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ABSTRACT: Copepod carcasses are prevalent in marine ecosystems and might represent an
important component of the sinking flux of particulate organic carbon in the ocean. The extent to
which copepod carcasses contribute to the biological carbon pump is controlled by different envi-
ronmental factors, including temperature. However, the effect of temperature on the longer-term
kinetics of carbon mineralization of copepod carcasses is not well-studied. We conducted labora-
tory experiments to quantify the carbon mineralization associated with sinking carcasses of the
cosmopolitan copepod Acartia tonsa through aerobic microbial respiration at 5 temperatures (20,
16, 12, 8, and 4°C). Microbial respiration rates associated with the carcasses were positively cor-
related with temperature and characterized by an initial short lag-phase, a rapid increase to a
maximum rate, and a subsequent gradual decline in the rate of degradation. On average, 50 % of
the total carbon of the carcasses was mineralized within 6—-12 d at 20°C, versus >60 d at 4°C. Dur-
ing the incubations, most carbon mineralization occurred in the ambient seawater, likely fueled
by dissolved organic carbon leaking from the carcasses into the surrounding seawater. Extrapo-
lating measured carbon turnover and sinking rates suggests that at 20°C, the mineralization of
sinking copepod carcasses is constrained to the surface ocean. In contrast, at 4°C, sinking copepod
carcasses can reach the deep ocean before they have been completely degraded. Hence, in low-
temperature regions, copepod carcasses may represent an important agent for carbon export
through the biological carbon pump.

KEY WORDS: Biological carbon pump - Marine snow - Copepods - Acartia tonsa - Temperature -
Oxygen - Carbon - Degradation - Respiration

1. INTRODUCTION

The biological carbon pump mediates the vertical
transport of organic material from the surface to
the deep ocean, contributing to marine carbon
sequestration (Turner 2015, Guidi et al. 2016). The
efficiency of the pump to large extent depends on
the abundance and composition of the plankton
community in the surface water, and the mine-
ralization of sinking particulate organic carbon (POC)
during sinking towards deeper waters (Turner
2015). Fast-sinking particles, such as phytoplankton
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aggregates and zooplankton fecal pellets, are com-
monly considered to be the main components of
passive vertical POC fluxes (Steinberg et al. 2000,
Turner 2015, Archibald et al. 2019). However, zoo-
plankton carcasses might also represent an impor-
tant source of sinking POC but, due to challenges
in measuring the magnitude of the downward flux,
they are often overlooked when assessing global
carbon export from the surface ocean (Steinberg &
Landry 2017).

Copepods are among the most abundant meta-
zoans in the oceans (Mauchline 1998) and a key com-
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ponent in carbon cycling, transferring the carbon
fixed by primary producers to higher trophic levels
and to deep waters by active and passive transport
(Steinberg et al. 2000, Saba et al. 2011, Steinberg &
Landry 2017). Approximately 25-33% of copepod
mortality is due to non-predatory factors (Hirst
& Kigrboe 2002), producing carcasses which sink
through the water column while being degraded by
microorganisms. Sinking copepod carcasses are a
source of labile substrates for bacterial degradation
(Harding 1973, Tang et al. 2006b, Bickel & Tang
2010, Glud et al. 2015, Stief et al. 2017) and stimulate
microbial production and enzymatic activity in the
surrounding seawater (Tang et al. 2006b, 2009). To
the extent copepod carcasses reach the seafloor, they
serve as a source of organic matter for benthic food
webs, and a fraction might ultimately be retained in
the sediment record (Genin et al.1995, Haury et al.
1995, Frangoulis et al. 2011). The fate of copepod car-
casses will depend on different biological and physi-
cal factors affecting their degradation and sinking
rates.

Temperature is the main physical variable control-
ling microbial respiration (Robinson 2019), microbial
growth efficiency (Rivkin & Legendre 2001), POC
attenuation (Iversen & Ploug 2013, Marsay et al.
2015, Belcher et al. 2016), and the large-scale struc-
ture of the ocean biological pump (Fakhraee et al.
2020). Carcass degradation has previously been de-
scribed as a temperature-dependent process where
the most labile material is lost from the carcasses on
relatively short time scales of hours to weeks (Hard-
ing 1973, Lee & Fisher 1992, Tang et al. 20064, Elliott
et al. 2010). However, the applied methods have
mainly been semi-quantitative based on the increase
of carcass-associated bacterial density and visual
changes of the carcasses (Harding 1973, Tang et al.
2006a). Quantification via loss of dry weight from the
carcasses and the release of carcass-associated radio-
labeled organic carbon has been done only for a
maximum of 18 d (Lee & Fisher 1992, Elliott et al.
2010). Thus, the quantitative effect of temperature on
the longer-term carcass degradation Kkinetics re-
mains poorly explored.

A major challenge for experimental research on
sinking copepod carcasses is how to generate dead
specimens efficiently and reproducibly with the least
effect on the copepod-attached microorganisms. In
previous studies on copepod carcass degradation,
different killing procedures have been applied.
Among them, exposure to acetic acid (or other acids)
has been commonly used (e.g. Glud et al. 2015, Tang
et al. 2019a,b). However, the potential impact on the

performance of carcass-attached bacteria has not
been fully considered.

