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Abstract

Experiments to determine egg production and feeding rates of Oithona davisae were carried out under
controlled laboratory conditions. From copepodite IV stage on, the animals were fed the heterotrophic
dinoflagellate Oxyrrhis marina in a wide range of concentrations (from 10 ug C L~1to 286 ug C L—1), and adult
females were daily monitored to study different aspects of their fecundity. Both clutch and egg-production rate
increased with food concentration, with values from 8 to 20 eggs for the clutch size, and from 1.8 eggs to 6.3 eggs
female—! d—! for the egg production. In addition, to assess the efficiency of conversion of food intake into egg
mass, two feeding experiments were conducted. Maximum weight-specific ingestion rates (= 80% body C d—1)
and the egg-production efficiency (16%) were lower than those reported for free-spawning calanoid copepods.
The fact that satiating food concentrations for feeding and egg production of adult females of Oithona davisae
were rather low suggests an adaptation to exploit oligotrophic environments, and might explain the ecological
success of the genus in situations when food becomes limiting for other groups of copepods.

It is widely accepted that small copepods (< 1 mm) are
important, but poorly studied components of marine
pelagic communities (Turner 2004). They were often
neglected from samplings in past years until several authors
(Paffenhofer 1993; Gallienne and Robins 2001) warned
about the bias due to use of coarse mesh sizes (> 200 um) in
plankton nets. This fact was actually not something new,
because some studies from the early 20th century already
pointed out the relevance of small copepods (Bigelow 1926;
Fish 1936) and the need to use fine-mesh nets for correct
estimates of zooplankton abundances (Evans 1973).

The marine cyclopoid copepods, and in particular the
genus Oithona, have raised special interest in recent years
due to its high abundance and ubiquitous presence (Uye
and Sano 1998; Gallienne and Robins 2001) both in coastal
and oceanic regions, and due to a range of distribution
extending from polar to tropical latitudes (Nielsen and
Sabatini 1996; McKinnon and Klumpp 1998). Besides their
numerical dominance, Oithona also make up a significant
fraction of the copepod biomass in some temperate areas
(McLaren et al. 1989; Hay et al. 1991) and might be
especially relevant at high latitudes in autumn and winter
conditions when other copepods are not active in the upper
layers (Kiorboe and Nielsen 1994; Nielsen and Sabatini
1996). Their described low metabolic rates (Lampitt and
Gamble 1982; Nakamura and Turner 1997; Castellani et al.
2005b), coupled with an ambush feeding behavior and low
motility, are considered the clue of their success (Paffenho-
fer 1993) and of their capacity to maintain constant
populations throughout the year (Lampitt and Gamble
1982; Sabatini and Kierboe 1994).

Although new insights on the ecology of Oithona have
been acquired in the past decade (Nielsen et al. 2002;
Temperoni et al. 2011), knowledge on their vital rates is still
very scarce. Some field studies report the feeding activity
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(Nakamura and Turner 1997; Castellani et al. 20054, Atienza
et al. 2006) and egg production (Ward and Hirst 2007;
Dvoretsky and Dvoretsky 2009; Drif et al. 2010) of several
Oithona species in different ecosystems. Moreover, very few
laboratory studies have dealt with aspects related to their
reproductive biology (Eaton 1971; Sabatini and Kierboe
1994) and feeding responses (Drits and Semenova 1984; Saiz
et al. 2003). This lack of studies on the ecophysiology of
Oithona contrasts with the large amount of studies conducted
on calanoid copepods on aspects related to feeding, growth,
and egg production. In fact, to our knowledge, only Sabatini
and Kierboe (1994) have conducted laboratory experiments
regarding the reproductive biology and growth of the
congeneric species Oithona similis.

Here we present laboratory experiments done under
controlled conditions to study the egg production and
feeding rates of adult females of Oithona davisae. This
species was originally distributed in coastal waters of the
West Pacific Ocean, but presently it can also be found in
coastal waters of the United States and Chile, the Black Sea,
and in the Northwest Mediterranean as an invasive species
(Razouls et al. 2005-2012). Our main goals were to study
how food concentration affects the feeding and fecundity of
O. davisae; to determine how clutch size and the fraction of
ovigerous females vary with food availability; and finally, to
assess their egg-production efficiency (gross growth efficien-
cy, GGE). Such information on fecundity, growth rates,
critical feeding thresholds, and maximum daily rations
provides required information to better understand the life
strategies within the genus and the species’ capability to cope
with environmental variability.

