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Abstract: The seasonal fluctuations of the copepod Eodiaptomus japonicus, which dominates the
zooplankton community of Lake Biwa, have been disrupted several times over the past 45 years. The
aim of this study was to clarify the primary environmental factor that caused the disrupted seasonal
cycle in population density of E. japonicus. Here, we tested the hypothesis that the disruption in their
seasonal cycle was due to the impacts of water temperature, food conditions, and predator pressure,
using an individual-based model (IBM). Based on the experimental data from the literature, we
described the growth and reproduction of E. japonicus using temperature- and food-dependent func-
tions. Previously, the developmental time of this species was expressed using Bělehrádek’s equation.
In this study, we applied the Kontodimas equation, which successfully reproduced the effects of food
scarcity at higher temperatures. Additionally, the influence of predators was incorporated into the
survival rate of adult individuals. The long-term data set of Lake Biwa was input into the developed
model to simulate the population fluctuations during the disruption period (1975–1979) and stable
period (1995–1999) of their seasonal cycle. The combination of environmental data to be input was
(1) water temperature, food availability, and predators; (2) water temperature and food availability;
and (3) water temperature and predators. Disruptions in the seasonal cycle of the population were
only observed in scenario (1) during the disruption period simulation, suggesting that the disrupted
seasonal cycle of this species in Lake Biwa may have been caused by the effects of both food condition
and predators. The results of simulation scenarios (2) and (3) indicated that predators have a stronger
impact on the population than food availability. This time, we used common and simple indicators
to describe food conditions and predators, but the model can be improved to be more complex and
accurate as more data become available. Such models are important tools for understanding the
relationship between environmental factors and the dynamics of diaptomid copepod populations.

Keywords: Eodiaptomus japonicus; seasonal cycle; Lake Biwa; individual-based model

1. Introduction

Lake ecosystems, being sensitive entities, undergo significant transformations that
extend beyond natural factors. Among the inhabitants of these ecosystems, zooplankton
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populations stand out as particularly vulnerable to the multifaceted impacts of environ-
mental changes due to their limited ability to migrate over extensive distances in search of
optimal conditions. The primary response of lacustrine zooplankton to climate-induced
change is a shift in seasonality, a response that resonates throughout the entire community
and holds the potential to alter the intricate structure of the food web [1,2].

Lake Biwa, the largest and oldest lake in Japan, stands as a testament to its extensive
history and diverse ecological landscape. Renowned for its rich biodiversity, the lake is
home to over 60 endemic species. Beyond its ecological significance, Lake Biwa plays
a pivotal role in supporting the livelihoods of approximately 15 million people in the
surrounding prefectures, serving as a vital water source and contributing significantly
to the development of fisheries and agriculture [3]. However, over the past six decades,
Lake Biwa has faced the repercussions of anthropogenic activities. The rapid economic
growth of the 1950s triggered an upsurge in water pollution and eutrophication, with
synthetic detergents and phosphates identified as key contributors to these environmental
challenges [4–6]. A plan to reduce nitrogen and phosphorus input from effluent into the
lake was implemented after 1980. Subsequently, both nitrogen and phosphorus loadings
from the watershed of Lake Biwa gradually decreased after the 1980s [7]. However, since
the late 1980s, the surface temperature of the lake has increased by 1 ◦C, likely due to global
warming [8]. Additionally, fisheries catch data have revealed a decrease in planktivorous
fishes since 1990 [9]. Against this backdrop, understanding the dynamics of dominant
copepod populations in Lake Biwa becomes imperative, as these organisms play a pivotal
role in navigating the delicate equilibrium of this ecosystem amidst both natural and
anthropogenic challenges.

The calanoid copepod Eodiaptomus japonicus emerges as a central figure within the
intricate dynamics of Lake Biwa’s zooplankton community. Over the course of more
than five decades, E. japonicus has steadfastly dominated, constituting 70% of the total
biomass [10]. Beyond its sheer abundance, this copepod assumes a critical role as an
important food resource for planktivorous fish [11], thereby exerting a profound influence
on the lake’s food web. In light of its ecological significance, numerous studies have delved
into the various facets of E. japonicus [11–26]. These studies collectively contribute to our
understanding of this copepod’s ecological role and behavior. Through their analysis of a
long-term dataset, Dur et al. [27] aptly revealed that the seemingly unchanging dominance
of E. japonicus has not been without disruption. Over a period of 45 years, the seasonal
cycles in the life history traits of this copepod species have been disrupted several times.
Dur et al. [27] specifically examined the intricate relationship between environmental
variations and E. japonicus’ life history traits and suggest that water temperature and
predation influence the mode of the seasonal cycle of this keystone species in Lake Biwa.