The objectives of this study were to (1) define a
killing method for producing copepod carcasses with
minimal effects on the performance of carcass-
attached bacteria, (2) quantify the effect of tempera-
ture on the mineralization of sinking copepod car-
casses via aerobic microbial respiration, and (3)
estimate the amount of POC which can be exported
from the euphotic zone to deeper waters, using the
cosmopolitan copepod Acartia tonsa as a model or-
ganism; based on our results, the potential quantita-
tive contribution of copepod carcasses to the biologi-
cal carbon pump is discussed.

2. MATERIALS AND METHODS
2.1. Culture of Acartia tonsa

Acartia tonsa is easy to culture and a very com-
monly used calanoid model species for laboratory
investigations. It is globally distributed and dominant
in zooplankton communities in temperate coastal re-
gions (Cervetto et al. 1999, Escribano & Hidalgo 2000).
Although A. tonsa is a coastal species, the results of
carbon turnover rates during decomposition resolved
in this study can be extrapolated to other open ocean
copepods by considering the size and carbon content
of the respective species.

Living specimens of the calanoid copepod A. tonsa
were obtained from the Department of Science and
Environment, Roskilde University, and kept in cul-
ture at the University of Southern Denmark. The cul-
tures were established in 101 tanks with 3 pm filtered
and continuously aerated seawater at 16°C, salinity
of 35, and under dark conditions. The animals were
fed 2-3 times wk™! with a monoculture of the alga
Rhodomonas salina.

2.2. Killing procedure for generating fresh
copepod carcasses

Several procedures for producing zooplankton car-
casses have previously been applied (Tang et al.
2019a and references therein). To explore the opti-
mal method for producing carcasses with minimal
impact on the performance of carcass-attached
microbes, 3 different killing procedures were com-
pared: acetic acid (10 %) exposure for 10 s, freezing
at —20°C for 1 h, and anoxia exposure for 2 h. Anoxia
(<10 umol O, 1!) was produced by extensive flushing
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of the seawater with N, and checked by measuring
the O, concentration through an oxygen-sensitive
optode patch (see below for details). The death of the
animals was confirmed by the lack of movements
upon stimulation, the lack of peristaltic gut move-
ments, and the sinking to the bottom of the incuba-
tion vials even after exposure to fully oxic seawater
for several hours.

Only female A. tonsa were used in the experi-
ments; firstly, due to the observed female-skewed
sex-ratio in copepod populations with a male/female
ratio of <0.4 for Acartia species during most of the
year (Kierboe 2006) and secondly, to reduce variabil-
ity in the carbon content of the carcasses since
female A. tonsa are larger than males (Barata et al.
2002, Krause et al. 2017).

After producing the carcasses, aerobic microbial
respiration was quantified for several days. To this
end, 10 fresh carcasses each were transferred into a
6 ml glass vial with a gas-tight septum cap (i.e. exe-
tainer, Labco), equipped with an internal, oxygen-
sensitive optode patch (see below for details). The
exetainers were filled with 0.2 pm filtered and air-
saturated seawater, in 3-5 replicates treatment™ (i.e.
killing procedure). Carcasses were incubated at
17°C and the oxygen concentration in the exetainers
was measured at time intervals ranging from 2-12 h
for 2 d (killing by anoxia) and 4.6 d (killing by freez-
ing or acetic acid). The incubation period for the
anoxic treatment was reduced as the ambient O, lev-
els soon approached hypoxic conditions. The optimal
procedure for carcass production was expected to
result in high rates of respiration without any or with
a relatively short lag-phase.

2.3. Carcass degradation experiments
2.3.1. Short-term experiments

Aerobic microbial respiration associated with de-
caying copepod carcasses was quantified as a proxy
for carbon mineralization at incubation temperatures
of 4, 8, 12, 16, and 20°C. For this procedure, 20 car-
casses each of adult female A. tonsa, produced by
anoxia exposure, were transferred into acid-washed
12 ml exetainers with air-saturated and 3 pm filtered
seawater (5 replicates). Controls without carcasses
were made with air-saturated and 3 pm filtered sea-
water (3 replicates). The exetainers were mounted on
a plankton wheel rotating at 15 rounds min~! to simu-
late the sinking in the water column. The incubation
temperatures were adjusted either in a thermoregu-

lated room or with the plankton wheel submerged in
a thermoregulated water bath. The experiments were
run in darkness for 2-10 d, depending on the incuba-
tion temperature (see Fig. S1 in the Supplement at
www.int-res.com/articles/suppl/m679p031_supp.pdf).
Incubations were terminated when hypoxic condi-
tions (defined as 100 uM O,) were reached in the in-
cubation vials.