Methods

General procedure—Experiments were conducted on
adult females of Oithona davisae coming from a continuous
culture kept in our laboratory at the Institut de Ciéncies del
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Table 1. Oxyrrhis marina. Nominal initial food levels (in
cells) and the corresponding actual average concentrations (in
cells and biomass) of prey in the two feeding experiments
conducted.

Nominal Actual average concentration
concentration
Experiment (cells mL—1) (cells mL—1) (ng CL-1

1 50 32+1.0 10=0.3
100 63+1.0 20+0.4

200 157+5.0 51£1.8

400 318+4.0 104+1.5

800 672x4.0 219+1.3

1200 880+6.0 287+1.9

2 50 33x1.0 10=0.3
100 72*1.0 21%0.3

200 150=5.0 44+1.4

400 288+9.0 85+2.6

800 614=11.0 181+3.3

1200 969+22.0 286+6.5

Mar (Barcelona, Spain) since October 2000 (Saiz et al.
2003). Individuals of O. davisae were kept in 15 liter
transparent plexiglass cylinders (24 cm diameter) filled with
0.1 pum filtered seawater and grown under a 12 h light: 12 h
dark cycle at 18°C in a temperature-controlled room. The
copepods were routinely fed the heterotrophic dinoflagel-
late Oxyrrhis marina (equivalent spherical diameter, ESD
= 16 um), which were at the same time fed the cryptophyte
Rhodomonas salina (ESD = 8 pum) grown in /2 medium
(Guillard 1975).

In order to examine the effect of food concentration on
the egg production, a cohort of Oithona davisae was created
and fed with different concentrations of Oxyrrhis marina.
Figure 1 shows a schematic outline of the followed
procedures. To begin the cohort, the stock culture of O.
davisae was fed ad libitum (i.e., > 1200 cells mL~1!) with O.
marina during 24-48 h to maximize the egg production of
the adult females. Females were carefully concentrated on a
submerged 132 um sieve, and then transferred into a new
cylinder filled with filtered (0.1 um) seawater for 24 h, to
allow the hatching of the eggs. After that period, the
females were removed from the cylinder using a 100 um
sieve submerged in seawater, and the recently hatched
nauplii (NI) were fed ad libitum until they reached the
copepodite IV-V stage (CIV-CV). Then the culture was
split into six aliquots and transferred into new cylinders
filled with filtered seawater, in which copepods were kept
under starvation for ~ 48 h in an attempt to homogenize

the past well-fed conditions experienced in the stock
cultures. After that time, food concentration in each
cylinder was adjusted to the desired concentrations of O.
marina (nominally 50, 100, 200, 400, 800, or 1200 cells mL—1;
Table 1). Food concentrations were daily checked using a
Multisizer III particle counter (Beckman Coulter) and
adjusted to keep them constant during the experimental time.
The suspension in two-thirds of the cylinder was renewed
every second day to ensure a fresh supply of food. The females
were kept in acclimatization to the respective food levels and
daily checked until the presence of the first egg sacs was
observed (~ after 72 h). From that moment onward, egg
production was monitored (Fig. 1, see below). All the
incubations and experiments were conducted in a con-
trolled-temperature room at 18° = 1°C.

Monitoring of egg production in the cohort—During the
experimental period, we determined the percentage of
ovigerous females, the clutch size, and the size of both
females and eggs in the six cylinders with the different
concentrations of Oxyrrhis marina. A sample (~ 250 mL)
was daily taken from each cylinder (except on day 6), and
females were inspected under the stereomicroscope and
dead animals removed (< 1%, mostly males). Afterward,
the samples were preserved in 1% buffered-formaldehyde
for later assessment of the percentage of ovigerous females
and also to estimate clutch sizes by dissecting the egg sacs.
The water volume in the cylinders was kept constant by
adding either the corresponding fresh suspension of O.
marina or filtered (0.1 um) seawater.

Feeding and egg-production experiments—Two feeding
and egg-production experiments were conducted during the
experimental period at different reproductive phases. The first
experiment was carried out on day 4, when females carrying
eggs were not yet present at the lowest food condition (50 cells
mL~1); the second experiment was carried out on day 9, when
in all food levels ovigerous females were most abundant.

Feeding rates were obtained by incubating adult females
of Oithona davisae in bottles (treatment bottles) with the
different suspensions of Oxyrrhis marina (Table 1) and
measuring the change in prey concentration relative to the
bottles with the same food suspensions but with no
copepods (control bottles) after the incubation time. For
each food level, three treatment, three control, and two
start bottles (time 0) were prepared. The culture of O.
marina used to prepare the prey suspensions was not fed for
48 h before the experiment started to ensure that only O.

experimental period

starvation |acclimatization
“ash| 2
NI CIV-V Day 1

Fig. 1.

