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Abstract Planktonic Oikopleura dioica respond almost instantly to opportunistic algal blooms, but it
is unknown whether the population increase can change from an exponential to a logistic model to avoid
a final sudden collapse. To test the hypothesis that intraspecific competition regulates the intrinsic rate of
natural increase (7), density-dependent effects on growth and reproduction performance were investigated in
O. dioica via laboratory incubations. Over a large food concentration range, batch maturation was observed
above the per capita food supply (PFS) of 8.1 pg C/ind. in 4.5 d. Somatic growth was saturated beyond this
PFS value, whereas gonad length increased continuously. Below this threshold, individuals reached small
body and gonad lengths, and maturation was rarely observed during the incubation period. The gonad/body
volume and maturation ratios also increased with the PFS. Instead of the food concentration, the  values
were regulated by competition pressure via variability in maturation duration and the proportion of mature
individuals in the cohorts. When the minimum food demand was satisfied in the designated generation
time, the 7 value tended to be regulated by the spawning proportion in the population. Otherwise, prolonged

development duration and decreased » values were expected.
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1 INTRODUCTION

Compared to that of classic crustacean herbivores,
the grazing of a pan-global appendicularian
Oikopleura dioica population can make a greater
contribution to the consumption of fleeting
phytoplankton blooms (Amelina et al., 2017), as they
are capable of removing a wide size range of particles
with mucous filters (Flood and Deibel, 1998; Gorsky
et al., 1999; Fernandez et al., 2004). Additionally,
these semelparous organisms proliferate with
extremely high intrinsic rates of natural increase ()
that are similar to those determined for some algal
species that reproduce by binary fission (Troedsson et
al., 2002). In view of their capacity for rapid blooms,
extremely high abundance of O. dioica has been
reported in brackish estuaries and harbors, i.e. in
Fukuyama Harbor of Japan (Uye and Ichino, 1995)

and Kingston Harbour of Jamaica (Hopcroft et al.,
1998). Since daily discarded house material calculated
for the population corresponded to 490%—1 100% of
its biomass (Sato et al., 2001), large number of
macroscopic aggregates produced by this organism
must contribute significantly to key oceanic processes.
The persistence of high r values during bloom periods
will lead to a J-shaped population size increase and
abrupt decline at/after the theoretical maximum. In
terms of carbon fluxes at depth, there will be a sudden
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deposition of dense carcasses at the end of population
growth in addition to the continuous discarding of
filtration houses and fecal pellets (Gorsky and Fenaux,
1998; Purcell et al., 2004; Alldredge, 2005; Robison
et al., 2005). Intrinsic growth rate regulation is the
key process for avoiding such sudden collapses,
which changes the population growth model to an
S-shaped curve. As dense patches were not common
in the existing field reports (Deibel and Lowen, 2012),
the population growth of O. dioica may be strongly
regulated by inter- and/or intraspecific interactions.
Both laboratory and mesocosm experiments have
shown the potential of predation regulation (Sommer
et al., 2003; Lopez-Urrutia et al., 2004; Stibor et al.,
2004), but there are no reports available on the
possibility of intraspecific competition, which is the
basic consideration for changing population growth
from exponential to the much more common logistic
model.

Competition for food is common in animal
populations. For appendicularians, their limited lipid-
storage ability and high metabolic activity suggest a
strong dependence on food standing stocks (Gorsky
et al., 1987; Deibel et al., 1992). In microcosms, a
negative  correlation was observed between
Oikopleura growth rates and biomass (Hopcroft et al.,
1998), though extremely high abundance was thought
to be the more likely reason than competition. The
maintenance food concentration, where assimilation
balances respiration, is generally very low, and as a
result, large O. dioica under natural conditions are
less likely to experience food-limited growth than
other mesozooplankton, but the growth of young
juveniles could be more limited by food concentrations
(Lopez-Urrutia et al., 2003b). In a laboratory study,
O. dioica attained a small body size at a high density
(200 individuals in 1 L) (Gorsky and Palazzoli, 1989;
reshown in Lombard et al., 2009b). Compared to the
results in laboratory incubations with a sufficient food
supply, natural populations generally achieved
smaller body sizes in bloom seasons (Uye and Ichino,
1995; Li et al., 2020).