To distinguish between respiration occurring di-
rectly associated with the carcasses and in the am-
bient seawater, at different time points 1 exetainer
treatment™ was selected for dedicated experimenta-
tion. First, the carcasses were removed, and 1 ml of
seawater was preserved with formaldehyde (final
concentration 4 %) for microbial abundance analysis
(see below for details). To quantify respiration in the
ambient seawater, 6 ml of the remaining seawater
was transferred into an acid-washed 6 ml exetainer,
re-oxygenated, and re-incubated for further respira-
tion measurements. Respiration directly associated
with the carcasses was calculated by subtracting the
seawater-associated respiration from the total respira-
tion measured just before sacrificing the exetainer. In
the following sections, the different measurements/
calculations of respiration/mineralization are termed
‘total’ when referring to the total activity in the incu-
bation vial (i.e. carcasses + seawater) and ‘carcass-as-
sociated’ when referring to the activity calculated for
the carcasses only (i.e. total — seawater).

2.3.2. Long-term experiments

To assess the amount of organic carbon of A. tonsa
carcasses that can be oxidized by aerobic microbial
respiration during descent, carcass incubations were
run until respiration became extremely low. For this
procedure, the experimental design described above
was implemented with some modifications (Fig. S1):
(1) instead of 20, only 10 fresh carcasses each were
incubated in one 12 ml exetainer (6—7 replicates plus
3 controls without carcasses); (2) oxygen measure-
ments were done every day; (3) at different time
points defined by oxygen concentrations of ~50 % air
saturation (20°C) and ~70% air saturation (4 and
12°C), 1 exetainer treatment™! was sacrificed to de-
termine the sinking speed of the carcasses and to
quantify respiration in the seawater as before. At the
same time point, the remaining exetainers with car-
casses were carefully re-oxygenated until >90 % air
saturation to continue the incubations under oxic
conditions. To this end, 1 ml of seawater of each exe-
tainer was temporarily transferred into a sterile cen-


https://www.int-res.com/articles/suppl/m679p031_supp.pdf

34 Mar Ecol Prog Ser 679: 31-45, 2021

trifuge tube to create a headspace in the exetainer.
This allowed the re-oxygenation of the remaining
seawater by gently turning the exetainers upside
down, thereby avoiding disruption of the carcasses.
After a few turns, the exetainers were opened and
exposed to the air, allowing for gas exchange. This
procedure was repeated 3 times and then the water
volume initially removed was put back into the exe-
tainer to continue the incubation. These experiments
were run at 20 and 12°C for 1 mo, and at 4°C for 2 mo
to resolve the time required to almost complete de-
gradation of sinking copepod carcasses and to allow
extrapolation of the percentage of carbon turnover in
copepod carcasses with slow descent rates and at
great water depths.

2.4. Carbon loss from A. tonsa carcasses

Carbon loss from A. tonsa carcasses was estimated
as the sum of carbon mineralized due to aerobic
microbial respiration and carbon assimilated into
biomass by bacteria. To measure oxygen concentra-
tion during the incubations, exetainers were equipped
with an oxygen-sensitive optode on their inner side
that could be interrogated from the outside by a
FireSting Oxygen Meter (PyroScience). Respiration
rates were calculated from the linear decrease in
oxygen concentration in the incubation vials in de-
fined time intervals during the entire incubation
period. Results from both short- and long-term ex-
periments were combined after standardization to
the incubation volume and number of carcasses.

To quantify the amount of organic carbon per car-
cass that is mineralized by aerobic microbial respira-
tion, total oxygen consumption was calculated and
converted to carbon oxidation assuming theoretical
respiratory quotients (RQs) ranging from 0.77-0.85,
as reported for sinking detrital material (Wassmann
1984, Alkemade et al. 1992). Since a fraction of the
carbon utilized by bacteria is assimilated into bio-
mass, bacterial production (BP) was calculated assu-
ming bacterial growth efficiencies (BGEs) of 5, 15,
and 20% and the total measured aerobic bacterial
respiration (BR), according to: BP = (BGE x BR) / (1 -
BGE) (del Giorgio & Cole 1998). BGEs of 5 and 20 %
have been measured in oligotrophic and eutrophic
environments, respectively (del Giorgio et al. 2011),
while a BGE of 15 % represents a reasonable marine
average according to Kirchman et al. (2009).

Total cumulative carbon loss from the carcasses
was calculated as the sum of daily total carbon con-
sumption (i.e. carbon mineralization and bacterial

biomass production) and expressed relative to the
total measured organic carbon content of fresh car-
casses. The latter was quantified by an elemental
analyzer coupled to an isotope ratio mass spectrome-
ter (Delta V Advantage IRMS with Thermo Scientific
EA) in 3 batches of 25 adult female A. tonsa each.

To estimate the percentage of mineralization tak-
ing place in the carcass itself, carcass-associated
cumulative carbon loss was derived by subtracting
daily carbon consumption in the ambient seawater
from total carbon consumption. The obtained values
were used to calculate the carcass/seawater mineral-
ization ratio at 3 different temperatures (4, 12, and
20°C).

2.5. Other analyses
2.5.1. Microbial abundance

At different time points during the incubation ex-
periments, 1 ml of seawater was taken for microbial
abundance analysis. The samples were preserved
with 100 pl formaldehyde 37 % at 4°C overnight and
then frozen at —20°C until flow cytometry analysis.
For this procedure, the samples were thawed,
stained with 2 pl of SYBR Green I for 20 min, and
measured in a flow cytometer (BD FACSAria II cell
sorter; BD Biosciences).

