Copepods were reared with fil-
tered natural sea water (FNSW 0.3 um, Whatmann, salinity
32) in a temperature controlled room at 15 °C in a 12:12
light—dark cycle (3—11 pmol photons m~ s™!) and fed dia-
toms Nitzschia sp. (strain DGC 0421) and Navicula are-
naria (strain DGC 1006) in excess concentrations. Diatoms
were obtained from the BCCM/ DCG Diatoms Collection
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(hosted by the Laboratory for Protistology and Aquatic
Ecology, Ghent University) and grown in non-axenic cul-
tures under the same temperature and light regime as the
copepods. The medium for the diatoms is autoclaved natural
seawater supplemented with Guillard’s (F/2) Marine Water
Enrichment solution (SigmaAldrich, Overijse, Belgium).
Two types of experiments were set up, one to measure the
effect of temperature increase on survival and fatty acid
composition and a second one where growth was monitored
and later reproduction. Five temperatures were chosen (12,
15, 18, 21, 24 °C) based on mean temperatures observed
in the field throughout the year (12-21 °C; Supplementary
information Fig S1) and the projected temperature increase
of 3.47+0.78 °C, according to the high emission shared
socioeconomic path (SSP5-8.5) (Kwiatkowski et al. 2020).
Temperature was controlled in five incubators (Lovibond TC
140 G, + 1 °C). For each temperature treatment there were
four replicates.

Survival and FA

In August 2022, adult 7. discipes individuals were retrieved
from the cultures by sieving through a 200-um mesh. With
the objective of measuring survival and fatty acid com-
position, 220 individuals (including both ovigerous and
non-ovigerous) were manually picked with a glass Pasteur
pipette under a stereomicroscope and placed in a crystalliza-
tion glass jar with 100 ml FNSW (salinity of 32) (Fig. 1.A).
The benthic diatom Nitzschia sp. was added at ad-libitum
food conditions (0.34—0.96 mg carbon LY. Diatom con-
centrations were measured with a particle analyser (Beck-
man Coulter’s Multisizer *). Water and food were refreshed

every 4 days by sieving the copepods, discarding the water
together with any new offspring that may have been pro-
duced by the ovigerous females. Fresh FNSW and diatoms
were added. The total incubation period was 18 days after
which the number of surviving individuals were counted
(Fig. 1A). For the FA analyses, 100 individuals per replicate
were washed with FNSW and left overnight to clean their
guts. Afterwards, they were cleaned once more with auto-
claved FNSW and once with MilliQ water to discard the salt.
They were put in glass vials and frozen at —80 °C. Triplicate
samples of 100 individuals were also taken prior to the start
of the experiment (day 0) in the same way to serve as a con-
trol FA profile of the cultures. Triplicate samples of the food
source (Nitzschia sp.) were also taken for FA profiling by
centrifuging 25 ml of the algal culture. The obtained pellet
was stored at —80 °C.

Growth rates and reproduction

To measure the effect of temperature on growth rates and
reproductive traits, eight ovigerous females were selected
per temperature treatment on day 0 and placed individually
in small petri dishes (diameter 15 mm) with 3 ml of FNSW
and the same food (0.43 mg carbon L™!) and light regime
as the adults. Each replicate was checked daily for hatch-
ing and the adult female was removed from the petri dish
five days after hatching since interaction with the mater-
nal fecal pellets has shown to improve nauplii survival (De
Troch et al. 2005). Every 24 h, five to ten pictures were taken
from randomly selected growing individuals in each petri
dish with a Leica Inverted Microscope (Leica DMil) with
a mounted camera and the magnification used was recorded

Fig. 1 Experimental set up
scheme summary for 7. discipes
fatty acids and survival meas-
urements (A) and for the growth
and reproduction measurements
(B). tO=time the experiment
starts, tf=time experiment
finishes, FO=parental genera-
tion used to measure FA and
survival, F1 =all offspring
obtained from one individual FO

5 temperatures
4 replicates

A FA and survival
1 replicate . )
(220 adults/100 ml) /f>'§ ;
L i
\ J J
t0=dayO0 tf= day 18

female used in the growth and

reproduction experiment (B)