We thus propose density-dependent growth
performance for O. dioica. In addition to natural
mortality, population size can be equally regulated by
fecundity, which is correlated with body size (Lombard
et al., 2009a). According to previous reports, the high
Fmax OF O. dioica was attributed to a short generation
time and high fecundity (Troedsson et al., 2002). As
the generation time at a given temperature is essentially
constant, fecundity is more likely the reason. O. dioica
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is known to be capable of regulating numerical oocyte
production over 2 orders of magnitude (Aksnes and
Giske, 1990), establishing this species among the
most adept clutch-size manipulators. The experiments
and model of Lombard et al. (2009a, b) suggested that
both extremely low and high food concentrations
might have negative impacts on growth rates.
However, the set-up of the previous experiment did
not allow taking into account of the density effect,
which may regulate the population dynamics through
altered competitive and trophic interactions,
potentially having significant ecosystem implications.
In particular, O. dioica performed well in warmer
conditions and benefited from low pH levels with the
background of global climate change (Troedsson et
al., 2013; Winder et al., 2017).

In this work, we have used a 3x4 cross-over design
to assess effects of intraspecific competition on
population growth in a wide food concentration range,
27219 ng C/L. We aimed to (a) investigate how
different densities of conspecifics modulate the
growth and reproductive physiological responses of
the competition pressure and (b) quantify the
environmental carrying capacity through the
relationship between » and available food along the
density gradient. For quantitative measurements of
the carrying capacity in terms of comparative food
sufficiency, the critical values for full development
were determined in the per capita food supply (PFS)
instead of the absolute food concentration based on
growth performance under various competition
conditions.

2 MATERTAL AND METHOD

2.1 Cohort establishment and generation
synchronization
Individuals of Oikopleura dioica (Tunicata,

Appendicularia) were collected in the Jiaozhou Bay,
Qingdao, China (35°03'N, 120°20'E) on June 20,
2017, using a plankton net with a large-volume cod-
end (10L). The samples were diluted into 50-L
buckets and transported immediately to the laboratory,
where healthy individuals were sorted and cultured in
a small room (approximately 10 m?) maintained at
18+1 °C using a standard air conditioner. The sorted
animals were reared in 10-L glass beakers in seawater
(filtered through 2-um cellulose acetate membranes),
stirred with a plastic paddle (25 cm deep and 6 cm
wide) rotating at 10 r/min, and fed a mixed diet of the
flagellate Isochrysis galbana, the diatom Chaetoceros
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gracilis, and the cyanobacterium Synechococcus sp.
at a proportion of 5:3:2 and a carbon concentration of
approximately 100 pg/L.

The protocol from Marti-Solans et al. (2015) was
followed to initiate a synchronized new generation. In
brief, we transferred 30 mature females and 15 mature
males into a mating beaker with 1.5 L of filtered
seawater (FSW) using a wide-bore pipette. After the
release of gametes, thousands of offspring were
incubated for 18-24 h to expand their first house.
Subsequently, the beaker was diluted one-fold (1/2
dilution) with fresh FSW chronologically on Day 1
(D1) and Day 2 (D2), and on Day 3 (D3), 200 animals
were transferred to a new beaker with 4 L of fresh
FSW. Then, the beaker was diluted 0.6-fold (2/3
dilution) on Day 4. On the morning of Day 5, most
animals synchronously matured and were ready for
the experiment. After each dilution, the previously
used diets were added in proportion to the total
incubation volume.

2.2 Experimental design and manipulation

Replicate design is necessary and efficient in
dealing with random error. However, for this most
rapid proliferation metazoan, real replicates are
impossible regarding high juvenile mortality and
short manipulation time window. Thus, we transferred
to crossover design similar to that commonly used in
medical experiments, instead of testing separately the
effects of density and food concentration with
replicates. Therefore, we did not assume each
combination as an independent replicate, but a joint
point in orthogonal design.

The experiment was conducted in a thermostatic
laboratory from September to October 2017. A
crossover design without replication was used with 3
levels of population densities and 4 levels of food
additions in this study. To form an independent cohort,
three couples of fully mature females and males were
selected randomly from the synchronized generation;
18 distinct cohorts were established in hatching dishes
(6 cm in diameter) with 50 mL of FSW. To synchronize
all cohorts, parental animals were forced to release
their gametes by gentle aspiration in a pipette. Then,
all dishes were placed in a speed-regulating vibrator
(HY-4H) rotating at 60 r/min for 5 min to mix the
eggs and male gametes together, and this time was
considered time zero (D0). After 15 h of hatching and
metamorphosis, when most of the fertilized eggs
hatched successfully (all juveniles were observed to
be actively filtering in their first house), three aliquots

of 20 mL were randomly isolated from the 18 cohorts
and photographed with a camera attached to a
dissecting microscope. All samples were then reunited
into 12 cohorts, and three density gradients were
established (high-H, medium-M and low-L). The
photographs of juveniles in each aliquot were used for
numerical counting and length measurement.