2.5.2. In vitro carcass sinking rates

Carcasses from the long-term experiments were
used to measure sinking rates in the laboratory at dif-
ferent temperatures and degradation stages. Individ-
ually, carcasses of different ages were gently depo-
sited in the center of the water surface in a graduated
cylinder filled with 500 ml seawater equilibrated to 4,
14, and 17°C. The sinking rates were measured as
the time it took for the carcass to descend 13 cm. The
rates were extrapolated to m d'.

2.6. Statistical analysis

To detect a potential lag-phase in respiration caused
by the different killing procedures, a 1-sample {-test
(1-tailed) was used. Differences were determined if
the initial respiration rate was significantly different
from the detection limit of the respiration measure-
ments, defined as 3 standard deviations of the average
respiration rate in controls (i.e. 0.28 pM h™1).
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To identify differences in the total respiration rates
between the 3 killing procedures in 4 time intervals
and the overall average of microbial abundances
between different temperatures, 1l-way ANOVA
(2-tailed) was used followed by the Holm-Sidak post
hoc test. This analysis was applied after testing that
samples came from normally distributed populations
with equal variances.

To identify differences in total respiration rates per
time interval and the overall average of total and
carcass-associated cumulative carbon loss between
different temperatures, a non-parametric Kruskal-
Wallis 1-way ANOVA on ranks analysis was used
followed by the Dunn's post hoc test. Differences be-
tween total and carcasses-associated cumulative car-
bon loss were assessed by a non-parametric Mann-
Whitney rank-sum test. These non-parametric tests
were used when data were not normally distributed.
All tests were performed at a significance level of a =
0.05 in the statistical software SigmaPlot version 11.0.

3. RESULTS
3.1. Killing procedures

Three different killing procedures for generating
fresh copepod carcasses were tested. The results
were compared to identify the procedure that least
affected the microbial respiration rates and avoided a
lag-phase immediately after carcass production.

All 3 procedures resulted in low initial O, consump-
tions, followed by a period with a fast O, decline and a
subsequent gradual attenuation in the O, consump-
tion rate (Fig. 1A). During the first 2 h of incubation,
all treatments exhibited very low total respiration
rates (<1.1 nmol O, carcass™! h™!). However, during
the following 2-18 h of incubation, respiration rates
differed significantly between the 3 killing procedures
(Table S1, Fig. 1B). The anoxia treatment resulted in
the highest respiration rates; more than 5-fold higher
than the lowest rates measured for the acetic acid
treatment. Total microbial respiration rates between
18 and 48 h appeared highest for carcasses produced
by freezing and lowest for carcasses produced by
acetic acid exposure, but the differences were not
statically significant (Fig. 1B).

Copepod carcasses produced by acetic acid expo-
sure exhibited a distinct lag-phase of 18 h, during
which respiration was not significantly different from
the detection limit of the respiration measurements
(see Section 2.6 for details). Using the same statistical
criterion, the freezing treatment exhibited a lag-
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Fig. 1. Evaluation of killing procedures for producing carcasses
of the copepod Acartia tonsa. (A) Oxygen concentration over
time in incubations with carcasses produced by freezing,
acetic acid exposure, and anoxia exposure at 17°C. Means +
SD of 3-5 incubations with 10 carcasses each are shown. (B)
Rates of total aerobic microbial respiration associated with
carcasses produced by freezing, acetic acid exposure, and
anoxia exposure. Means + SD of rates from 3-5 incubations
with 10 carcasses each are shown. (C) Lag-phase before ob-
serving a decline in O, concentration following a treatment
with acetic acid as a function of temperature (4, 8, 12, 16,
20°C). Means + SD from 5 incubations with 20 carcasses each
are shown

phase of 2 h, and only an insignificant lag-phase was
observed in the anoxia treatment (Fig. 1A). Data com-
piled from experiments with carcasses produced by
acetic acid exposure at different temperatures further
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revealed an inverse correlation between the length of
the lag-phase and the ambient temperature (Fig. 1C).
At 4°C, the lag-phase extended up to 4 d before respi-
ration rates reached values different from the detec-
tion limit of the respiration measurements. Based on
these observations, we decided to apply Acartia tonsa
carcasses that were produced by exposure to anoxia.

3.2. Carcass degradation

Aerobic microbial respiration associated with
degrading copepod carcasses was measured in both
short-term (up to 10 d) and long-term (up to 60 d)
incubations. The results from the 2 incubation proce-
dures were combined.

Total aerobic respiration rates associated with
A. tonsa carcasses were initially low, followed by a
period with the maximum activity and a gradual
attenuation in the resolved rates (Fig. 2). The same
pattern was observed at all temperatures but at dif-
ferent rates and with different lengths of the respec-
tive phases (Fig. S2). Total respiration rates were
positively correlated with temperature and signifi-
cantly different between higher and lower tempera-
tures during the first week of incubation (Table S2).