5 temperatures
8 replicates

B Growth and reproduction

1 replicate (offspring of one FO female / 3-10 ml)
N

F1 4/‘\
- \ , F1
R — ) —
7\
z\ﬂ 7
nauplius copepodite  ovigerousadult
t0=day 0 tf= until reproduction
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for later calibration of the scale. Once copepodite stages
were reached, individuals were transferred to larger petri
dishes (diameter 35 mm) with 10 ml of FNSW. For each
replicate the date of hatching, date of appearance of first
copepodite, as well as the first adult and first egg sac appear-
ance were recorded (Fig. 1B). Pictures were taken until more
than half of the individuals in the petri dish reached the
adult stage. Female adults were confirmed by length meas-
urements of the pictures (>480 um) while male adults were
recognized by sexual dimorphism on their first antenna (A1,
antennule). Once individuals reached adult stage, replicates
from the same temperature treatment level were combined
to allow reproduction. When egg sacs appeared, ovigerous
females were isolated and placed in 24-well plates. Wells
were checked daily and when hatching was observed, the
date was noted and nauplii were counted. The time between
egg sac appearance and hatching was considered as the
embryonic development time. This was recorded for eight
to twelve females in each temperature treatment.

Image analysis

Pictures were analysed using Image J software (Schneider
et al. 2012). The conversion from pixels to um was done
using pictures of a certified scale taken under the inverted
microscope under the same magnification used for the cope-
pod pictures. Individual length (rostrum to basis of furca
for adults and copepodites and rostrum to last segment in
nauplii) was measured using an automated code that fitted an
ellipse to the copepod and extracted the value of the major
ellipse axis. Values were then inspected and corrected manu-
ally when incorrect by using a manual measuring tool in
Image J. A total of 5200 length measurements were obtained
from this analysis.

FA analysis

FA methyl esters (FAMEs) were prepared from lyophilized
frozen samples using a direct transesterification procedure
with 2.5% (v: v) sulfuric acid in methanol as described by
De Troch et al. (2012). The internal standard (19:0, nona-
decanoic acid, Sigma-Aldrich, 1.36 pg) was added prior to
the extraction. FAMEs were extracted twice with hexane.
FA composition analysis was carried out with a gas chro-
matograph (GC; HP 7890B, Agilent Technologies, Diegem,
Belgium) equipped with a flame ionization detector (FID)
and connected to an Agilent 5977A Mass Selective Detector
(MSD; Agilent Technologies, Diegem, Belgium). The GC
was further equipped with a PTV injector (CIS-4, Gerstel,
Miilheim an der Ruhr, Germany). An HP88 fused-silica
capillary column (60 mx 0.25 mm X 0.20 pm film thick-
ness, Agilent Technologies) was used at a constant helium
flow rate (2 ml min~1). The injected sample (2 pl) was split
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equally between the MS and FID using an Agilent Capil-
lary Flow Technology Splitter. The oven temperature pro-
gramme was set as described in Boyen et al. (2020). Mass
spectra were recorded at 70 eV ionization voltage over the
mass range of 50-550 m/z units. Data analysis was done
with MassHunter Quantitative Analysis software (Agilent
Technologies). The signal obtained with the FID detector
was used to generate quantitative data of all compounds.
Peaks were identified based on their retention times, com-
pared with external standards as a reference (Supelco 37
Component FAME Mix, Sigma-Aldrich) and by the mass
spectra obtained with the MS detector. FAME quantifica-
tion was based on the area of the internal standard and on
the conversion of peak areas to the weight of the FA by a
theoretical response factor for each FA (Ackman and Sipos
1964; Wolff et al. 1995). The FA shorthand notation A:Bn-X
is used, where A represents the number of carbon atoms, B
the number of double bonds and X the position of the first
double bond counting from the terminal methyl group.

Data analysis

All data analyses were performed in R software (R core team
4.1.2). Survival counts were transformed to relative survival
data by dividing by the total initial number of individuals. A
linear regression model was fitted to relative survival data
using least square means estimation. Piecewise cubic splines
were fitted with the R package splines to assess the effect of
temperature on all FA (> 1% abundance) as well as total FA
content, the already mentioned FA classes PUFA, and SFA
and monounsaturated FA (MUFA) and 16:1 n-7 which is a
well- established diatom marker (Dalsgaard et al. 2003). The
ARAV/EPA ratio was also investigated since it is an indicator
of physiological stress (Calder 2010). Splines are piecewise
functions (usually low-order polynomials) that are used to
introduce smooth curves in linear regression. In order to
obtain more flexible curves, the number of knots (k) or the
degree of the polynomial can be increased (Perperoglou
et al. 2019). Different models with varying numbers of knots
were tested and the model with the lowest Akaike informa-
tion criterion (AIC) value was chosen.