The reunited cohorts were divided into four groups
with three density gradients and cultured in 5-L glass
beakers under four different food regimes. In all
treatments, the culture volumes were 1.5 and 2.5 L of
FSW on D1 and D2, and the final volume was adjusted
to 4 L on D3. To control the food concentration, a
mono-diet of Isochrysis galbana was adopted for all
treatments. Based on the existing reference optimum
food concentration, ranging from 50-100 pg C/L
(Lombard et al., 2009a), the food regimes were
determined to be lower than optimal (LO, 25 pg C/L),
optimal low (OL, 50 pg C/L), optimal high (OH,
100 pg C/L) and higher than optimal (HO,
200 ug C/L). Among them, the LO treatments
corresponded to oligotrophic oceanic conditions, the
OL and OH treatments corresponded to mesotrophic
conditions, and the HO treatments corresponded to
eutrophic conditions. To avoid the potential that
filtering organs would be clogged by excessive
feeding, the food supply in the treatments was
increased gradually to the final concentrations on D3.
Before the daily food additions, microalgal solutions
from the same batch were prepared according to the
highest concentration and diluted 2-fold successively
for the rest of the treatments. At feeding time, the food
concentration was roughly estimated with the
empirical value of the cell carbon content and
enumeration, and triplicates of the 10-mL microalgal
solution were filtered through pre-burned GF/F
membranes (0.77-um pore-size) for the post-
incubation carbon content measurements. For
determining the conversion factor between carbon
content and chlorophyll a concentration, duplicate
triplicates of the 10-mL microalgal subsamples were
filtered through 0.45-um pore-size cellulose acetate
membranes for chlorophyll @ measurement.

2.3 Counting and measurements

On the morning of D5, when the onset of maturation
was observed in a few individuals in the high food
concentration treatments, the food additions were
halved, and all incubations were terminated before
gamete release. All animals were gently picked out
and preserved in 4% neutralized formalin for counting
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and measurement. All the O. dioica samples were
counted using a SteREO Discovery V20 (ZEISS,
Germany) microscope, and the length parameters
were measured using an equipped camera (Axiocam
506 color, Germany) and image analysis software
(ZEN 2.3 pro). Early sexual differentiation in the
0. dioica life cycle (Bouquet et al., 2009) was used as
the maturity index to distinguish mature and non-
mature individuals by visual observation. For the
measurements of body length, trunk length, and
gonad length, the method of Lombard et al. (2009a)
was adopted.

For the food carbon content determination, loaded
membranes were acidified using hydrochloric acid
vapor for half an hour and measured with a VARIO
EL cube after drying. In order to determine a reliable
final remaining food concentration (pigmented
particles) in each treatment, 1-L water samples were
taken from the beakers and filtered through 0.45-pum
pore-size cellulose acetate membranes for chlorophyll
a measurement. For chlorophyll a concentration
measurement, loaded membranes were extracted with
90% acetone (v/v) in a refrigerator for 24 h (<0 °C),
and measured with a Turner Designs Model 7200
fluorimeter. With a conversion factor of 50.6 (data
from food microalgal in this study), the final food
concentrations in chlorophyll @ was transferred into
carbon content.

2.4 Data analysis

The gonad/body volume ratio (GVR) was
calculated with the following equations established
by Lombard et al. (2009a):

Ve=1.34x103L25%, 1
Vi=5.99x10°L;>*, 2)
GVR=V/(VitV2), A3)

where L and L; are the length in pm of the gonad and
trunk, respectively. The body volume is the sum of the
gonad (V) and trunk volumes (V7).

The maximal intrinsic rate of natural increase (7,,,),
determined by the simple equation r,,,,.=Inb/T, where b
is the lifetime egg number and 7 is the generation
duration. Lifetime egg number is determined by a
factor of 1145.02 in gonad volume of mature
individuals (Lombard et al., 2009a). As spawning is a
short process that occurs when the gonad/body volume
ratio reaches a threshold (Gorsky, 1980; Ganot et al.,
2007), the generation duration is defined as the
development time from fertilization to the earliest
maturation, i.e. 4.5 d. Combining fecundity data with
maturation rate (MR) provides a more representative
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estimation of the intrinsic rate of natural increase (7):
r=In N/T, 4)
N=bxMR, 5)

where N is the population growth value. The MR refers

to the proportion of mature individuals to all individuals.