12 days

Day 4* Day 9** Day 12

Schematic representation of the experimental design. One asterisk (expt 1) and two

asterisks (expt 2) indicate when the feeding experiments were carried out.
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marina was offered as prey. Prey suspensions were prepared
by filtering the stock culture using a 10 gm mesh (O. marina
squeezes through the 10 um mesh) to remove detrital
material, and then by diluting the prey stock with filtered
(0.1 pm) seawater to achieve the corresponding food
concentrations (Table 1). A nutrient mixture (15 gmol L—!
NH,4Cl and 1 umol L—! Na,HPO,) was added to each food
suspension to compensate for nutrient enrichment due to
copepods’ excretion.

Adult females were removed from the cylinders and
carefully concentrated on a submerged sieve of 100 um
mesh, rinsed in filtered seawater, and then picked out and
transferred to the corresponding food-level treatment
bottles. Experiments with food levels of 50, 100, and 200
cells mL—! were conducted in 310 mL Pyrex bottles with,
respectively, 24, 33, and 40 adult females each; and
experiments with higher food levels of 400, 800, and 1200
cells mL—1! were conducted in 130 mL Pyrex bottles with,
respectively, 27, 31, and 34 adult females each. The bottles
were completely filled, and plastic film was put over the
mouth of the bottle to prevent the presence of air bubbles
during the incubation. Food concentrations at time 0 of the
experiment were checked by preserving 50 mL of each start
bottle in 2% acid Lugol’s solution, which were later
counted under an inverted microscope. Bottles were placed
on a plankton wheel (0.2 revolutions min—!, end over end)
at a fixed temperature (18° = 1°C) in controlled light
conditions (12 h light:12 h dark) during the incubation.
After the incubation time (~ 24 h) the females were
checked under the stereomicroscope to ensure that they
were alive and that they swam normally (97-100% of
females were viable). Copepods were then transferred to
small vials and fixed in 1% buffered-formaldehyde for later
sizing and counting of both females and egg sacs. From
each control and treatment bottle, a subsample of 75 mL
was preserved in acid Lugol’s solution (2% final concen-
tration) and subsequently settled and counted under an
inverted microscope for determination of Oxyrrhis marina
concentration at the end of the experiments.

Clearance and ingestion rates were determined for each
food level according to Frost’s equations (Frost 1972), after
verification that prey growth rates in treatment bottles were
statistically different from those in the control bottles (7-test
at the 0.05 significance level). Clearance rates were fitted to
an exponential decay function as follows:

F=Fpe "€ (1)

where Fi. 18 the maximum clearance, C is the concentra-
tion of food, and / is the decay rate.

Ingestion rates were fitted to a Type II functional
response model using the Ivlev (1961) equation as follows:

I =Inux (1—e ") (2)

where I, is the maximum ingestion rate, C is the food
concentration, and o is the rate at which ingestion
approaches the maximum rate. The critical or saturating
food concentration (K; i.e., the threshold concentration
below which feeding is food-limited), was calculated as the

food concentration at which ingestion equals 95% of the
maximum ingestion rate (Almeda et al. 2010).

For the females corresponding to the feeding experi-
ments, the percentage of ovigerous females was determined,
and their mean clutch size was quantified by dissecting all
egg sacs present. The average population egg-production
rates (EPR, eggs female—! d—1), computed for the ensemble
of ovigerous (i.e., carrying egg sacs) and non-ovigerous
(i.e., not carrying egg sacs) females, was calculated using
the egg-ratio method according to the following equation,
modified from Uye and Sano (1995),

CS x OF

EPR = TF it (3)
where CS is clutch size (eggs female—1), OF is the number
of ovigerous females present in the sample, TF is the total
number of females, and IT is the inter-clutch time (days).
We have used the inter-clutch time determined by Uye and
Sano (1995) instead of the hatching time (as can be found
elsewhere in the literature [e.g., Sabatini and Kierboe 1994;
Castellani et al. 20054]) because the inter-clutch time for
Oithona davisae is longer than the embryonic time at the
corresponding experimental temperature (respectively, 2.5 d
and 1.8 d; Uye and Sano 1995).

