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Abstract Mortality affects the dynamics of zooplankton
populations with important effects on trophic interactions
and biogeochemical fluxes in marine environments, but is
still one of the processes least investigated in the field. In
the present study, the non-predatory mortality in copepod
assemblages and species was investigated by applying the
neutral red staining method to identify and quantify cope-
pod carcasses throughout an annual cycle in a Mediterra-
nean coastal site (station LTER-MC in the inner Gulf of
Naples). Carcasses accounted on average for 10.3% (+9.7%)
of total copepod abundance and were most abundant in
spring, summer and autumn. Carcasses were represented
predominantly by copepodites (78.9 + 22.0%) and occurred
more frequently and abundantly in calanoids than in other
copepod orders, with interspecific differences in their abun-
dance and temporal patterns. Using carcass abundances
from field data and decomposition times from laboratory
observations, we estimated non-predatory mortality rates of
key calanoids that are common and abundant in Mediterra-
nean coastal waters. Non-predatory mortality rates averaged
0.13 day~! in Paracalanus parvus, 0.07 day™" in Clausoca-
lanus spp., 0.06 day™' in Temora stylifera and 0.04 day™!
in Acartia clausi. Non-predatory mortality rates in these
populations were not correlated with temperature, salinity
or chlorophyll a.
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Introduction

Mortality is an inherent process of life that affects popula-
tion dynamics and eventually community structure in both
terrestrial and aquatic ecosystems. Despite its acknowledged
importance, mortality is still one of the most neglected
aspects of zooplankton biology (Ohman and Wood 1995;
Hirst and Kigrboe 2002). Studies addressing mortality in
marine zooplankton are limited and discouraged by a belief
that the problem is intractable (Ohman 2012). Estimating
mortality rates in situ is challenging indeed, and the criti-
cal issues that should be addressed to render the problem
tractable have been examined recently (Ohman 2012). Quan-
tifying mortality is fundamental for understanding the devel-
opment of populations under different conditions (Carlotti
et al. 2000). Field and modeling studies show that mortality
varies among species and stages, and plays a major role in
determining zooplankton population dynamics (e.g., Ohman
and Hirche 2001; Eiane and Ohman 2004; Mazzocchi et al.
2006), though its causes remain generally undefined. The
main cause of mortality in zooplankton is generally attrib-
uted to predation (Genin et al. 1995), but many other fac-
tors can be responsible, such as disease (Delgado and
Alcaraz 1999), parasites (Kimmerer and McKinnon 1990;
Burns1985; Ohtsuka et al. 2004; Duffy et al. 2005), environ-
mental stress of physical and/or chemical origin (Carpenter
et al. 1974; Hall and Alden 1997; Roman et al. 1993), starva-
tion (Tsuda 1994), and senescence (Ceballos and Kigrboe
2011; Saiz et al. 2015). The relative role played by each of
these factors in pelagic communities is still to be clarified,
but it is expected to vary in different assemblages, environ-
ments, and conditions.

Mortality in planktonic copepods can be estimated in
field samples from the occurrence of carcasses, which can be
distinguished easily from the exuviae generated by molting
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between developmental stages. The empty exoskeletons
derived from ecdysis differ from carcasses, which contain
traces of tissues even after an extended period of decompo-
sition (Tang et al. 2006). The number of studies that have
quantified copepod carcasses at sea is still limited, although
the non-predatory mortality has been estimated to account
for a remarkable fraction (1/4—1/3) of copepod mortality
(Hirst and Kigrboe 2002). Copepod carcasses contribute to
the downward fluxes of carbon and nitrogen and to fueling
the benthic system in oligotrophic areas (Frangoulis et al.
2011; Sampei et al. 2009, 2012). Copepod carcasses occur
everywhere in the water column and can be abundant in
epipelagic layers (Genin et al. 1995), although their num-
bers generally increase with depth (Wheeler 1967; Bottger-
Schnack 1995, 1996). In the upper layer, carcasses account
for a large fraction of total particulate organic carbon flux,
which can exceed the contribution of fecal pellets outside of
the phytoplankton bloom period (Sampei et al. 2009, 2012).
In the mixed layer, carcasses can remain in suspension for
days, up to five times the average duration owing to tur-
bulence (Kirillin et al. 2012). In shallow turbulent coastal
waters, the presence of copepod carcasses may be important
and failing to take them into the account can lead to incor-
rect estimates of zooplankton abundance and carbon fluxes.