The food supply for each O. dioica individual (per
capita food supply, PFS), calculated as the quotient of
the consumed food carbon content and final population
density, was established to understand the combined
effects of food availability and conspecific density on
body size and population growth (Livore and Connell,

2012). Spearman correlation analyses between initial

population sizes, food concentrations, and survival

rates were performed to test the relationship between
various parameters. Linear and exponential regression
analysis between growth performance (including
body length, gonad length and gonad/body volume
ratio), maturation rate, intrinsic growth rate of

0. dioica and food competition (including food

concentration and PFS) were performed respectively

with Origin Pro 9.0 (OriginLab, USA). An ANCOVA

(covariance analysis) with Type III sum of squares for

unbalanced designs performed with SPSS software

version 19.0 (IBM Corporation, USA) was used to
test the effects of density on gonad-body length of
mature and nonmature individuals. A one-way

ANOVA (analysis of Variance) was used to test the

effects of density and PFS on growth performance of

0. dioica. Tukey’s honestly significant difference

(HSD) post hoc test was used to check for the

differences between groups after verification of

homogeneity in the wvariance. Differences were
considered statistically significant at P<(.05.

3 RESULT

3.1 Cohort survivorship

From gamete production, the entire incubation
duration was 4 d and 12 h. Recalculated with the
measured carbon content of algae samples, the food
concentration in this experiment effectively reflected
the diet regime designation (Table 1). The final food
concentrations, ranged from 0.1 to 185.6 pg C/L,
were lower than the average daily food addition in all
treatments (Fig.1). The remaining food concentrations
were significantly related to the final population
densities, with the lowest values in high densities and
the highest values in low densities.

The initial cohort sizes differed among the
treatments of each food regime but deviated evidently
from the proposed proportion of 4:3:2 (Table 2). The
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final abundances were not proportional to the initial
cohort sizes. In the LO and OH conditions, the highest
final abundance was observed in the medium density
treatments, whereas in the OL and HO conditions, the
lowest final abundance was achieved in the same
density treatments. Thus, in the following context,
density will specifically refer to the density at the end
of the incubation.

The survival rate, calculated as the quotient of the
final and initial population size, was highest on
average in the OH treatments (66.0%) and lowest in
the LO treatments (41.8%). However, the survival
rate was not statistically correlated with either the
food concentrations (R=0.30, N=12, P=0.34) or
initial densities (R=-0.15, N=12, P=0.63). In all food
level treatments, an increase in mortality was not
observed with an increase in the initial density. The
highest mortality, 83.6%, was found in the lowest
density and food concentration treatment, and the
lowest mortality, 1.1%, was recorded in the OH
treatment with a medium density. Similarly, low
mortalities were observed in the OL treatment with
the lowest density and the HO treatment with the
lowest density (Table 2).

3.2 Growth performance

Generally, both body and gonad length increased

Table 1 Daily food addition expressed as carbon (C) in the
different food regimes

Food Food concentration (ng C/L) Total C  Average C
regime DI D2 D3 D4 D5 (ng) (ng/(L-d))
LO Bap 12am 28 31 164 352 27
OL 250 25am 56 63 34y, 711 55
OH 504, 504, 113 126 68y, 1422 109
HO 500 9am 225 251 139y, 2785 219

LO: lower than optimal; OL: optimal low; OH: optimal high; and HO:
higher than optimal. D1-D5: Day 1-Day 5. Subscripts indicate the food
was halved (1/2) or set to one quarter (1/4).
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with the food concentrations, and decreased with final
densities (Fig.2). The body length of O. dioica was
145£17 um on average after 15 h of metamorphosis,
and there were no significant differences among
aliquots (ANOVA: df=2, F=0.234, P=0.792). On
average, body lengths of 324-549 um were achieved
at the end of the experiments. The shortest average
gonad length, 70 um, was recorded in the same
treatment (H-LO) with the shortest body length. This
treatment was medium in its initial cohort size but
highest at the end. The highest values of body
(549 pm) and gonad length (175 um) were observed
in the L-OH and L-HO, respectively. At each food
level, both the final body and gonad length decreased
on average with density. However, their increases
with food concentration were observed only under
comparatively high competition conditions, i.e. in
high and medium density treatments. In low density
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Fig.1 The final food concentration (FC, bars) of each
treatment at the end of the incubation duration (4 d
and 12 h) and the daily food addition (symbol and
line) in the experiment
Treatment manipulations: H, M, and L: final high, medium, and low
population density, respectively; LO and OL: lower than optimal
and optimal low food concentration; and OH and HO: optimal high
and higher than optimal food concentration, respectively.