Weight-specific rates were estimated from size measure-
ments and carbon content-size relationships from the litera-
ture. In the case of Oxyrrhis marina, biovolume estimates from
the Multisizer Counter were converted into carbon using the
conversion factor 0.123 pg C um—3 for this dinoflagellate
provided by Pelegri et al. (1999). The carbon weight of both
eggs (Cegg, g C) and females (Cremate, g C) of Oithona davisae
were estimated by taking digital pictures with a camera
attached to an inverted microscope, using a 40X magnification
for the females and 100X for the eggs. For each experimental
condition, = 200 eggs and 20 females were measured from the
digital pictures by using the image processing program ImageJ
(W.S. Rasband, ImageJ, U.S. National Institutes of Health,
Bethesda, Maryland; http://imagej.nih.gov/ij/, 1997-2011). The
egg diameter (ED, pum) was estimated as equivalent circular
diameter from the area measurements in ImagelJ, and then the
egg carbon content was calculated using the equation given by
Uye and Sano (19995) for Oithona davisae:

Cege=5.32x10"* x ED*™ (4)

where C,g, is the egg carbon content (ug C) and ED is the egg
diameter (um). For adult females, because we expected
differences in individual biomass among the populations
grown under different food concentrations (reflected as
differences in length but also in width), we first estimated their
individual biovolume (um3) at each food level by using the
minor and major axis of the cephalothorax to build an
ellipsoid. Then using only the major axis (homologous to the
prosome length; PL, um), we estimated carbon content of the
females (Cgmate, #g C) for all conditions using the equation
given by Uye (1982) for this copepod species:

Cremale = 1.26 x 1074 X PL1»31 (5)

Finally, we computed an average carbon content : biovolume
factor, 6.74-10~8 ug C pum—3, which was used in all



Fecundity and feeding of Oithona davisae

379

feeding expt 2
100 - 1
80
8 feeding expt 1
<
g
& 60 A
3
@]
2 1
%D 40 - cells mL~
\2 ~[}-50
° O+ 100
20 4 —[4 -200
—& -400
‘ g —@—300
A
0 m—a—— ot —8-1200
r T T T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10 11 12
Experimental period (days)
Fig. 2. Temporal development of ovigerous females (%) present in the population under

different food levels (nominal concentrations, cells mL—1). Days when the feeding experiments

were carried out are indicated.

calculations to estimate the female biomass from the
biovolume measurements.

The efficiency of conversion of ingested food into egg
biomass (GGE) of adult females of Oithona davisae was
calculated as the slope (in %) of a major axis (MA) fitting
(i.e., Model II linear regression) between weight-specific
ingestion (WSI) and egg-production (WSEPR) rates. We
chose that model instead of ordinary least-squares regres-
sion fit (i.e., Model I) because both variables contain error
(i.e., they were not controlled by the researcher). Never-
theless, because GGE is typically calculated as the slope of
Model I linear fit (Castellani et al. 20054, Almeda et al.
2010), we also applied this fitting method to obtain values
comparable to other studies.

Results

Reproductive activity of the females—The time for the
first appearance of ovigerous females in the population
varied inversely with food concentration (Fig. 2). Females
carrying egg sacs contributed ~ 40% of the population on
day 2 in the highest food concentrations (800 and 1200 cells
mL~1); whereas, on the medium (200 and 400 cells mL—1)
and low (50 and 100 cells mL—!) food concentrations that
percentage was only achieved after, respectively, 5 and 8 d
of the experimental period (Fig. 2). Close to the end of the
experimental period, the proportion of ovigerous females
in the population achieved similar values in all food
treatments (= 75%; Fig. 2). The monitoring during the
experimental period was discontinued after day 12 because
the females population in the cylinders started to decline
(data not shown), both because of the daily removal of
individuals from the cylinders and the earlier mortality in
the populations kept at the highest food levels.

Feeding and egg-production rates—Both feeding experi-
ments provided similar rates (Fig. 3). Clearance rates found
in this study declined as a function of food concentration
(Fig. 3A), and the values (average = SE) ranged from
7.3 mL * 0.39 mL to 0.63 mL = 0.06 mL female—! d—1 at
the lowest and highest food concentration, respectively.
Ingestion rates increased asymptotically with increasing
food concentration, showing saturation food concentra-
tions (Ks) of 249 cells mL—! and maximum ingestion rates
of 737 cells female—! d—! (Fig. 3B).

In terms of weight-specific rates, daily ration (DR)
varied from 30% of body C ingested d—! at the lowest
food concentration tested, to maximum values of 80% body
C d-! (Fig. 3C). The saturation food concentration of
Oxyrrhis marina in terms of carbon was 56 ug C L—1.