The time to reach maximum activity was inversely
correlated with temperature (Fig. 2). At higher tem-
peratures, 20 and 16°C, maximum total respiration
rates were measured on the first day of degradation,
whereas at lower temperatures, 8 and 4°C, maximum
rates were measured on Days 3 and 6, respectively.

3.3. Microbial abundance

Carcass degradation promoted the growth of free-
living bacteria in the surrounding seawater, and bac-
terial growth was positively correlated with tempera-
ture in both short- and long-term experiments.
Microbial abundances increased from >10° cells ml™!
to peak abundances of >102 cells ml™! at 20 and 16°C
(Fig. 2A,B), in contrast to >107 cells ml™! at 12, 8, and
4°C (Fig. 2C,D,E). The time to reach the peak in
microbial abundance was inversely correlated with
temperature. At 20 and 16°C, maximum microbial
abundances were observed in the first 2 d of incuba-
tion, followed by 2-3 d at 12 and 8°C, and 8 d at 4°C.
After the peak, a decrease in the abundances to val-
ues close to the initial numbers was observed. Abun-
dances in controls without carcasses remained con-
stant during the incubations (~10° cells ml™!) at all
temperatures (Fig. 2).
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Fig. 2. Total respiration rate (bars) and abundance of free-
living bacteria in Acartia tonsa carcass incubations (white
dots) and controls (grey dots) during short-term experiments
at (A) 20°C, (B) 16°C, (C) 12°C, (D) 8°C, and (E) 4°C. For res-
piration rates, means + SD of 5 replicate incubations with 20
carcasses each are shown; (A,C,E) also include 6-7 repli-
cates from long-term incubations. For the abundance of
free-living bacteria, means + SD of 1-4 replicates are shown

3.4. Carbon loss from A. tonsa carcasses

The independently determined total carbon con-
tent of fresh, female A. tonsa carcasses was 6.97 +
1.06 pg C carcass™. Loss of organic carbon from the
copepod carcasses was estimated from aerobic respi-
ration (BR) and BP at all temperatures in both the
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short- and long-term experiments. The cumulative
amount of organic carbon lost from the carcasses was
positively correlated with temperature (Fig. 3). Dur-
ing the first 25 d of oxic incubations, 84 + 11 % of the
total carbon content of the carcasses was lost due to
mineralization and bacterial biomass production at
20°C (Fig. 3A), followed by significantly lower per-
centages of 52 + 7% and 26 = 3% at 12°C (Fig. 3B)
and 4°C (Fig. 3C), respectively (Table S3).

However, during the incubations, not all respira-
tion activity was directly associated with the car-
casses, as their degradation stimulated microbial
activity in ambient seawater as well. A significantly
lower contribution to total carbon loss by carcass-
associated mineralization was generally observed at
all temperatures (Table S4). During 25 d of degrada-
tion, up to 18 + 2% of the total carbon content per
carcass was mineralized directly on the carcasses at
20°C (Fig. 3D), followed by lower percentages of 14 +
2 and 4 + 1% at 12°C (Fig. 3E) and 4°C (Fig. 3F),
respectively (Table S3).

The carcass/seawater mineralization ratio tended to
increment until a peak close to 1, followed by a de-

crease to values lower than 1 (Fig. 4). This means that
most of the microbial activity was occurring in the sur-
rounding seawater at all temperatures and times.

At the end of the long-term incubations, when min-
eralization rates became extremely low, the calcu-
lated amount of organic carbon remaining in the car-
casses was up to 1 + 1, 3 + 1, and 4 + 0.4 ng C
carcass™' at 20, 12, and 4°C, respectively. This is
equivalent to 14 + 12, 47 = 8, and 55 + 6 % of the total
organic carbon at 20, 12, and 4°C, respectively.

3.5. In vitro carcass sinking rates

The sinking rates of the carcasses were positively
correlated with temperature and negatively corre-
lated with carcass age (Fig. 5). Fresh carcasses sank
at rates of ~90 m d~! at 14 and 17°C and ~60 m d! at
4°C. After a few days of aging, the sinking rates
decreased distinctly and reached a lower stable level
of ~60 m d~! at 17 and 14°C, and ~20 m d~! at 4°C.

4. DISCUSSION

4.1. Killing procedure
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Fig. 3. Cumulative carbon loss from carcasses of the copepod Acartia tonsa. To-
tal cumulative carbon loss derived from the daily total respiration and bacterial
production in the incubation vials at (A) 20°C, (B) 12°C, and (C) 4°C. Carcass-
associated cumulative carbon loss derived from subtraction of respiration and
bacterial production in seawater from the total at (D) 20°C, (E) 12°C, and (F)
4°C. Black lines: cumulative carbon loss estimated with respiratory quotient
(RQ) = 0.8 and bacterial growth efficiency (BGE) =15 %. Shaded areas: range in
cumulative carbon loss estimated with RQs = 0.77 or 0.85 and BGEs = 5 or 20 %

in lower concentrations (3%) is an
effective bactericidal and antiseptic
agent, probably due to physical alter-
ation of the bacterial cell wall (Ryssel
et al. 2009). Additionally, microbial en-
zymatic activity can be inhibited by
acid exposure, leading to a decrease in
the decomposition rates of organic
matter (Kok & Van der Velde 1991).
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Killing copepods by freezing resulted in a short
lag-phase and higher respiration rates than acetic
acid exposure (Fig. 1A,B). However, rapid freezing
can induce bacterial death (Haines 1938, Mazur
1984) and the release of dissolved organic carbon
(DOC) from both bacteria and copepods due to me-
chanical disruption of cells and tissues during freez-

ing. The decrease of carcass-associated bacterial
abundance and stimulation of ambient communities
by DOC leakage may induce severe changes in the
resolved mineralization dynamics.