Table 2 The initial and final Oikopleura dioica population size (number of individuals per 4-L seawater) and survival rate

(SR) in the 12 experimental treatments

LO OL OH HO
Treatment
H M L H M L H M L H M L
Initial 235 316 159 167 251 335 285 365 173 377 177 292
Final 173 112 26 158 150 82 282 170 91 245 173 79
SR (%) 73.6 354 16.4 94.6 59.8 24.5 98.9 46.6 52.6 65.0 97.7 271
Mean SR (%) 41.8 59.6 66.0 63.3

Treatment manipulations: H, M, and L: final high, medium, and low population density, respectively; LO and OL: lower than optimal and optimal low food
concentration; and OH and HO: optimal high and higher than optimal food concentration, respectively.
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Fig.2 Body growth, expressed as the mean (+£SD) body, gonad lengths and gonad/body volume ratio (GVR), as a function of
food concentration (FC) and per capita food supply (PFS)

Green, blue, and red circles represent high, medium, and low population density, respectively.

treatments, body length in the LO condition was even
longer than that in the HO condition.

The size difference among the density treatments at
each food level decreased with the food concentration
in body length (Fig.2), but such a difference was not
evident in the gonad length. On average, the body
length difference decreased from 201 pm in the LO
treatments to 23 um in the HO treatments. In gonad
length, the size difference was also highest (89 pm) in
the LO treatments, but the lowest of 41 um was
observed in the OL treatments. In the LO treatments,
the cohort with the lowest final population, 26

individuals, reached an average gonad length of
158 um, but in the OL and OH conditions, the cohorts
with final population of 82 and 91 individuals reached
gonad lengths of 131 and 133 um. The ANOVA
further showed that population size in the HO
treatment was still mainly responsible for the negative
effect observed on gonad length (P<0.05), but did not
yield significant effect on body length (P>0.05).
Despite food level and density, somatic growth,
represented by body length, was saturated above the
per capita food supply (PFS) of 8.1 pg C/ind. (Fig.2).
In saturation conditions, body length was longest in
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Fig.3 Relationships between gonad and body length of nonmature (primary coordinates, dashed lines) and mature
(secondary coordinates, solid lines) O. dioica in lower than optimal (LO, 27 pg C/L) (a), optimal low (OL, 55 pg C/L)
(b), optimal high (OH, 109 pg C/L) (c), and higher than optimal (HO, 219 pg C/L) (d) food treatments

To determine the impact of population size on gonad-body length, the regression was performed for high (H, green lines), medium (M, blue lines)

and low (L, red lines) population sizes.

the OH treatments, with means of 530 and 549 um
recorded at PFSs of 8.1 and 13.7 ugC/ind.,
respectively. In the other food level treatments, the
mean body length varied between 517 and 529 pm in
the PFS range of 8.1-25.9 ug C/ind. Below this
saturation PFS, a much shorter body length (324—
440 um) was recorded in both the LO and OL
treatments. Gonad length was also significantly
shorter below the saturation PFS (70-96 um) than
above (131-175 um), but it continued to increase
even at the highest PFS. Similarly, the mean gonad/
body volume ratio increased significantly with the
PFS compared to the food concentration (Fig.2).

3.3 Maturation progress

Based on visual observation, mature individuals
were present at all food concentrations, but only
above another PFS threshold, 4.5 pg C/ind. While
non-mature individuals with different population
sizes attained similar gonad lengths at a given body
length in all treatments, growth performance of
mature individuals differed among food and density

treatments (Fig.3). In the LO treatments, mature
individuals presented only in low density condition,
with mature size and gonad volume ratio similar to
higher food condition treatments. At the OL food
level, O. dioica matured in much shorter body length
and lower gonad volume ratio in medium density
comparing to low density condition. Early maturation
(in short body length) was observed also in OH
treatments with high density. Density effect on
reproduction performance in the HO treatment was
detectable only in large mature individuals, in which
longer gonad length was achieved in low density.
The size at maturation was not correlated with the
food concentration but differed significantly across
the PFS threshold of 5.0 pug C/ind. At each food level,
the size at maturation was similar for medium- and
low-density treatments but was significantly different
between the high and either the medium or the low
density treatments (Fig.4). It was highest at a medium
density in the OH treatment and at a low density in the
OL treatment. Compared with the size at maturation,
gonad volume at maturation differed significantly
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medium and low population density treatments significantly
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between high density and others in OL and OH
treatments, but no significant differences in HO
treatment.