The effect of food concentration on the fecundity of
Oithona davisae is shown in Fig. 4. Unlike the results
obtained with ingestion rates, it was observed that although
maximum values were similar between both experiments,
the rate at which both clutch size and egg production
reached those maximum values (the « parameter in the
Ivlev’s fits) were notably different. Females from expt 2
reached maximum EPRs at lower food levels than those
from expt 1, and we interpreted that as being due to the
young females from expt 1 lacking sufficient time to mature
their gonads. For that reason we only refer to egg-
production values from expt 2.

Both clutch size (eggs female—!, both sacs together;
Fig. 4A) and egg-production rate (eggs female—! d—1;
Fig. 4B) increased asymptotically with increasing food
concentration. Clutch size varied on average from 8§ eggs
to maximum values of 20 eggs (Fig. 4A); and although the
females produced eggs at the lowest food concentration
(10-20 ug C L—1), they never reached the clutch size of the
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highest food levels. The EPRs (eggs female—! d—1) found in
this study varied from 1.8 = 0.07 to 6.3 = 0.14 (Fig. 4B). It
is important to note that clutch size was only computed for
ovigerous females; whereas, the egg-production rate was
computed on a population basis (i.e., also includes non-
ovigerous females). The critical concentration of food at
which saturating values (K;) for egg production (EPR)
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were found was 81 ug C L-1, with EPRs of ~ 5-6 eggs
female—! d—! above this threshold.

The weight-specific egg-production rates (WSEPR,
pg Cege fig Cing=! d=1) are shown in Fig. 4C. Values
(average * SE) ranged from 0.04 *+ 0.002 ug Cege g Cing™!
d=! to 0.12 = 0.003 ug Cee pg Cing~! d=1. Maximum
WSEPRs corresponded to those females carrying the
largest clutch sizes (20 eggs, on average).

Consistent with what we mentioned above about a likely
delay in the maturation of gonads in young females from
expt 1, a fact that would lead to an overestimation of the
egg-production efficiency (GGE; Fig. 5), we only used
expt 2 for the assessment of GGE. After running the two
different regression models for the estimation of the GGE,
we found that both major axis (MA) and ordinary least-
squares regression (OLS) fittings gave the same results
(MA slope = 0.16, 95% CI = 0.081-0.232; and OLS slope
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= 0.16, 95% CI = 0.080-0.230). Therefore, we use that
value of the slope (in percentage) obtained for further
discussion (i.e., 16%; Fig. 5).

Egg and female size—Figure 6 shows the relationship
between female size and female body weight with food
level. Females grown at higher food concentrations were
larger in prosome length and width (Fig. 6A), which
resulted in an asymptotic increase in body weight from
~ 0.22 pug C female—! to 0.26 pug C female—! as food
availability increased (Fig. 6B). On the other hand, the
mean diameter of the eggs (ECD = SE) varied from
41.8 ym = 0.18 um to 469 um = 0.24 pum, and was
positively related to clutch size (R2 = 0.67; Fig. 7A). There
was also a positive relationship between clutch size and
female body weight (Fig. 7B), but this relationship is
spurious because it was mediated by the fact that the
heaviest females corresponded to the populations grown
under the highest food concentrations (Fig. 6B).

Discussion

Feeding rates—Clearance rates found for Oithona
davisae decreased exponentially with food (Fig. 3A), with
maximum rates (= 7 mL female—! d—1) similar to the ones
found in other studies for the same species (6 mL female—!
d—1, Saiz et al. 2003). In situ maximum clearance rates for
other Oithona species have been reported to be higher than
those found in the present study (36 mL female—! d—1,
Atienza et al. 2006; 23 mL female—! d—!, Castellani et al.
2005a). But in most of the cases, the experiments were run
with larger species and different temperatures, and natural
seawater was used instead of a monospecific diet, which
makes the comparison difficult. However, when only
dinoflagellates were considered on in situ clearance rates
of Oithona, those were lower than, or on the same range as,
our values (1.7-3.1 mL female—! d—!, Nakamura and
Turner 1997; 0.6-10.1 mL female—! d—!, Castellani et al.
2005a; 6-7 mL female—! d—!, Atienza et al. 2006).