Carcasses produced by anoxia exposure not only
exhibited the shortest lag-phase and relatively high
respiration rates, but they also maintained intact
carapace and internal tissues. These characteristics
are most likely found in carcasses naturally produced
by starvation, infections, and adverse environmental
conditions (Daase et al. 2014). Natural mortality can
also be induced by, among others, sloppy feeding
by predators (Tang & Elliott 2014 and references
therein), with severe consequences for the physical
integrity of the carcasses. Thus, experimental expo-
sure to anoxia may select for certain carcass features
while naturally occurring carcasses might differ con-
siderably, but for generating reproducible carcasses
with a minimum impact on the copepod-associated
microbial communities, we consider it to be the best
approach.

4.2. Temperature dependence of
carcass degradation

Mineralization of POC, including sinking copepod
carcasses, is initiated by an intense exoenzymatic
activity of POC-attached bacteria (Sempéré et al.
2000). At low temperatures, enzymatic activities are
slowed down, and the reduced fluidity of cell mem-
branes may further decrease the activity of mem-
brane-bound transporter enzymes (Nedwell 1999).
Combined with reduced cell-specific metabolic acti-
vity, carcass degradation is thus expected to de-
crease significantly with declining temperature. This
hypothesis is supported by the current study, where
microbial respiration exhibited a positive correlation
with temperature, and 50 % of the total organic mate-
rial in carcasses of A. tonsa was mineralized after
60 d at 4°C, while the corresponding value was
reached after 6-12 d at 20°C.

The temperature effect on copepod carcass degra-
dation has been previously investigated applying a
number of different methodologies (Table 1). The
obtained rates of carbon turnover during the first day
of degradation vary between 7.8 and 100% C d™! at
temperatures close to 20°C and between 0.0 and
39.0% C d7! at temperatures below 8°C (Table 1).
These variations at the respective temperatures
might partly relate to the fact that the individual
studies applied different copepod species, experi-
mental procedures, and experimental conditions.
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One set of studies used microscopic observations of
copepod tissues and bacterial colonization to assess
the degradation stages. The observations suggested
considerably faster degradation than in our study, i.e.
50% degradation after 0.5 d at 30°C (Tang et al.
2006a) and 5 d at 4°C (Harding 1973) (Table 1). While
this semi-quantitative approach provides direct first-
hand information on the tissue status and the ad-
vancement of microbial colonization, it only provides
indirect information about carbon turnover rates.
Therefore, the degradation kinetics are inferred from
more subjective criteria in comparison with quantita-
tive methods.

Other approaches for assessing degradation of
A. tonsa carcasses were developed by Lee & Fisher
(1992) by quantifying carbon loss from radiolabeled
copepod carcasses and Elliott et al. (2010) via quan-
tification of mass loss from copepod carcasses. Both
studies concluded a positive correlation between car-
cass degradation and temperature and defined the
course of decomposition as rapid at first and more
slowly as time progressed. The results of this study
agree with those observations; however, the rates
of carbon turnover differ between the studies. On
the first day of degradation, Lee & Fisher (1992)
reported carbon loss rates — expressed as the sum of
CO, production and the DOMC release —from
14C-labeled A. tonsa carcasses ca. 2.5-fold higher at
18°C and >14-fold higher at 2°C than the rates
obtained at 20°C and 4°C, respectively, in the current
study (Table 1). Thus, those authors concluded that
50 % of the total carbon of A. tonsa carcasses is lost
after 2 and 8 d at 18 and 2°C, respectively. Faster
decomposition rates were measured by Elliott et al.
(2010) where 50% of carcass dry weight loss oc-
curred within 0.4 d after death at 25°C and ca. 5 d at
5°C, meaning that their carbon turnover rates were
20-fold higher at 25°C and 12-fold higher at 5°C than
those obtained at 20 and 4°C, respectively, in the
present study (Table 1). However, when only consid-
ering *CO, production as an indicator of carbon min-
eralization, the rates measured by Lee & Fisher
(1992) during the first day of degradation were 22
and 0.5% C d! at 18 and 2°C, respectively, and thus
close to our measurements. This suggests that the
overall higher carbon turnover rates reported from
the radiotracer approach, and probably from the
mass loss approach, could be related to the leakage
of non-respired DOC fraction which is not included
in our measurements as mineralized organic mate-
rial. Thus, total carbon loss from the carcasses might
be underestimated in our study during the first
stages of degradation when DOC leaking from the

carcasses is high (Lee & Fisher 1992). The assump-
tion that all copepod tissues were uniformly labeled
can also result in an overestimation of carbon loss in
the radiotracer approach, as higher labeled and
labile POC might be degraded in the initial stages of
the incubation.