To test the effect of temperature on growth rates, body
length data was plotted against the number of days since
hatching, and various curves (linear, log and exponential)
were checked to determine the best fitting. Based on the
calculated AIC values, the exponential model showed the
best fit (Supplementary information Fig S4). f1 of the
exponential function L = B, % exp(p; * t) was used to cal-
culate the percentage change in length per day in each rep-
licate. In this equation, L represents the body length, 3, the
body length at hatching, ¢ the time and f,; coincides with
p; of the log linear model, expressed as InL = Inf, + f;t.
We calculated percentage change in length per day as:
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exp(f;)-1*100. These percentages were plotted against
temperature and again the best fitting model was chosen
based on the AIC values. For the effect of temperature
on nauplii production and embryo development time, the
splines approach was used. Normality of residuals, homo-
geneity of variance and independence were checked for
the survival and growth rates models by inspecting the
observed vs. fitted residuals and a Shapiro—Wilk (normal-
ity) and Bartlett’s test (homogeneity) (Supplementary
information Fig, S5).

0.91

o ¥=1.149 - 0.029x

relative survival rate

12 15 18 21 24
Temperature (°C)

Fig. 2 Relative survival of adult 7. discipes after 18 days of tempera-
ture increase treatment. The black line represents the fitted regression
line and the grey area represents the associated 95% confidence inter-
val, n=4

Results
Survival

The survival of T. discipes adults after 18 days of incuba-
tion decreased significantly, with 2.9% decrease per degree
increase in temperature (linear regression, R2=0.67,
Fy5,=34.75, p=2.26-107, Fig. 2). The estimated relative
survival rate ranged from 78% +2% at 12 °C to 43% +5%
at 24 °C. Absolute survival counts can be found in the Sup-
plementary information (Table S4).

FA composition

A total of 29 FA were identified in T. discipes adults of
which 16 FA were present in more than 1% of the total FA
content. When analyzing at FA as % of total FA content,
13 out of the 29 showed significant differences with tem-
perature, while this proportion was reduced to 10 out of 29
when looking at absolute values (ng ind~") (Supplementary
information Table S1 and S2). Relative (%) FA composition
mirrored that of the diet to a large extent, with PUFA being
the most abundant class followed by SFA and MUFA in both
the diet and the copepods (Table 1). The detailed relative FA
profile of the diatom can be found in Supplementary infor-
mation (Fig S3). There was no difference in total FA content
(ng ind™") across treatments (Table 2). Total FA content at
day 0 (15 °C) did not differ from any of the experimental
treatments either (Supplementary information Fig S2). The
most abundant FA in all temperature groups were DHA
(23.96 to 17.41%), EPA (21.31 to 16.48%), 16:1 n-7 (6.99
to 13.18%), 16:0 (17.04 to 20.32%), 18:0 (4.99 to 9. 76%)
and 14:0 (5.16 to 6.74%). Mean relative abundances per FA
classes are listed in Table 1 as well as the mean abundance
of EPA, DHA, ARA,16:1 n-7 and the ARA/EPA and PUFA/
SFA ratios.

A summary of all models is presented in Table 2. Rel-
ative content of EPA and DHA decreased significantly

Table 1 Mean relative (%)