The ingestion rates of Oithona davisae followed a Holling
Type II functional response (Holling 1959), with almost
identical curves in both feeding experiments (Fig. 3B,C).
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(A) Relationship between food concentration (C) and female prosome length (PL, um) and width (um). (B) Michaelis—

Menten relationship (R? = 0.94) between food concentration (cells mL—!) and female body weight (ug C). Mean values and SE are shown.
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The maximum feeding rates (ingestion and clearance)
found in this study were similar to those reported for adult
females and higher than those reported for males and early
stages (Saiz et al. 2003; Kierboe 2008; Almeda et al. 2010;
see Table 2) of the same species. However, the functional
pattern found here (Type II) for adult females is different
from the one reported by Almeda et al. (2010) for early
stages of O. davisae, which exhibited a Type III functional
response with feeding threshold from 153 cells mL—! to
235 cells mL=1 (= 50-75 ug C L-1). The lack of feeding
threshold in adults of O. davisae could be explained as the
result of differences in prey detection capabilities between
adult and juveniles. Both juveniles and adults of Oithona
are strict ambush predators that detect motile prey from
hydromechanical signals (Paffenhofer 1993; Svensen and
Kierboe 2000). It could be that different numbers and
lengths of mechanoreceptors between developmental
stages of copepods could explain differences in their
feeding performances (Paffenhofer 1998). In this regard, it
has been described how copepod size is positively related
to the sensitivity to fluid deformation in the detection of
potential predators (Kierboe et al. 1999: Acartia tonsa).
Although those observations were focused on the stimuli
that a potential predator may originate, we think it could
also be applied to hydromechanical perception of prey.
That would imply that later stages might have a better
perceptive performance to detect prey than do earlier
stages.

It is also important to note that the satiating food
concentrations (K;) reported in this study for adult females
of Oithona davisae (249 cells mL—! = 56 ug C L-1) are
much lower than those reported for the early stages of the
same species by Almeda et al. (2010; from 700 cells mL—! =
200 ug C L=1 for NI-NII to 1130 cells mL—! = 320 ug C L—!
for CII-III stages). This fact is unexpected, because it is
typically considered that adult stages have higher satiating
food concentrations than do ecarlier stages. However, low
values of satiating food concentrations for adult females of
O. davisae have been previously found in the same species
(100 ug C L-1, Saiz et al. 2003) and on Oithona nana
(50-100 pug C L1, Lampitt and Gamble 1982). The lack of
Type 111 Holling functional response (i.e., the lack of a
feeding threshold concentration) of O. davisae adult
females, and the comparatively low critical food concen-
tration, seem to reflect a particular strategy in the adult
stage to perform well at low food availability. In fact, it has
been observed that Oithona similis can fed at very low
concentrations (< 1 ug C L—1, S. Zamora-Terol unpubl.),
even below our lowest food level, which therefore indicates
the possibility of a lack of feeding threshold for adults of
Oithona spp.

Maximum specific ingestion rates found in this study
(~ 80% body C d—1!) for adult females of Oithona davisae
are very likely within the maximum possible rates for
similar-sized Oithona species (80-125% d—!, Saiz et al.
2003); and certainly much higher than most previously

Table 2. Comparison of literature data on maximum ingestion (/;,,x) and clearance rates (Fp,.x) among different stages of Oithona
davisae feeding on the same type of prey (Oxyrrhis marina) in the laboratory.

Stages Ihax = SE (cells female—1d—1) Fr.x = SE (mL female—!d—1) T (°C) Reference
NI-NII 118+6 0.38+0.02 20.5 Almeda et al. 2010
NV-NVI 296+19 0.57+0.04 20.5 Almeda et al. 2010
C2-C3 517+25 1.11£0.05 20.5 Almeda et al. 2010
Males 640 2.6+£0.30 22 Kierboe 2008
Adult females — 6 21 Saiz et al. 2003
Adult females 737 7.3 18 this study
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reported maximum rates in the field for other Oithona
species (e.g., 17% [Castellani et al. 20054], 27% [Nakamura
and Turner 1997] and 35% [Drits and Semenova 1984]
found for Oithona similis, or 34% for Oithona spp.
[Atkinson 1996]). Despite that, the maximum daily rations
reported here are still lower than those typically reported
for similar-sized free-spawning copepods (which can be up
to two times higher; Paffenhofer 1988) and egg-carrying
calanoids (148% body weight, Paffenhofer and Harris
1976: Pseudocalanus elongatus). Such difference on daily
rations (DR, % body C ingested d—!) between Oithona and
calanoid copepods has been attributed to the ambush
feeding behavior, low motility, and low respiration rates of
Oithona (1.4-31.4% in a range of 4-30°C, Lampitt and
Gamble 1982; Hiromi et al. 1988; Castellani et al. 2005b).