An exponential increase with the PFS was
observed in the maturation rate (MR) (Fig.5). In the
LO treatments, a considerable proportion of the
cohort (46.15%) developed beyond the gonad/body
volume ratio threshold (0.3) only when the final
standing stock was extremely low. When the food
supply was doubled, a much lower maturation rate,
17.19%, was recorded in the OL treatment with the
lowest final population, which was still 3 times that
in the above LO treatment. Similarly, at the highest
final population, 282 individuals, only 14 of them
reached the threshold for maturation in the OH food
regime. The MR was comparatively high and
increased with a final population decrease in all HO
treatments. Of those, the gonad/body volume ratio
ranged from 0.16 to 0.72, and a vast majority had
ratios higher than 0.3.

others, while the values were saturated at any densities
in HO treatment. Different with r,,, estimates, the
intrinsic rate of natural increase (r) was mainly
dependent on density rather than the total amount of
food. It decreased rapidly from 0.43 to -0.28/d when
the abundance increased from 22 to 70 ind./L in the
OH treatment. Correspondingly, the  value increased
slowly from 0.29 to 0.5/d as the abundance decreased
from 61 to 20 ind./L in the HO treatment.

In general, the population growth was significantly
regulated by the PFS (Fig.6). The r,,, was increased
with the PFS and was saturated at values higher than
8.1 ug C/ind., the r increased slowly beyond this
threshold but deceased rapidly below it. According to
the size frequency distribution, the cohorts with a food
supply beyond this threshold reached similar normal
distributions, but negative skewness was recorded for
those cultivated below this threshold (Fig.7). The only
exception was the treatment with the highest density
under the highest food concentration, when a
considerable proportion achieved body lengths greater
than 800 wm, but the frequency was highest in the size
range of 375450 pm.

4 DISCUSSION

In our study, both the somatic growth and
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maturation of O. dioica were observed to be density
dependent. Along with the food-dependent growth
performance established in previous studies, the
effects of intraspecific competition make it possible to
explain how natural populations maintain themselves
when food is scarce, respond rapidly to phytoplankton
blooms, and avoid over-proliferation at the end of
bloom periods. It was shown that sudden collapses
are unlikely to occur in natural populations owing to
intrinsic growth rate regulation by intraspecific
competition. More importantly, for the first time, a
mechanism was proposed in this study for efficient
responses to fluctuations in food availability.
Moreover, a threshold per capita food supply (PFS)
was proposed for growth limitation that considered
both food concentration and population size.

4.1 Somatic growth saturation

The density-dependent growth performance was
comparable to the performance that was attributed to
the food concentration. First, a smaller body size was
achieved at both a relatively lower food concentration
and higher competition pressure. Considering food
concentration effects (Lombard et al., 2009a), density-
dependent body size was observed at all food
concentrations. Second, negative impacts on somatic
growth were observed only at low food concentrations
(Troedsson et al., 2002), whereas in our study, the
sensitivity of body size to competition was absent at
the highest food level. Third, similar to the optimal
food concentration, a threshold for normal
development was observed in the PFS. This finding
indicates that a minimum amount of energy is required
for full somatic growth; maturation can also be
reached below this threshold, but the size at maturation
is much smaller.

Based on our results, even though the exact value
could not be determined, the minimum food
requirement for normal development should fall
within the range of 4.5-8.1 pg C/ind. during a ca. 4.5-
day generation duration, regardless of the absolute
food concentrations. When the value exceeded
10 pg C/ind. at the highest food level, the animals
were grown under food-satiating conditions,
excluding the possibility of competition; however, a
vast majority of the individuals achieved shorter body
sizes with high population density condition (H-HO).
Chemical interference may therefore have been an
important factor affecting the performance of the
population. Most marine species generally have
reduced body size when cultured under mass culture
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conditions, even when the food resources are
unlimited. In addition to the absence of competition
effects, indicated by normality in the size frequency
distribution, considerable proportions of cohorts
matured on schedule above this threshold. It is
suggested that this threshold applies to both somatic
growth and maturing processes. In an individual
growth model (Touratier et al., 2003), the food
quantity of 1.3 ngC/ind. supplied each day,
amounting to a PFS of 5.9 pg C/ind. during the 4.5-
day generation duration, was not enough to trigger the
release of gametes. Moreover, based on the established
regression between body length and carbon weight
(Lombard et al., 2009a), the individuals from normally
developed cohorts in our experiments gained a carbon
weight of approximately 2 pg-C. Assuming that the
lifetime ingestion amount is 8.1 ug C/ind., the
assimilation rate was calculated as 0.25, lower than
the proposed constant of 0.33.