Nitzschia 12 15 18 21 24
content of FA classes (SFA,
MUFA and PUFA), ARA, SFA 2727+122 30.14+0.02  3035+1.43 32.11+1.51 38.12+4.83  34.74+0.51
Egi’azggﬁ;i/:lsg’riﬁ/an o MUFA 20954065 1122035 1098113 1033£086 1112103 16182302
total FA content (ng ind)=SE  PUFA 50.93+1.6  56.88+0.32  56.89+0.77 55.33+1.55 48.68+4.88  47.39+3.11
of the diet (Nitzschia sp) ARA 2024028  2.01+0.27 1.96+031  1.83+0.12 2.02+0.35 2.57+0.26
and T. discipes at different EPA 2255+1.73 21.31+1.05  20.36+0.93 19.89+0.61 17.57+1.94  16.48+1.67
f:‘i‘)memal temperatures DHA 335+0.13 22794203 22.88+1.77 23.96+1.12 19.55+328  17.41+1.97
16:1n7 13494048  7.12+048  6.99+1.06 6.37+051 7.02+1.08  13.18+2.92
ARA/EPA  0.09+0.02  0.09+0.02 0.1+£0.01  0.09+0 0.11+0.01 0.160.02
PUFA/SFA  1.87+0.15  1.89+0.01 1.88+0.11  1.73+0.13  1.3+0.29 1.36+0.1
Total 0.26+£0.08 107.55+20.66 114.94+26.85 81.5+5.38 95.27+31.89 134.32+35.77
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Table 2 Spline model
summaries for relative (% of

Relative (% of total FA)

Absolute (ng/ind)

total FA) and absolute (ng F value Pr(>F) Adj R2 F value Pr(>F) Adj R2
ind™") content of FA classes

(SFA, PUFA, MUFA), EPA, SFA 6.80000 #0.0068 0.38000 3.71124 #(.04598 0.22200
DHA, ARA, 16:1 n-7, ARA/ MUFA 10.52000 #0.0011 0.50000 7.21758 #0.00538 0.39560
EPA and PUFA/SFA ratios and pyypp 1933000  *0.00004 0.66000  2.11751 0.15096  0.10530
total FA content (ng ind™") in N

T. discipes, (DF=17 and k=2, EPA 18.96569 0.00005 0.65000 2.25171 0.13568 0.11640
n=4), significant p values DHA 11.77174 #0.00062 0.53000 2.75003 0.09231 0.15560
(<0.05) ae indicated by *. ARA 8.69000 #0.0025 0.45000 6.17445 #0.00964 0.35260
The adj R” is a goodness of 16:1 n-7 19.41000 *0.00004 0.66000 9.49711 *0.00170 0.47210
fit measure of the model that .

indicates what percentage of ARA/EPA 31.23000 0.000002029 0.76000 - - -
variance is explained by the PUFA/SFA 15.89000 *#0.0001284 0.61000 - — —
independent variable Total - - - 2.78000 0.09025

with increasing temperature (Fig. 3 a and b and Table 2).
The ratio of PUFA to SFA also decreased significantly
with temperature (Table 2). Conversely, looking at the
absolute content (ng ind~!) a different pattern is observed:
DHA and EPA remain constant with increasing tempera-
ture (Fig. 3 a and b and Table 2). Relative ARA, 16:1 n-7,
and the ARA/EPA ratio all increase significantly with
increasing temperature which is also observed in absolute
content of these FA (Table 2). In general absolute FA
content values present more variability within treatments
compared to relative values.

EPA

201

12 15 18 21
Temperature °C

24

Fig.3 Relationships of relative (yellow) and absolute (grey) abun-
dances of EPA (A) and DHA (B) with temperature in Tachidius disci-
pes, n=4. The lines were fitted using natural splines (k=2) and the
grey areas represent the 95% confidence intervals. In both A and B
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Growth rates and reproduction

One replicate was lost in treatments 15, 18 and 24 °C,
resulting in a total of seven replicates in those treatments.
Tachidius discipes relative growth rates increased signifi-
cantly and exponentially with temperature (exponential
regression, R?=0.49, F35=13.92, p=6.73-10", Fig. 4).
At 24 °C the first adult was observed after 8 days while at
12 °C it took 22 days until the first adult appeared. Egg sac
carrying females appeared after 15 and 31 days at 24 °C and
12 °C, respectively. The number of nauplii produced per
female decreased significantly with temperature (R?=0.36,
F,40=15.51,p= 6.05-1075, Fig. 5A) with a steeper decrease
after 18 °C. Embryo development time also significantly

DHA

301 B

30

25

20

15

12 15 18 21
Temperature °C

24

the yellow line shows significant decrease (Table 2) with increasing
temperature. There is no significant decrease in absolute amounts (ng
ind™!) in either EPA or DHA (Table 2)
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10

growth rates (% change of length (um).day-1)