Egg production—Oithona davisae EPRs and clutch sizes
found in this study are in good agreement with the in situ
values reported for the same species by Uye and Sano
(1995) in Fukuyama Harbour (i.e., 0.6 and 5.6 eggs
female—! d-! in winter and in summer, respectively).
Overall the values reported here for O. davisae fall within
the range of values reported in situ for other Oithona
species, and in particular the maximum specific-egg-
production rates we observed are very similar to the ones
reported in the literature (Table 3). It is worth noting that,
in our calculations of EPRs, we followed the approach by
Uye and Sano (1995) of using the inter-clutch time instead
of the embryonic time, which is more widely used in the
literature. We assumed that the inter-clutch time was only
dependent on the temperature, although we cannot discard
the idea that, very likely, food availability may also affect
it.

In our experiments, food concentration had an effect on
egg production of Oithona davisae by influencing the clutch
size and also the percentage of ovigerous females in the
population (Fig. 2). Even at the lowest food concentra-
tions, we observed the production of eggs, but with smaller
clutch sizes (Fig. 4A). Larger clutch sizes corresponded to
larger eggs, contrary to what is observed in other Oithona
species (Castellani et al. 2007; Dvoretsky and Dvoretsky
2009). We also found a positive relationship between clutch
size and female body weight, as has been found in other
cyclopoid and calanoid copepods (Runge 1984; Castellani
et al. 2007). In our particular case, however, food
concentration determined the final size and carbon content
of the females, thereby confusing the effects of any direct
relationship between female body weight and clutch size. In
the case of in situ studies, the largest clutches for certain
Oithona species typically occur in the most favorable
conditions within the year (i.e., when high availability of
food is present in the water column [Uye and Sano 1995;
Castellani et al. 20054, but see also Temperoni et al. 2011
for the lack of seasonal variation]). In our study, however,
the largest clutch sizes corresponded to the largest females
(Fig. 7B), not necessarily due to a direct relationship but
simply because those females were grown at the highest
food levels, which makes it difficult to ascertain causal
relationships.

Regarding the reproductive status of the population, the
number of reproductive females in the population was
affected by food availability and increased through time
during the experimental period, reaching maximum values
of 80% of females in ovigerous state (i.e., carrying egg sacs;
Fig. 2). In agreement with our results, Sabatini and
Kierboe (1994) found similar percentages of ovigerous
females (80%) on Oithona similis at the highest food levels
tested (300 ug C L-1). The females kept at low food
concentrations lagged behind; they started to evidence the
ovigerous state 5-8 d later than those at higher food levels.
This trend suggests a limitation in the gonad development
(Niehoff 2004).

We found that even at the lowest food concentrations
(10 ug C L=1Y) Oithona davisae showed relatively high WSI
and EPRs (~ 30% and 4%, respectively). The capability of
O. davisae to reach maximum EPRs at low food
concentrations may explain the year-round egg production
observed for this species and likely for other congeneric
species. A similar strategy was described by Jonasdottir
(1989) for the egg-carrying calanoid Pseudocalanus new-
mani, whose capability to achieve maximum EPRs at low
food concentrations could explain the observed year-round
production of eggs of P. newmani in Puget Sound. It is
worth noting, however, that our results contrast with the
observations for Oithona similis in the laboratory study
carried out by Sabatini and Kierboe (1994), in which no
egg production was observed at flagellate concentrations
below 20 pug C L—1. Although differences in life strategies
or body size between both Oithona species could explain
that discrepancy in food threshold, an alternative explana-
tion could be the use of a non-optimal diet, because the
maximum clutch sizes reported for O. similis by those
authors (13.7 = 0.4 eggs clutch—1) are lower than the values
found in field studies for the same species (up to 20-30 eggs
clutch—1, Nielsen and Sabatini 1996; Castellani et al. 2007;
Dvoretsky and Dvoretsky 2009; see Table 3).

The maximum WSEPR found in this study (0.12 d—! at
18°C) for adult females of Oithona davisae was lower than
the maximum specific growth rate reported for nauplii
(0.33 d—! at 20.5°C) but similar to copepodites (0.12 d—1 at
20.5°C) of the same species (Almeda et al. 2010). This is in
agreement with the observations of Uye and Sano (1998)
following the demography of the natural population of O.
davisae in Fukuyama Harbour, in which the maximum
weight-specific rates found for the adult females (0.14 d—1)
were lower than those for nauplii (0.35 d—1), although they
also reported high values for copepodites (0.44 d—1).
Sabatini and Kierboe (1994) also found a similar pattern
for Oithona similis (0.1 and 0.2 d—! for, respectively, adult
females and juveniles) in the laboratory. In the case of O.
davisae, the discrepancy between growth rates found for
adults (in the present study) and nauplii (Almeda et al.
2010), under presumably optimal and not limiting food
conditions, could be explained by the negative relationship
between specific growth rates and body weight under
satiating food conditions described by Almeda et al. (2010).
In any case, such differences between adult and juvenile
weight-specific growth rates appear not to be only parti-
cular to Oithona, but also extended to calanoid egg-carrying
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Reference
McKinnon and
Ayukai 1996
Hopcroft and
Roff 1996
Castellani et al.
2007
McKinnon and
Klumpp 1998