More recently, microbial O, consumption associ-
ated with decaying carcasses has been measured as
a (quantitative proxy for carbon mineralization
(Table 1). Aerobic respiration rates reported in the
literature were converted in the current study to car-
bon mineralization and BP, assuming RQ = 0.8 and a
BGE = 15%, respectively (Table 1). At temperatures
close to 20°C, the carbon turnover rates measured in
the current study appear within the lower range of
the values obtained in previous studies. In contrast,
the only study made at low temperature (Glud et al.
2015) showed carbon turnover rates consistent with
the values of the present study, i.e. 1.9% C d! at
7-8°C.

The variability in carbon turnover rates between
respiration-based studies is partly related to the
length of the incubations. Since long-term dynamics
of carcass degradation was not the aim of previous
studies, most of the respiration measurements were
performed in short time-intervals (a few hours) and
then extrapolated to 24 h. However, the current
study has consistently shown a systematic decline in
respiration rates at longer incubation times at all
temperatures. Therefore, the higher carbon turnover
rates from some previous studies may represent an
overestimation resulting from linear extrapolation of
respiration rates from short-term measurements.

The amount of total carbon per carcass critically
affects the calculated carbon turnover rates. The
studies listed in Table 1 either measured the carbon
content of the carcasses directly (as in the current
study) or estimated carbon content based on copepod
body volume or dry weight. The highest carbon turn-
over rates were found in studies in which total carbon
contents were estimated indirectly (e.g. Tang et al.
2019b). Additionally, the content and lability of orga-
nic carbon vary among zooplankton species (Bickel &
Tang 2010); even the same species might show sea-
sonal variation in, for instance, their lipid content
(Sargent & Falk-Petersen 1988). The amount and
nature of lipids, proteins, and carbohydrates affect
the organic material lability, and this is expected to
translate into variable degradation kinetics of the
respective carcasses (Wakeham et al. 1997).

The microbial abundance in the seawater sur-
rounding the decaying carcasses can also cause vari-
ation in the resolved total respiration rates from dif-
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ferent incubation approaches. The studies cited in
Table 1 utilized different filtration strategies, apply-
ing from 0.7-100 pm mesh size. This may have re-
sulted in different ambient bacterial abundances and
community compositions, including larger organisms
(e.g. protozoans) in the incubation vials. This can
lead to variation in carbon turnover rates since the
current study has demonstrated that carcass degra-
dation is also mediated by the ambient community
(see below).

In the present study, carbon turnover rates derived
from microbial respiration rates varied by less than
25%, applying a reasonable range of RQs and BGEs
(Fig. 3). Thus, we consider continuous oxygen meas-
urements during long-term incubations a strong tool
for assessing the degradation dynamics of sinking
copepod carcasses in natural settings. The current
study resolved low carcass degradation rates at tem-
peratures that prevail below the surface ocean
(2-4°C) and indicates a larger potential for POC
export through copepod carcasses than previously
recognized.

B
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4.3. Mineralization in the carcasses
versus seawater

The carcass degradation experiments with A. fonsa
revealed that respiration activity was in part directly
associated with the carcasses and in part located in
the ambient seawater. This finding suggests that
microbial activity and growth in ambient seawater
may have been stimulated by DOC and dissolved or-
ganic nitrogen released from the carcasses (Stief et
al. 2018) (Fig. 6A). After the initial stimulation of
microbial activity and growth in ambient seawater,
microbial abundance declined in incubations at all
temperatures. This decline was presumably related
to viral lysis (Proctor & Fuhrman 1991), bacterivorous
protozoans (Grossart & Ploug 2000), and/or the ex-
haustion of labile substrates.

The experimental approach utilized in this study
differs from in situ settings. In natural conditions,
copepod carcasses are not constrained to a small
volume; therefore, the volume-specific consumption
rates of DOC will be smaller than in the incubation
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Fig. 6. Conceptual scheme of carbon mineralization associated with sinking carcasses of the copepod Acartia tonsa in the

ocean as controlled by temperature. (A) Copepod carcass mineralization while sinking through the water column. (B) Total

carbon export associated with copepod carcasses as a function of temperature. Vertical arrows: depth reached for one carcass

when 10, 25, and 50 % of its total carbon has been mineralized. Extrapolations at 20, 12, and 4°C were derived from long-term

experiments; extrapolations at 16 and 8°C were derived from short-term experiments. Horizontal arrows: influence of
temperature on the strength of the respective process. Created with https://BioRender.com
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vials due to dilution in the water column. Indeed, we
cannot exclude that the dilution can be so extensive
that a fraction of the otherwise labile DOC will
behave as a recalcitrant fraction (Arrieta et al. 2015).
But it can be expected that most of the DOC leaked
from the carcasses will be rapidly mineralized to CO,
(Lee & Fisher 1992); hence, we consider the experi-
mental conditions of this study still to represent a
valid approach for assessing carbon cycling associ-
ated with sinking copepod carcasses.