8.
g ’
6 n
12 15 18 21 24

Temperature (°C)

Fig.4 T. discipes relative growth rates expressed as percentage
change (um day™") across temperature treatments (°C). The black line
represents the exponential fit and the grey area represents the 95%
confidence intervals

40

nauplii produced (ind.-1)

12 15 18 21 24
Temperature (°C)

Fig.5 Number of nauplii produced per female of 7. discipes (A) and
embryo development time (B) across temperatures. Embryo develop-
ment time was recorded as the number of days from appearance of

decreased with temperature (R*=0.61, Fp49=41.3,
p=3.07-10"!", Fig. 5B).

Discussion

The overall thermal performance of ectotherms is a complex
interaction of individual traits that act at different levels,
ranging from molecular to cellular to organismal (Portner
et al. 2017; Sokolova 2021). A mismatch or decoupling
between these traits can potentially compromise fitness and
ultimately population persistence (Sokolova 2021). Iden-
tifying thresholds at which trade-offs between traits (i.e.
reproduction and growth) are triggered is thus important to
understand governing mechanisms and predict changes in
populations in response to projected temperature increases
(Alcaraz et al. 2014). In the present study we have found
decreased PUFA/SFA, EPA and DHA relative content
in response to temperature increase while no significant
changes for EPA and DHA were found in absolute terms.
Survival and reproductive output decreased with increas-
ing temperature in 7. discipes while growth rates increased
exponentially in response to an increased temperature
gradient.

Survival

The observed detrimental effect of temperature on the sur-
vival of T. discipes adults after 18 days exposure was con-
trary to our expectations, since harpacticoid intertidal spe-
cies are adapted to wide fluctuations in their environmental

8 B
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R
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E
£
o
:©
S
s4
4
]
©
o
>
£
£
o
2 .
. 4
2 o o
. .
A
12 15 18 21 24

Temperature (°C)

the egg sac until hatching. The black lines were estimated by fitting
natural splines (k=2) and the grey area represents the 95% confi-
dence intervals
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conditions and thus they are typically resilient to changes
in temperature, especially when compared with their plank-
tonic counterparts (Sasaki and Dam 2021; Sahota et al.
2022). The cultures were started from individuals collected
in the field in April, when temperatures averaged 10 °C
(Supplementary information Fig S1, Table S1) and cultured
in the lab at 15 °C for several months. For short generation-
time organisms such as copepods, temperature fluctuations
throughout the year have been shown to lead to a seasonality
effect on thermal tolerance and this effect can be maintained
even after several generations (Sasaki and Dam 2020). We
hypothesize that populations of T. discipes sampled at dif-
ferent seasons or locations will exhibit a different response
to temperature and that for example populations sampled
in summer or at lower latitudes will exhibit higher thermal
tolerance with higher tipping points. It is important to men-
tion that our temperature exposure at each treatment was
kept constant while in intertidal environments the tidal
regime creates wide daily temperature fluctuations (Meire
et al. 2005), which we did not consider and could affect
the results. In vitro studies are useful to establish baselines
of organisms for which little is known but caution should
be taken when extrapolating to the field considering factors
such as latitude, acclimation temperatures and season have
an effect on thermal sensitivity.

Fatty acids and life history traits

At higher temperatures, we observed that copepods grew
faster. Temperature has been demonstrated to be a main fac-
tor driving population dynamics of benthic harpacticoids
mainly by producing a decrease in generation times (Heip
and Smol 1976; Fleeger 1979). However, in this study we
also found lower reproductive output with increasing tem-
peratures. Although faster developing individuals have a
lower predation risk until maturity than slower developing
individuals, the former individuals have a lower potential
fecundity and mature at a smaller size than large adults
(Kigrboe and Hirst 2008). In our study an apparent decrease
in the mean maximum size was found with increasing tem-
perature but this was only significant between 12 °C-21 °C
and 12 °C-24 °C treatments (Supplementary informa-
tion Table S3). In crustaceans and mussels, it has been
reported that under warmer temperatures there is a higher
energy allocation in protein synthesis associated with faster
growth, and that this results in a negative trade-off where
other physiological traits were compromised (Whiteley and
Faulkner 2005; Pan et al. 2021). We hypothesize that an
energetic trade-off was triggered whereby higher alloca-
tion to growth resulted in less energy allocated to repro-
duction (in terms of nauplii production). More than half of
the reproductive potential of harpacticoids is achieved dur-
ing the spring bloom (Heip and Smol 1976). If the reduced
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nauplii production effect together with increased mortality,
is larger than the decrease in generation time then the spring
maximum of T. discipes may be affected under increased
temperatures.