Based on their maintenance food concentration, it
has been proposed that large O. dioica are less likely
to experience food-limited growth than other
mesozooplankton in natural environments (Lopez-
Urrutia et al., 2003b). According to our results, food-
limited growth is also unlikely for small juveniles,
which developed and matured normally at an initial
food concentration of 13.0 pg C/L and a lifetime food
supply of 8.1 ug C/ind. Considering the field
observation that over 60% of ingested material could
come from nonchlorophyll-containing prey (Lopez-
Urrutia et al., 2003a), the PFS threshold proposed in
our study can be satisfied more easily in natural
environments than the subsistence food concentration
range (20-30 pg C/L) provided in previous models
(Lopez-Urrutia et al., 2003b). This scenario is intuitive
for this opportunistic metazoan species for two
reasons. On the one hand, this animal has a perfect
nutritional metabolism mechanism that can optimize
resources for growth and gonad maturation. When
experiencing low food conditions, this animal
increases its clearance and ingestion rates as well as
its assimilation efficiency, maximizing the collection
and digestion of food (Acufia and Kiefer, 2000;
Selander and Tiselius, 2003; Lombard et al., 2009a).
Thus, somatic growth appears to be less sensitive to
food concentrations. On the other hand, for a
semelparous organism, O. dioica has evolved a life-
history trait for maximizing reproductive success and
minimizing generation time in variable environments.
The gonad weight in mature animals represents 70.3%
(£4.6) of the total body carbon weight (Lombard et
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al., 2009a). In addition to having a larger size at
maturation, this species can mature at the same
duration at both low and high food concentrations.

Though the mortality recorded in our experiments
was generally higher at low food concentrations, it is
uncertain whether mortality increased with increased
competition stress. The body softness of this animal
makes it susceptible to physical damage, which is the
most important consideration during O. dioica
collections for laboratory incubations. Here, we
cannot be certain of the causes of mortality, but more
individuals survived at high food concentrations (2/3
ofthe high concentration food treatments had densities
over43ind./L), which may be due to weak competition
when food resources are sufficient and strong
competition in the food-limited treatments. However,
only a small food effect was observed on adult
mortality in a previous study, and successful juvenile
development decreased at high food levels (Lobdn et
al., 2013).

4.2 Flexibility in the maturation process

While the impact of competition pressure on
somatic growth only resulted in a shortened body
length, more flexible responses were presented in the
maturation process. Compared with the regression
established among different densities between body
and gonad length, both mature and nonmature
individuals in high densities achieved shorter gonad
lengths at a given body length in saturated food
condition. Similar to effects of food limitation
(Troedsson et al., 2002), a decrease was more evident
in gonad length than in trunk length.

Early maturation (shorter body size) was another
response to high competition pressure. This result was
observed only in two treatments when the PFSs (4.5
and 5.0 ug C/ind.) were lower than the proposed
threshold for somatic growth saturation. This finding
is consistent with a previous proposal, i.e., the shift
from the somatic growth phase to the maturation phase
occurred at a shorter body length under limited food
conditions (Lombard et al., 2009a). Generally, higher
temperature will get organisms growing faster
(Troedsson et al., 2002; Lombard et al., 2009b) which
of course implies that they also reach maturation at
smaller size. However, compared to the results in
laboratory conditions, early maturation was recorded
more commonly in field environments with higher
temperatures and population densities. A vast majority
of the individuals in field samples at 25 °C were much
shorter than 600 pm in the Inland Sea of Japan (Uye

and Ichino, 1995), Jamaican waters (Hopcroft and
Roff, 1995), Seto Inland Sea (Nakamura et al., 1997),
and Jiaozhou Bay in China (Li et al., 2020). In contrast,
individuals achieved body sizes longer than 1 000 um
at 15 °C in laboratory conditions (Paffenhéfer, 1973;
Lopez-Urrutia et al., 2004; Lobdn et al., 2011). Most
notably, natural populations with longer trunk lengths
(approximately 600 um, 15 °C) were observed in less
productive coastal frontal system (Spinelli et al., 2015)
than in a eutrophic embayment. Indeed, most of those
observations are certainly more a temperature effect
than a food allocation effect.