4.4. Importance of sinking copepod carcasses
for oceanic carbon cycling

The efficiency of the biological pump depends on
the depth at which the sinking organic carbon is
respired (Middelburg 2019). Thus, to estimate how
much carbon from sinking copepod carcasses is aer-
obically mineralized and to assess how deep the
carcass-associated organic carbon can reach, we
numerically extrapolated our measurements. Per-
centages of carbon loss were resolved by respiration
rates and BP in our incubation experiments and
from the quantified total carbon content per carcass.
This approach partly ignores potential anaerobic
degradation, via for instance denitrification, which
might be important in larger zooplankton species
(Glud et al. 2015, Stief et al. 2017) but presumably
not in smaller species such as A. tonsa (Ploug et al.
1997%).

A. tonsa is a cosmopolitan copepod inhabiting the
surface waters (0-100 m) of the coastal ocean in
temperate regions, where it lives at temperatures
between 9 and 30°C. Considering an adult popula-
tion of 1992-13965 ind. m~? (Criales-Hernéndez et
al. 2008, Pino-Pinuer et al. 2014) and a rate of non-
predatory mortality of 0.46 d™' (Yafez et al. 2019),
A. tonsa populations alone could cause a sinking
flux of carcasses of between 916 and 6424 carcasses
m~2 d7!, equivalent to a sinking flux of POC of 6.4—
447 mg C m™2 d°'. Since this POC flux occurs in
shallow areas (<200 m) and considering a sinking
speed of 90 m d~!, more than 70% of the total car-
bon of the carcasses can reach the seafloor in
coastal areas, irrespective of temperature. Once set-
tled on the sediments, the remains of the carcasses
can either fuel the benthic food webs or be retained
in the sedimentary record. This extrapolation relies
on the assumption of specific abundances, mortality
rates, and flux of sinking carcasses for a population
in a steady state. Therefore, habitat-specific values
of those parameters will affect the derived amounts

of exported organic carbon associated with A. tonsa
carcasses.

To extrapolate our results to an oceanic context,
we assumed that the degradation and sinking
dynamics of our model organism could be applied
to oceanic copepods. Assessments of carbon export
were done based on the time needed to degrade 10,
25, and 50 % of total carbon content per carcass and
measured sinking rates (Fig. 6B). The calculations
revealed that 10% of the total carbon is lost from
the carcasses, due to mineralization and BP, in the
first 90 m of the water column at 20, 16, and 12°C,
while this threshold is first reached at 350-450 m at
8 and 4°C. Thus, at lower temperatures, 90 % of the
total carbon per carcass escapes degradation in the
euphotic zone. The next 40 % of the total carbon is
lost within 400-700 m depth at 20°C, 1100-1700 m
depth at 12°C, and >1400 m at 4°C, implying that
50% of organic material associated with the car-
casses can be exported from the surface waters to
the ocean interior at temperatures below 12°C
(Fig. 6B). Once the carcasses have crossed the
mesopelagic zone, the remaining POC is probably
of low reactivity due to advanced carcass degrada-
tion. Mineralization and sinking rates also decline
to very low levels of <1.4 nmol C carcass™! d~! and
<20 m d7!, respectively. Thus, the remaining POC
from the copepod carcasses can sink slowly, almost
unchanged, to the bathypelagic and abyssopelagic
zones.

The calculations are expressed in percentages of
carbon loss from copepod carcasses. Thus, this ex-
trapolation can be applied to different copepod spe-
cies. However, the absolute amount of carbon lost
from the carcasses, the exported carbon, and the
sinking rates may vary according to copepod size.
We fully recognize that this is a first approximation
and that many environmental variables other than
temperature and sinking rates may affect the carbon
export associated with sinking copepod carcasses.
These include fragmentation and feeding of sinking
carcasses by metazoans (Elliott et al. 2010), hydro-
dynamic conditions (Kirillin et al. 2012), and hydro-
static pressure effects on microbial communities
(Tamburini et al. 2009, Stief et al. 2021). For further
refinement of our assessment, such factors could be
considered.

In the open ocean, imbalances between POC flux
and the mesopelagic and benthic carbon demand
have been documented (Baltar et al. 2009, Burd et
al. 2010, Wiedmann et al. 2020), indicating the exis-
tence of unaccounted sources of organic carbon.
Our study shows that reduced temperature facili-
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tates the export of carcass-associated organic mate-
rial to great depths and, potentially, even deep-sea
sediments, where it can contribute to the sustenance
of deep-ocean communities. Indeed, intact copepod
carcasses have been found in high abundance in
the mesopelagic and bathypelagic zones (200-2000
m), in some cases overtaking the abundance of live
organisms (Daase et al. 2014, Tang et al. 2019a,b,
Daase & Sgreide 2021). Furthermore, copepod car-
casses have been quantified in sediment traps
deployed in the Arctic ocean, accounting for up to
91% of the POC flux (Sampei et al. 2009, 2012,
2020), but such carcasses are often considered to be
‘'swimmers' and are eliminated from the assess-
ments. Thus, sinking copepod carcasses may repre-
sent an important component of the passive carbon
flux in cold waters, and must therefore be consid-
ered when estimating the oceanic export flux of
POC.
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