Total FA content remained constant across temperature
treatments in the exposed adults. This is contrary to our
expectations given that temperature increase initiates the
stress mechanism response that results in higher energetic
costs and requires lipid catabolism reducing total FA con-
tent (Sokolova 2021). Although neither feeding rates nor
assimilation efficiency were measured in this study, 16:1 n-7,
a well-established diatom marker (Dalsgaard et al. 2003)
abundant in Nitzschia sp. (Table 1) was found to signifi-
cantly increase with temperature (Table 2) in both relative
and absolute terms. This may indicate increased amounts
of ingested algae and/or higher assimilation efficiency
rates. Changes in feeding rates and assimilation efficiency
in response to temperature have been reported before for
calanoid copepods (Isla et al. 2008; Saiz et al. 2022) and
harpacticoids (Li et al. 2015). We hypothesize that total FA
content can be maintained at constant levels across tem-
peratures through increasing ingestion rates, assimilation
efficiency, or both.

The observed decrease of PUFA/SFA ratio with increased
temperature is typically associated with the homeoviscous
adaptation mechanism, whereby the amount of unsaturated
FA in the membrane phospholipids increases at lower tem-
peratures to maintain an appropriate fluidity and function
(Sinensky 1974; Hazel 1995). This is a widespread response
that has previously been reported for marine ectotherms
(Portner et al. 2007) and for harpacticoid copepods (Wer-
brouck et. al, 2016). There are other heat stress induced
responses that can also produce changes in FA composi-
tion. The amount of ROS (reactive oxygen species) is also
known to increase with temperature, and this effect has been
reported in copepods (Li et al. 2015; Yoon et al. 2023). ROS
have the potential to damage cellular macromolecules such
as lipids, proteins and DNA (Abele et al. 2011). Among the
different FA classes, PUFA are most prone to lipid peroxida-
tion (Abele et al. 2011) which can also contribute to explain
the higher decrease in PUFA relative to the increase in SFA
(Table 2).

FA also play an important role as signalling molecules,
and changes in their composition can therefore have a severe
impact modulating the stress response. More specifically,
changes in membrane phospholipid fatty acid composition
can influence the function of cells involved in inflammatory
responses (Calder 2010). ARA and EPA are precursor of
eicosanoids, which are molecules involved in regulating and
mediating the inflammatory response (Stanley-Samuelson
1987; Calder 2010). While ARA is involved in the inflam-
matory response, EPA is involved in the anti-inflammatory
response. We found that the ARA/EPA ratio in T. discipes
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increased along with temperature (Table 2) which is indica-
tive of physiological stress (Calder 2010). This response has
also been found in other marine invertebrates in response to
environmental stress (Gao et al. 2018; Ericson et al. 2019).
Inflammation responses are essential for maintaining health
and homeostasis under stress conditions, but an excessive
inflammatory response can be detrimental for fitness (Calder
2010).

While relative DHA and EPA were also observed to
decrease significantly with temperature no change was
observed in these FA when absolute concentrations were
considered. Boyen et al. (2020) and Werbrouck et al. (2016)
also found no effect of temperature on absolute EPA of Plat-
ychelipus littoralis and Sahota et al. (2022) also showed that
P.littoralis was able to maintain DHA absolute values at high
temperatures. While relative EPA concentration in the cope-
pods resembled its concentration in the food source, DHA
concentrations in the copepods were far higher than those in
the food source. This points to selective retention of this FA
and/or biosynthesis. Regardless of the specific mechanisms,
the high levels of DHA in the copepod compared to the food
source reflect its importance due to the multiple physiologi-
cal functions of this FA (Colombo et al. 2020).