Investigations of coastal zooplankton are generally based
on preserved samples and no distinction is made between
live and dead individuals. However, dead copepods can be
identified by visual discrimination in live and preserved
samples and by staining methods (Table 1 in Daase et al.
2014 and references therein). The most appropriate stain for
copepods is neutral red (NR), a vital stain that is incorpo-
rated into the lysosomes of live cells; the lack of NR uptake
corresponds to loss of cell viability and indicates a dead
organism (Dressel et al. 1972). Following the first publica-
tion of the laboratory protocol to sort dead from live marine
copepods based on their differential uptake of NR (Dres-
sel et al. 1972), the method was later refined for a broader
application in field studies to quantify copepod carcasses
(Tang et al. 2006; Elliott and Tang 2009, 2011a, b). Yet,
in spite of that, the method has been applied at a limited
number of locations so far, e.g., Chesapeake Bay (Tang et al.
2006; Elliott and Tang 201 1a; Elliott et al. 2013), the Gulf
of Mexico (Kimmel et al. 2009, 2010), the Chilean coast
(Yanez et al. 2012), and Sevastopol Bay in the Black Sea
(Litvinyuk et al. 2011; figure 3 in Tang and Elliott 2014). In
the Mediterranean Sea, copepod carcasses have been taken
into account only in few studies (Frangoulis et al. 2010,
2011) and their differentiation using staining methods was
reported only recently in the Levantine Sea (eastern Mediter-
ranean) (Besiktepe et al. 2015).

The present study estimates non-predatory mortality in
copepods by applying the NR method in the inner Gulf of
Naples (southern Tyrrhenian Sea, western Mediterranean),
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where the dynamics of zooplankton is being monitored since
1984 in a long-term time series (Ribera d’Alcala et al. 2004).
Various aspects of community and population dynamics
have been examined using this time series, and particular
attention has been paid to the copepod assemblages (Maz-
zocchi and Ribera d’Alcala 1995; Di Capua and Mazzocchi
2004; Mazzocchi et al. 2006, 2011, 2012), but the contri-
bution of copepod carcasses has not been considered thus
far. The aims of the present study are to (1) enumerate the
copepod carcasses to evaluate their contribution to copepod
abundance during an annual cycle, (2) estimate the non-
predatory mortality rates in copepod species from carcass
abundance, and (3) evaluate the temporal patterns of specific
non-predatory mortality rates in relation to the population
seasonal cycle and the environmental conditions.

Materials and methods
Study site and environmental variables

The present study was carried out from 28 January 2013
to 23 January 2014 in the inner Gulf of Naples at station
LTER-MC (40°48.5'N; 14°15'E; ~75 m depth), site of the
long-term time series MareChiara ongoing since January
1984 (http://szn.macisteweb.com). Temperature and salinity
profiles from the surface to 70 m depth were obtained with
an SBE911 CTD mounted on a Rosette sampler equipped
with 12, 5 L Niskin bottles. Total chlorophyll a (chl a) con-
centration was determined at seven selected depths using
a spectrofluorometer. The mixed or stratified structure of
the water column was represented by the mixed layer depth
(MLD, Z,,). Between the two groups of criteria generally
used to define MLD from in situ observations of tempera-
ture and salinity profiles (Dong et al. 2008), we applied the
density gradient (Ay,) criterion over a 5 m depth interval.
The bottom of the mixed layer was the depth below which
the gradient was >0.05 density unit m™'.