Generation time is the most important parameter
determining fitness for semelparous organisms, with
the most rapid development rates (i.e., the shortest
generation time) favoring greater lifetime reproductive
fitness (Deibel and Lowen, 2012). As all treatments in
our study were terminated at the same cut-off point, it
remains uncertain whether the delayed cohorts could
have achieved similar growth performance if the
incubation period was lengthened. According to the
model developed by Lombard et al. (2009b), the
generation time decreased rapidly from 15 to 5 d as the
temperature increased from 7 to 25 °C at the same
food concentration of 100 pg C/L; however, the
generation time increased less than 2d at both
decreasing and increasing food concentrations outside
the optimum range of 80-120 pngC/L at a set
temperature. Here, a fixed generation time was
observed only if the minimum PFS was satisfied,
regardless of the food concentration or cultivation
density. In a previous report regarding density effects
on spawning time, a relatively shorter generation time
was observed at a lower density, which was based on
the time at which 25% of the population had spawned
(Gorsky and Palazzoli, 1989). As only one food level
was included in the above mentioned study, the
findings are consistent with our results and indicate
that generation duration can be prolonged when the
minimum food demand cannot be satisfied in a
designated period. Indeed, for semelparous organisms,
an important life history trait, lifespan, showed high
heritability (0.89+0.47) and may therefore respond
rapidly to selection pressure, either in the laboratory or
in the wild (Lobon et al., 2011). In Jiaozhou Bay,
mature individuals attained body lengths ranging from
114.92 to 619.11 um during flood seasons (Li et al.,
2020), providing a credible evidence for this fitness.

4.3 Implications on population size control

Based on mortality, population size is more likely
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to be controlled by fecundity in response to variations
in food availability. When food was scarce, normal
reproduction was still possible at a low population
size. The notably low PFS threshold affords an
explanation for O. dioica population maintenance in
less productive seasons. Moreover, this threshold
affords high proliferation potential once food
availability is dramatically increased. However, at
saturated food concentrations, the proliferation
potential was further regulated by the maturation rate.
The negative correlation between the maturation rate
(MR) and cohort size as well as the positive correlation
with the PFS provide a mechanism to catch blooms at
low initial abundances and avoid over-proliferation at
high densities.

The maximal intrinsic rate of natural increase (7,
0.25-0.65/d) in our study fell within the proposed
range (Deibel and Lowen, 2012), and it was consistent
with that obtained by Fenaux et al. (1986) at 18 °C.
Despite the absolute food concentration, the r,,,, was
independent of food and density above a PFS
threshold for somatic growth. However, considering
the intrinsic rate of natural increase (»), calculated
with the actual fecundity regulated by the MRs, a
more realistic estimate of O. dioica population
dynamics was achieved in this study. The » values,
increased with the PFSs, were regulated by body sizes
and MRs. The PFS-determined maturity rate and
body size distribution appear to be the most likely
explanation for the avoidance of overconsumption.
Following an exponential increasing trend, the
magnitude of population increase was determined by
the size of the initial population. High population
sizes mean that the next generation can easily exceed
the environment carrying capacity in terms of the
food supply. The lower maturation rate of the high
abundance cohorts (H-HO) might decrease the
intrinsic rate of increase. Moreover, the higher
maturation rate when the abundance was low and the
food concentration was high favored a rapid
abundance increase to utilize the excessive food
supply. In this regard, the PFS plays a role that is
similar to the carrying capacity in population dynamic
regulation but works more efficiently when food
availability is variable. Considering the magnitude of
variation, the » value should be more sensitive to
changes in the MR than fecundity.

Both 7., and » can also be down-regulated by
slowed development under high competition pressure.
In contrast to the effects of temperature and food
concentration, slowed development resulted from the
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fact that the minimum food demand could not be
satisfied on schedule. Though it is unknown whether
the threshold of lifetime food demand can be applied
to such a prolonged generation time, late spawning
has been recorded at high and low densities at the
same food concentration (Gorsky and Palazzoli,
1989). According to our results, slowed development
may occur even under favorable food conditions. This
finding provides an explanation for population size
regulation once over-proliferation occurred. To the
original question, increased intraspecific competition
pressure can potentially switch the population size
increase from J- to S-shaped via a fecundity decrease,
fewer spawning individuals, or a longer generation
time.

5 CONCLUSION

For O. dioica cohorts that were cultivated in various
food and density regimes, normal growth and
reproduction were achieved at all food concentrations
only if individuals had access to enough food during
the generation time. Both somatic growth and
reproduction were determined by lifetime food access
rather than the food concentration. Moreover, a
surprisingly low threshold was suggested for the
lifetime food demand by somatic growth saturation and
scheduled maturation. Such a low threshold provides
an explanation for the survivorship of O. dioica in food
scarcity conditions, while intraspecific competition
ensures population size regulation for coping with
fluctuating food availability. In addition to fecundity,
the intrinsic rate of natural increase can be regulated by
the maturation rate and development duration.
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