Untangling the mechanism by which FA and reproduction
are coupled is complex, but both EPA and DHA have been
shown to play key roles in copepod reproduction and growth
(Miiller-Navarra et al. 2000; Peters et al. 2007; Jénasdottir
et al. 2009). Jonasdoéttir et al., (2009) found that absolute
EPA concentration was highly correlated with egg produc-
tion rates while absolute DHA was highly correlated with
hatching success and nauplii production in the planktonic
copepod Temora longicornis. Absolute levels of DHA and
EPA were maintained at constant levels at high tempera-
ture in the present study. Synthesis of DHA and EPA are
energetically costly (Twining et al. 2016), if T. discipes was
able to maintain absolute DHA and EPA constant at high
temperature through biosynthesis, this could have come at
the expense of reproductive rates. This trade-off has been
suggested previously by other authors who found decreased
reproductive output in the copepod Tisbe when converting
DHA and EPA from precursors in a DHA and EPA depleted
diet (Arendt and Sommer 2014; Norsker and Stgttrup, 1994).

It is important to clarify that in this study FA were meas-
ured in adults incubated for 18 days while growth and repro-
ductive rates were measured in individuals that developed at
the experimental temperatures. This means that we cannot
be certain that the FA response is the same in the individuals
exposed for 18 days and in the individuals that developed
under the experimental conditions since there may have been
ontogenetic acclimation that makes their FA profiles differ.
Therefore, there is a possibility that there is some energetic
imbalance triggered by temperature that is not related to FA
and that explains the reduced reproductive output.

Overall, the exact mechanism by which specific FA
increases/decreases with increasing temperature can-
not be pinpointed since there are different processes that
contribute to the overall FA composition of organisms
namely, cellular membrane response, immune response,
energetic imbalances, oxidative stress and biosynthesis. In
this study we looked to the overall pool of FA hence, we
cannot distinguish between membrane related processes
from energy related processes. To do this, fractionation into
specific lipid classes is needed as looking into membrane
FA would allow to asses homeoviscous adaptation mecha-
nisms while addressing FA within TAG (triacyclglycerols)
allows to test hypothesis related to energetic costs of coping
with higher temperatures. Fractionation into specific lipid
classes was not performed due to the high number of indi-
viduals required for the analysis. Integrative frameworks that
consider life history traits together with FA dynamics are
needed to better understand trade-offs and feedback loops
between traits at the physiological and whole organism level.
We suggest bioenergetic approaches as a good example of
such a framework since they have recently been applied suc-
cessfully for other crustaceans incorporating FA dynamics
(Lagos et al. 2022).

Food web relevance

Bret and Muller-Navarra (1997) found that in aquatic food
webs, productivity and energy transfer efficiency can be pre-
dicted from EPA and DHA. In the present study we did not
find an effect of temperature on absolute EPA and DHA.
However, we did not expose the food source to tempera-
ture increases, ensuring that the diatom food quality was not
altered. A model built from an extensive meta-analysis (Hix-
son and Arts 2016) predicted a decrease of 5.9 and 7.4% in
EPA and DHA respectively in diatoms for a 2.5 °C increase
in temperature. Given harpacticoids’ ability to convert DHA
and EPA from precursors, it remains unknown if temperature
increase will decrease essential fatty acid contents when an
effect on diet is also considered. Future studies should also
incorporate the effect of temperature on the food source’s FA
and its transfer to the copepods. Copepods are the main food
source of juvenile fish, and hence EPA and DHA obtained
from their diet have a key role in fish growth and repro-
duction (Stgttrup 2000, Tocher 2003). Given that copepod
survival was found to be compromised at higher tempera-
tures, fewer copepods implies less carbon and EPA and DHA
available from this trophic level for higher trophic levels.
Changes in FA content together with changes in size,
generation time and survival can alter the energy transfer
at the plant—animal interface in marine benthic food webs
with significant consequences for their functioning. Consid-
ering the multiple dimensions of thermal performance, it is
more integrative and therefore more informative to examine
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species responses to climate change across several life his-
tory traits than to only focus on survival (Pan et al. 2021).
Due to the important roles of FA involved in energy alloca-
tion and reproductive investment, and their demonstrated
high sensitivity to thermal stress we strongly recommend
FA as an important dimension to be considered in integra-
tive thermal performance studies. Finally, we propose that
future work focuses on bioenergetic and transgenerational
approaches to understand the acclimation and adaptation
responses to increasing temperatures.
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