Zooplankton sampling, staining and taxonomical
identification

Zooplankton samples for the time series were collected at
almost weekly frequency from 50 m depth to the surface by
vertical tows with a Nansen-type net (113 cm mouth diam-
eter, 200 pm mesh) equipped with a 1 L filtering cod-end
and hauled at low speed (0.7-1.0 m s~!) (see Mazzocchi
et al. 2011 for further details). For the present study, 47 fresh
samples were stained with NR (C,sH,;,CIN,) solution before
proceeding with counting as described below.
Immediately after collection, the sample was concen-
trated in a 500 ml plastic jar and 750-1500 pL of NR
solution (Sigma-Aldrich, Fluka Neutral Red) was added
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according to zooplankton abundance, for a final NR con-
centration of 0.15-0.3%. The sample was then placed in a
cooler in the dark at in situ water temperature and trans-
ported to the laboratory in 30-40 min (incubation time). In
the laboratory, the sample was concentrated on a 100 um
mesh Nitex screen and rinsed briefly with filtered seawater
to remove excess stain. The concentrated sample was then
re-suspended in a graduated vessel filled with filtered sea-
water up to a volume of 200 mL. At least two replicated
sub-samples of equal volume were taken with a large-bore
graduated pipette after carefully mixing to homogenize the
organism distribution. Each sub-sample was analyzed in a
mini-Bogorov chamber (10 mL). The analyzed fractions
varied from 1/8 to 1/20 of the entire sample and the num-
ber of copepods counted in each sample ranged from 187
to 3260 individuals, according to the organism abundance.
The counts were performed as soon as possible (as rec-
ommended by Elliott and Tang 2009) and always within
4 h after the incubation phase. The samples were analyzed
under a Leica M165 C stereomicroscope with dark and
light background. Stereomicroscope lighting is important
for distinguishing between live and dead copepods. The
animals alive at the time of staining appear entirely or
partly bright red, while dead animals remain completely
unstained. Adult copepods were identified to species level
and gender with the exception of Calocalanus and Oithona
males which were identified to genus level. All copepodite
stages (efficiently retained by 200 pm mesh net from CII
or CIII, according to species) were pooled in a single cat-
egory for each species or genus (e.g., Calocalanus, Oithona,
Corycaeus). Oncaeid males and juveniles were identified
to family level.

Method preliminary assessment

At the beginning of this study, the staining protocol outlined
above was applied to samples collected at station LTER-
MC in different seasons to test it at different zooplankton
abundances and under different conditions of temperature
(14-22 °C) and salinity (36.6-38.3) at the in situ pH of 8.
Changes in seawater salinity and incubation temperature
(in situ seawater temperature +2 to 3 °C) did not show any
visible effect on stain uptake and efficiency. However, we
observed good staining results at zooplankton abundance
<600 ind. m™ and lower staining uptake at zooplankton
abundance >600 ind. m~>, resulting in a light-pink color-
ation of the copepods. In case of higher abundances, the
quantity of NR solution added to samples was doubled. The
occurrence of carcasses in zooplankton samples highlighted
by the NR staining method was mainly assessed for cope-
pods (e.g., Dressel et al. 1972; Tang et al. 2006), because
other groups require a staining time that is inconveniently

long for field application (Crippen and Perrier 1974; Zetsche
and Meysman 2012). The method and the dye concentration
used here also proved to be the most appropriate for copep-
ods, and therefore only this taxonomic group was considered
here.

In mixed live copepod assemblages, we observed that
cyclopoids and harpacticoids showed a different and less
intense stain uptake than calanoids. Their bodies appeared
partially colored indicating the uptake of the stain and
therefore their vital condition. The absorption of NR was
more effective and visible in the antennules for Oithona,
in the urosome for Oncaea and Euterpina, and in the eyes
and furcal rami for Corycaeus and Farranula. This partial
absorption seems to indicate that these genera may require
longer time than calanoids for complete stain adsorption and
retention.

Mortality rates

To estimate the non-predatory mortality rates from the
occurrence of carcasses, laboratory observations were con-
ducted to follow the decomposition process of dead cope-
pods in a selection of taxa which were most abundant as
carcasses during the annual field study. Females, males and
copepodites of Clausocalanus spp., Acartia clausi, Paraca-
lanus parvus and Temora stylifera were sorted from live zoo-
plankton samples collected at station LTER-MC and killed
by thermal shock (20 min at —30 °C), which maintained
their body intact. Dead copepods were transferred individu-
ally and separately to 200 mL flasks containing 10 pum fil-
tered seawater and incubated in the dark at different tempera-
tures, which corresponded to the temperatures recorded at
the respective carcass peaks (Table 1). At regular intervals,
ranging from 1 to 6 h, all individual carcasses were checked
under a stereomicroscope (Leica M165 C) and their images
recorded by a digital camera (Leica IC 80 HD). The stages
of decomposition were identified according to the criteria
assigned by Tang et al. (2006: fig. 4). The non-predatory
mortality rates were estimated as m = D/[t(1 — D)], where
D is the fraction of carcasses (dead copepods) in the sam-
ple and ¢ is the time (days) necessary for complete body
decomposition at a given temperature (Tang et al. 2006).
This simplified approach, which allows a rough estimate of
non-predatory mortality based on live and dead copepod
abundances as acquired during the present study, is based
on the assumptions that the copepod populations were in a
steady state and that decomposition was the main significant
loss term.