Specific-egg
production
rate (d—1)

0.069
0.02-0.13

0.017-0.13

rate (eggs
2.4
1-6

female—1 d—1)
2.3-15.3

48
410
5-208
39

size (eggs

Range clutch Egg production
per female)

Mean clutch
size (eggs per
female) = SD
5.3+0.2
7.5*1.6
10.5+1.58

Type

Field
Field
Field
Field

3-11.1

O
21.3-23.2
28
22.2-30.6

Temperature

Prosome
length (um)
270
=270
479-501
320

Location
Exmouth Gulf
Jamaican waters
North Atlantic
Cape York rivers

Continued.

Table 3.
Species

i Clutch size estimated from hatched nauplii.

+ Maximum specific-egg-production rate.
8 Eggs per sac.

Oithona simplex
Oithona spp.
Oithona sp.

* Total length.
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species (Paffenhéfer and Harris 1976: Pseudocalanus
elongatus). However, under optimal food conditions in
the laboratory, small broadcasting calanoids exhibit
maximum WSEPRs closer to the maximum specific
juvenile growth rates (Berggren et al. 1988: Acartia tonsa).
Our results, therefore, question the equivalence between
weight-specific egg production and juvenile somatic
growth for Oithona, the application of which in field studies
could result in erroneous estimations of total copepod
production.

Egg-production efficiency (GGE)—The estimated egg-
production efficiency for Oithona davisae in the present
study (16%) did not reach the typical 30% GGE assumed
for egg production in calanoid copepods (Ikeda and
Motoda 1978). It is indeed slightly lower than the value
for juvenile stages of O. davisae (21%) reported by Almeda
et al. (2010). The low growth efficiencies found during our
study for O. davisae suggest, therefore, either higher
metabolic costs or lower assimilation efficiencies than for
calanoid copepods. It has been typically attributed to
Oithona low metabolic rates (Paffenhofer 1993; Sabatini
and Kierboe 1994; Nakamura and Turner 1997), so lower
assimilation efficiency seems more likely. However, this
contrasts with the study by Almeda et al. (2011) on early
stages of O. davisae, who reported assimilation efficiencies
no different from the range of values reported in the
literature for calanoids.

We do not really know why assimilation efficiency would
be so different between juveniles and adults. It could be
argued that Oxyrrhis marina is not a suitable diet for egg
production. However, O. marina has been shown to be a
nutritionally good food item for calanoid copepods (Klein
Breteler et al. 1982); furthermore, in our stock cultures,
Oithona davisae has been easily maintained for years, which
indicates that it is a suitable prey. An alternative and more
likely explanation could be that maximum food intake of
adult females of O. davisae (and probably also of late
copepodites), constrained by the strict ambush feeding
mode, is relatively low in comparison to metabolic
requirements, which for this species at our experimental
temperature would be on the order of 21% (Hiromi et al.
1988). We cannot dismiss either (when comparing them
with free-spawning calanoids) that in cyclopoid species,
spawning frequency is limited by the fact that a new clutch
can only be released when the previous one has hatched;
whereas, for nauplii, the somatic growth might not be too
different. The lack of other studies with Oithona, however,
does not allow for strong conclusions about our hypothesis.
In this regard, it is also worth noting that Castellani et al.
(2005a) found higher GGE for Oithona similis (47% on
average), which was interpreted as a consequence of a
preponderantly carnivorous diet (ciliates); differences in
calculation methods could also help to explain the
differences with our data.

From an ecological point of view, the comparatively low
productive rates described for Oithona are probably
counterbalanced by the expected lower encounter rate with
predators, due to their low motility. In addition, the low
critical food concentrations exhibited by adult females in

|| Diet 1: Rhodomonas baltica + Heterocapsa triquetra + Oxyrrhis marina.

| Diet 2: R. baltica + H. triquetra.
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our study explain their capability to grow at maximum
rates in very diluted environments. Therefore, we suggest
that high abundances of Oithona, especially in situations of
unfavorable trophic conditions for calanoid copepods,
and their presence in a wide range of ecosystems, can be
explained by their feeding and reproductive strategies.
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