The influence of environmental variables on copepod
non-predatory mortality was estimated with the Pearson cor-
relation test applied to the mortality rates and the surface
values of temperature, salinity and chl a.
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Tabl_e 1 Df:comp osition stages Taxa No. of Experimental In situ Decomposition time (h)
and times .(m hours) of COpePOd specimens temperature  temperature — -
carcasses in four key calanoid °C) °C) Initial stage Early stage Mid-stage Late stage
taxa in the laboratory (see
“Materials and methods” for Clausocalanus spp.
details) Females 15 1343 1542 10 46 70 170
Males 8 24 46 70 170
Copepodites 11 10 46 70 170
Acartia clausi
Females 6 22+2 21+3 6 24 46 105
Males 3 10 32 56 142
Copepodites 2 6 24 46 105
Paracalanus parvus
Females 6 22+2 20+ 4 24 32 56 79
Males 3 32 46 56 79
Copepodites 2 24 32 56 79
Temora stylifera
Females 6 26+ 1 23+£2 6 32 52 148
Males 3 32 46 56 148
Copepodites 1 6 32 52 148
Decomposition stages according to Tang et al. (2006)
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Fig. 1 Temporal patterns of a temperature (°C), b salinity, ¢ mixed layer depth (m) and d chlorophyll a at station LTER-MC in the inner Gulf of

Naples during the year of the present study

Results

The hydrographic conditions at station LTER-MC showed
surface temperatures ranging from 13.25 °C in late February
to 28.23 °C in late July (Fig. 1a), and surface salinity vary-
ing between 36.13 in mid-April and 38.09 in early October,
with ample weekly fluctuations (Fig. 1b). The water column
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was mixed from January to March; the seasonal stratification
of the upper 2—-15 m depth layer commenced abruptly in
April and lasted until late September, followed by a gradual
deepening of the mixed layer during the autumn (Fig. 1c).
The surface chl a concentration showed oscillations during
the year, ranging from a minimum of 0.11 ug L™' on 23
July to a maximum of 6.08 ug L' on 30 April, with peaks
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of similar amplitude recorded in May and late June—early
July (Fig. 1d).

Copepods accounted for 54.7 + 26.2% (mean = SD) of
total zooplankton abundance, ranging from a minimum of
75 ind. m~3 in December to peaks of 1304 ind. m~ in April
and 1418 ind. m~ in August (Fig. 2). Calanoids made up
75.4 + 13.2% of total copepod abundance, with the high-
est contribution (96.4%) in May; they were followed by
cyclopoids (21.7 + 11.9%), which increased their relative
importance in winter and late autumn, and by harpacti-
coids, which contributed very low percentages through-
out the whole year (2.9 + 2.1%) (Fig. 2). Calanoids were
represented by 77 species, but the records were dominated
by only a few species, i.e., Temora stylifera, Paracalanus
parvus, Acartia clausi, and Centropages typicus, which,
together with Clausocalanus spp. juveniles, accounted for
80% of total calanoid abundance during the present study.

The abundance of dead copepods showed a median value
of 25.7 carcasses m~>, but overall a large temporal variabil-
ity (Fig. 3). Carcasses were most abundant in May, August
(peak of 258 carcasses m~>) and October; they were neg-
ligible from mid-June to late July and in November, and
completely absent on a few scattered occasions. Carcasses
contributed a mean of 10.3 + 9.7% (range 0-33.8%) to total
copepod abundance and were predominantly represented by
copepodites (78.9 + 22.0%) (Fig. 3).

The majority of copepod carcasses were calanoids
(99.4 + 2.3%) and for this reason the analysis was focused
on this group. The abundance of calanoid carcasses was
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frequently lower in correspondence of higher abundance
of live calanoids (Fig. 4); however, no linear relationship
was found between the two categories even when carcasses
were lagged by one or two sampling dates after the live cala-
noids. Lack of relationship was found also between dead
and live juveniles, though juveniles prevailed over adults in
both calanoid carcasses (mean 78.9%) and in live calanoids
(61.6%). Carcasses were found mostly for Clausocalanus
spp., Temora stylifera, Paracalanus parvus and Acartia
clausi and showed a clear temporal succession (Fig. 5).
Clausocalanus spp. carcasses predominated from Janu-
ary to March (79.3 + 6.3%) and from October to January
(53.4 £ 33.3%); A. clausi and P. parvus made up most of the
carcasses from April to June, accounting for 43.7% (+31.9%)
and 40.2% (£23.8%), respectively; from July to September,
T. stylifera carcasses predominated (48.9 + 32.5%).

The experiment to determine the decomposition time nec-
essary to estimate the non-predatory mortality rates showed
differences in the four target copepod species (Table 1). The
times necessary for a complete decomposition of carcasses
were longer for Clausocalanus spp. at 13 °C (7 days) and T.
stylifera at 26 °C (6 days) than for A. clausi and P. parvus
at 22 °C (about 4 and 3 days, respectively). Decomposition
times did not differ between adults and copepodites, with the
exception of A. clausi males, which had longer decomposi-
tion time (6 days) than females and juveniles.

In Clausocalanus spp., non-predatory mortality rates
based on decomposition time and fraction of carcasses in the
sample were generally higher in periods of low population
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abundance, as in mid-May, mid-August and December
(Fig. 6a). In A. clausi, mortality increased with the decrease
of the population abundance in May and peaked at the end
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of the population seasonal cycle in mid-July (Fig. 6b). In
P. parvus, mortality was highest after the spring popula-
tion peak and in January 2014, corresponding with very



Mar Biol (2017) 164:198

Page 70f 12 198

100 -
90
@ ]
g 1
8 80
[+
(=]
4
g 70
3
o
e 60
=
S
‘_E 50
]
o 40
S
s
2 30
-
3
2
T 20
c
]
10
R
«'3’ ‘0,("‘0,\'5 ‘0;3’ &;3’ «\"’ ‘;\'5 ,\:\'56\?’&\"’6’@\\;{5 \;\‘5{\'5«\ «'{5«0\;@\":h\'\'b\"{bé{bg\&(b\g@s{&q& >0 "\%éf\%é;@\'Qéf{béf\%«(bd:{b\\'\%\!:{bU\%G\%G'(bd’:bd\%«\b‘("\b‘(\:\h
B e (P B 4 28 o $& 5 8 @\@&pyyyysoyyo FR BB o o o P00 0 o8 P P o &
§ Lo 3 ¥ & B FAR P (P 212 NN I PR L » »
rﬁé\fé‘,ﬁhw@@v@\ﬁ@\@m\@ WY X G S FaTTaT 0,000 07 @G R AN (B WS RS AT
@ Clausocalanus spp. O Acartia clausi m Paracalanus parvus Temora stylifera
Fig. 5 Percentage contribution of four calanoid taxa to total calanoid carcasses at station LTER-MC
A 00 ro0s B 0 I ro0s
\ —
= ll 045 & [ 0.45 S
3 \ ° £ " °
£ | Fosa 3 3 \ Foa 3
<5 300 ‘| h T £ 300 U T
£ \ " Fo3sg L 035 @
8 h g 3 ] Ey
c N n t o3z @ £ I tos §
$ N 2 3 ) ! 3
5 \ L o_zsg % 200 ' 1 0.25 g
c | Loz & € TR Loz &
2 -~ ’ g
2 Loiss = 015 &
H B R '
g g 2 ! B
2 005 g 7 - 4 \ 005 ~—
e o R P’ Srrrrrd e #t 0
RHRRIRRDRIDDDRD DD DD DD DS
I HCHE ISP R U AR R e M M R P
& ’;‘)ﬂ" ﬁ,@’@,@ w’i;f‘ﬁ.ﬁ? ) '3’,\0 o @:\"w\»"&v" g &4 S w?f°¢§° ’é,,e" \9,& 0,0° e '99
= = total population non-predatory mortality rate = == total population non-predatory mortality rate
C.wo 1 D 100 - r 05
_ L oo - 045
& L os § £ 500 ] oa 3
< 300 + £ 3
£ to7 3 g 035 %
8 5 £ ] L Iy
< Los & & 600 03 &
1 § $
§ 200 ros g -g % 3
2 o o
H Loa = § 400 oz 2
2 o, = o
2 Los € 3 015 £
3 100 3 2 3
2 AN Loa & & 200 ol &
: " T g
I L = 005 =
° \ \ v\ o1 = 8 AN X
2 \ /= -
0 . —— ° 0 -+ A ARARAA AL A 0
PRI DRIDIRLD DL DDD DD DD DD S SIS EIELEEEL LSS ET S S5 IE
5 g T PP A I T F NP ST P T S T T

= = total population

non-predatory mortality rate

= non-predatory mortality rate

Fig. 6 Annual cycle of total population abundance (ind. m™>, dashed line) and non-predatory mortality rates (day~", continuous line) of a Clau-
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low total abundances; the period following the summer
peak of abundance was characterized by continuous and
quite high mortality rates (Fig. 6¢). In T. stylifera, mortal-
ity rates showed similar high values in different phases of
the population cycle, i.e., before the primary (August) and

secondary (October) peaks of abundance as well as during
the following periods of low abundance (September, Decem-
ber, January). In this species, mortality was zero during the
long period (January—July) that preceded the start of the
steep population increase in summer (Fig. 6d).
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Table 2 Non-predatory mortality rates (day™') in four key calanoid
taxa at station LTER-MC

First quartile Median Third quartile Max Mean

Clausocalanus spp.

Females 0.00 0.00 0.02 0.10 0.02

Males 0.00 0.00 0.00 0.00 0.00

Copepodites 0.05 0.07 0.14 0.76 0.12
Acartia clausi

Females 0.00 0.01 0.13 0.18 0.06

Males 0.00 0.01 0.07 0.11 0.03

Copepodites 0.01 0.04 0.08 0.17 0.05
Paracalanus parvus

Females 0.00 0.00 0.03 0.33 0.04

Males 0.00 0.00 0.00 0.35 0.01

Copepodites 0.03 0.11 0.25 0.60 0.14
Temora stylifera

Females 0.00 0.02 0.11 0.22 0.06

Males 0.00 0.01 0.07 0.25 0.06

Copepodites  0.00 0.02 0.15 0.28 0.07

Table 3 Pearson correlation coefficient calculated between environ-
mental variables and non-predatory mortality rates of the key cope-
pod taxa (total population) at station LTER-MC

Clausoca- Acartia clausi  Paracalanus Temora

lanus spp. parvus stylifera
Temperature 0.08 -0.24 —0.07 0.18
Salinity -0.21 0.25 -0.19 0.25
Chlorophylla —0.22 -0.23 -0.07 -0.02

Overall, the non-predatory mortality rates differed among
species and varied between genders and stages within spe-
cies (Table 2). The rates were higher in copepodites than
in adults in P. parvus and Clausocalanus spp.; in A. clausi,
mortality rates were similar in adult females and copepodites
and were slightly higher than in adult males; in 7. stylif-
era, the mortality rates were similar in adults and juveniles
(Table 2). There were no significant correlations between
non-predatory mortality rates in these four calanoids and
any of the environmental variables taken into consideration
(Table 3).

Discussion

The present study provides the first estimate of copepod
non-predatory mortality in the coastal waters of the western
Mediterranean Sea by assessing the number of copepod car-
casses using the neutral red method. This staining technique
can be used easily and reliably following a standardized
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protocol (Elliott and Tang 2009) and was shown to be the
most robust method to establish the vital state of zooplank-
ton larger than 50 um in a comparative test among three
procedures for determining plankton viability (Zetsche and
Meysman 2012). Yet, this method has not become wide-
spread, in contrast to the more laborious visual discrimina-
tion (Daase et al. 2014). The present study, conducted in
the frame of the long-term zooplankton monitoring in the
inner Gulf of Naples (Mazzocchi et al. 2011, 2012), is one
of the few investigations estimating copepod non-predatory
mortality during an entire annual cycle of the entire copepod
assemblage, as well as its component species.

The percentage contribution of dead individuals to total
copepod abundance was highly variable, as also recorded
in other coastal, estuarine and oceanic regions by using
different methods (Daase et al. 2014, their Table 1; Tang
et al. 2014; Besiktepe et al. 2015). The mean percentage of
copepod carcasses at our sampling station (10.3%) was very
close to the lower limit of the range (11.6-59.8%) reviewed
for marine zooplankton by Tang et al. (2014, their fig. 1). It
was higher than the carcass contribution reported at a coastal
site of the Levantine Sea in the eastern Mediterranean (2.6%,
Besiktepe et al. 2015), but very similar to the average per-
centage observed in open waters of the same basin (10.6%,
Besiktepe et al. 2015). The wide range in the proportion of
dead copepods reported in these studies likely reflects the
large variety of natural conditions, including differences in
season, local hydrology and stressors that may affect cope-
pod assemblages.

The causes of non-predatory mortality that generate
copepod carcasses in the field are numerous and varied, but
difficult to ascertain. Only in a few cases have factors been
identified, such as, in Acartia tonsa, hypoxia for nauplii (but
not copepodites) (Elliott et al. 2013), or increasing water
temperature for both larval and juvenile stages (Elliott and
Tang 2011b). The occurrence of dead copepods has been
generically attributed to adverse hydrological conditions in
an upwelling system (Weikert 1977) and in deep tropical
waters (Weikert 1982). No significant relationship between
hydrographic variables and carcasses was found either in the
Levantine Sea (Besiktepe et al. 2015) or in Chesapeake Bay
for copepods in a summer study (Tang et al. 2006) and in A.
tonsa during 2 years of monthly sampling (Elliott and Tang
2011a). We cannot rule out the possible effects of advection
on the abundances of live and dead copepods recorded at
our site, which lies at the border between the coastal and
offshore systems (Ribera d’Alcala et al. 2004) in an area
that is affected by intense vessel traffic characteristic of a
large port city. We recorded the peaks of carcass abundance
in summer, when the wind-driven circulation in the Gulf of
Naples is much weaker (Pierini and Simioli 1998; Gravili
et al. 2001) and would favor the retention of populations
within the coastal area. Summer is also the season of the
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most intense vessel traffic in the area and vessel-generated
turbulence may contribute to increases in carcass num-
bers, as reported in Chesapeake Bay where field sampling
and laboratory experiments demonstrated that turbulence
increased mortality in A. tonsa (Bickel et al. 2011). The most
frequently suggested source of copepod carcasses seems to
be the incomplete consumption by predators as reported by
Daase et al. (2014). However, during our study, copepod
carcasses did not show visible injuries that would indicate
feeding attacks as a possible cause of death. A mortality
factor in adult copepods could be aging, which is associated
with an increase in oxidative damage and a deterioration of
vital rates, though the adult life span, as monitored in the
laboratory, can be long and even prolonged in conditions of
caloric restriction (Saiz et al. 2015). In our sampling site,
the abundance of adult carcasses was low during most of
the year and non-predatory mortality affected the copepodite
stages more than adults, particularly in Paracalanus parvus
and Clausocalanus spp. Differences in the percentage occur-
rence of carcasses during the life cycle were also recorded
in other regions, with developmental stages, in particular
nauplii, being generally more vulnerable to non-predatory
mortality (Elliott and Tang 2011a; Besiktepe et al. 2015),
although conflicting evidence was reported by Martinez
et al. (2014). In our study, the predominance of copepodite
carcasses did not simply reflect the predominance of juve-
niles in the assemblage and we infer that it was probably due
to the vulnerability of these developmental stages to either
internal (physiological) or external factors that we could not
identify.

The complex interplay of different factors that may act
as possible causes of non-predatory mortality in copepod
populations overlaps with the seasonal changes of popula-
tion structure and abundance and leads to the remarkable
variability in the temporal pattern of dead copepods during
the year. The temporal occurrence of carcasses belonging to
copepod species that are always abundant at station LTER-
MC mirrored the seasonal pattern of these species distri-
bution (Mazzocchi et al. 2011, 2012). In winter, calanoid
carcasses were dominated by Clausocalanus spp. copepo-
dites. In that season, only C. paululus occurred among dead
adults (not shown), reflecting the numerical importance of
this species in the winter zooplankton associations (Maz-
zocchi et al. 2011). Mortality in the genus remained more
or less constant during that season until it dropped rapidly to
very low rates in spring, when carcasses of Clausocalanus
spp. decreased in numbers corresponding to an increase in
C. pergens abundance (unpublished data). In contrast, during
the autumn season, when C. furcatus was among the most
abundant copepods at station LTER-MC (unpublished data),
dead Clausocalanus spp. occurred during both peak and low
abundance periods of the population cycle; the highest mor-
tality rates recorded in late autumn might be responsible for

the low abundance of the genus in that period. The seasonal
differences in the patterns of Clausocalanus spp. carcasses
and mortality rates suggest different causes of death in this
genus (particularly in juveniles) and we cannot exclude that
these patterns reflect specific characteristics of congeners
that occupy different ecological niches at local (Mazzocchi
and Ribera d’Alcala 1995; Peralba and Mazzocchi 2004)
and latitudinal (Peralba et al. 2016) scales. In the spring
species Acartia clausi, carcasses appeared after the rise of
the population and mortality rates peaked during and after
the declining phase of population abundance, suggesting a
role of non-predatory mortality in the recurrent late-summer
fading of this species in the area (Mazzocchi et al. 2012).
The patterns of carcass occurrence in P. parvus also sug-
gest that non-predatory mortality contributes to shaping the
temporal distribution of this species in the inner Gulf of
Naples (Mazzocchi et al. 2012), as observed for A. tonsa in
lower Chesapeake Bay (Elliott and Tang 2011b). In Temora
stylifera, the non-predatory mortality rates show, starting
from the rise of the population in summer, regular oscilla-
tions between lows and peaks of similar amplitude, which
suggest that this process is an intrinsic feature independent
of the phases of the population cycle. A high percentage of
carcasses in a population after its abundance peak does not
necessary indicate a senescent population; in our study area,
all these species continue to reproduce during the period
of lowest abundance at the end of their seasonal cycle, as
shown by the notable contribution of juveniles to total popu-
lation numbers (unpublished data) and carcasses.

The non-predatory mortality rates in the populations of
Clausocalanus spp., A. clausi, P. parvus and T. stylifera at
station LTER-MC were compared to the global rates and
patterns reviewed by Hirst and Kigrboe (2002) at tempera-
tures similar to those recorded in the Gulf of Naples. The
mortality rates estimated for Clausocalanus spp. fall within
the ranges reported for sac spawners by Hirst and Kigrboe
(2002) and those estimated for P. parvus, within the ranges
reported for broadcast spawners. The rates estimated for A.
clausi and T. stylifera were lower than the rates reported by
Hirst and Kigrboe (2002) for broadcast spawners at the tem-
peratures of their respective seasons. The method we have
applied to estimate the non-predatory mortality rates from
the in situ occurrence of carcasses and the times of their bac-
terial decomposition in the laboratory (Tang et al. 2006) rep-
resent a simplified approach that is easy to apply for monitor-
ing data. This method assumes that the copepod populations
are in a steady state, a condition hardly verifiable at sea, but
that can be inferred in our study, given the short time interval
(mostly a week) from two successive sampling events and
the observation that the duration of certain trophic states
in the system is in excess of a week (D’Alelio et al. 2015,
2016). Elliott and Tang (2011b) propose a more accurate
model to derive non-predatory mortality from carcass data,

@ Springer



198 Page 10 of 12

Mar Biol (2017) 164:198

but the staged abundances of nauplii and copepodites neces-
sary for that model are not available for the present study.
In addition, bacterial decomposition is likely an important
loss process in the field, but others, for instance, advection
and sinking out of our sampling depth (50 m) may also play
arole in the disappearance of carcasses, contributing to their
notable temporal variability in abundance.

Assessing mortality rates in copepod populations is
important for gaining a better understanding of temporal zoo-
plankton dynamics, and accurate carcass identification and
enumeration is an easy method for estimating the non-preda-
tory component of mortality at sea. Moreover, non-predatory
mortality in copepod species and developmental stages is
a crucial term for a better tuning of population dynamics
in individual-based models, which help understanding the
population cycles in relation to possible factors that cause
individual loss (e.g., Mazzocchi et al. 2006). Knowing the
temporal variations of non-predatory mortality allows quanti-
fication of the potential contribution of copepod carcasses to
the downward flux of organic detritus (Frangoulis et al. 2010,
2011; Ivory et al. 2014). Copepod and other zooplankton
carcasses can represent a substantial amount of downward
carbon flux at sea (Frangoulis et al. 2010) and contribute to
fuel the plankton—benthos coupling in the form of organic
material that can be used by benthic detritivores, especially in
winter when copepod carcasses may persist for a week before
complete degradation (our “Results”). Moreover, enumer-
ating carcasses allows a better quantification of the trophic
relationships in the coastal planktonic food webs, where the
calanoid species analyzed in the present study play a con-
spicuous role (D’Alelio et al. 2015).

The easy applicability of the neutral red method and the
results of the present annual study foster efforts to quan-
tify the abundance of copepod carcasses and investigate the
impact of non-predatory mortality in the copepod assem-
blages as part of the routine sampling in long-term time
series. The occurrence of dead copepods showed recurrent
features in Chesapeake Bay during a 2-year study, suggest-
ing that carcasses may be a persistent feature in an area (Elli-
ott and Tang 2011a), although the low number of studies that
have quantified copepod carcasses at sea prevent us from
generalizing the results obtained so far. Long-term monitor-
ing of copepod carcasses at sea in relation to environmental
conditions would allow exploration of interannual variability
in their occurrence in response to climate change and epi-
sodic events, contributing to a better understanding of the
causes of non-predatory mortality and its influence on the
population dynamics and fluxes at sea.
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