Under sufficient food supply, water temperature assumes a pivotal role in governing
the seasonal dynamics of copepod populations [28], exerting influence over individual
growth time, egg production, and survival rate [29–31]. Concurrently, food availability
stands as another influencing factors shaping the life history of zooplankton [32], correlating
with growth time, egg production, and body size [30,33–35]. Notably, in the specific case
of E. japonicus, experiments by Liu et al. [24] underscore that the impact of insufficient
food becomes more pronounced at elevated temperatures. Additionally, studies have
highlighted a correlation between the proportion of female copepods and the annual
intensity of fish predation [36]. The presence of predators, Ayu (Plecoglossus altivelis) and
Isaza (Gymnogobius isaza) in the case of E. japonicus, may potentially influence copepod
biomass, body length, and population structure [37–42]. The dominance of environmental
factors varies across ecosystems, and disentangling the dominance of these environmental
factors remains challenging due to their simultaneous occurrence.

In addressing these complex dynamics, modelling emerges as a valuable tool, facil-
itating a comprehensive exploration of the intricate relationships between zooplankton
and their environment [43–45]. Individual-based models (IBMs) offer a particularly ad-
vantageous approach, allowing for the explicit inclusion of individual variability in the



Diversity 2024, 16, 309 3 of 23

model population, and the study of emerging processes [46,47]. In this study, we developed
and calibrated an IBM of E. japonicus, based on the extensive information available from
laboratory experiments [23,24]. The objective was to identify the primary environmental
parameter driving the disruption of the seasonal cycle in the population dynamics of this
species. The model integrated the effects of temperature, food concentration, and predators,
seeking to elucidate the intricate relationship between environmental fluctuations in Lake
Biwa and the population dynamics of E. japonicus. The utilization of extensive laboratory
data and long-term environmental data from Lake Biwa, collected by the Shiga Prefectural
Fisheries Experiment Station (SPFES), provided a robust foundation for simulating the
population fluctuations and conducting a nuanced analysis of their seasonal cycle.

2. Materials and Methods

The model description follows the Overview, Design and Details protocol suggested
by Grimm et al. [48–50]. We used MATLAB 2017b (Mathworks Inc., Natick, MA, USA)
for calibration, R (R Core Team 2020, version 4.3.2) for output analysis, and Re:Mobidyc
(https://github.com/ReMobidyc/ReMobidyc/ (accessed on 15 April 2022)) for model
development and simulations.

2.1. Purpose and Patterns

The individual-based model in this study serves the overarching goal of simulating
the population dynamics of E. japonicus, with a keen focus on capturing the interplay
among water temperature, food availability, and predation pressure. Specifically, the
model aims to elucidate the primary environmental factor responsible for the disruption
observed in the of E. japonicus’ seasonal cycle. To ensure the reliability and accuracy of the
model calibration, a critical step involved verification through meticulous comparison of
the model output concerning the growth stage duration and reproductive parameters of
E. japonicus individuals with empirical data. The expected patterns from the model are as
follows: (1) at the individual level, higher water temperatures and food concentrations lead
to shorter developmental times and more efficient female reproductive cycles; (2) at the
population level, the number of individuals decreases when there are many predators.

2.2. Entities, State Variables, and Scales

The model consists of two entities, environment and the E. japonicus individuals.
The environment has three state variables, water temperature (◦C), food concentration

(log pgC/mL), and predation pressure (t). E. japonicus individuals in the model consist of
10 growth stages (N1N3, N4N6, C1, C2, C3, C4, C5m, C5f, AdultM and AdultF, as shown
in Figure 1), and the attributes of each stage are summarized in Table 1. The attributes that
all stages have in common are age (◦Cday), duration (◦Cday), and survival rate (%/day).
The model uses the degree days (◦Cday) approach [51], in which the individual requires a
certain amount of energy expressed in ◦Cdays to molt, spawn and hatch. The time (day)
required for an organism to grow or reproduce is multiplied by the water temperature (◦C)
of its environment, considering the influence of water temperature that changes at each
time step. The C4 stage has an additional attribute called sexratio because the sexes are
separated after molting.

Adult females perform their reproductive cycle in their life span and, therefore, have
the following six additional attributes: embryonic development time (EDT, ◦Cday); latency
time (LT, ◦Cday); clutch size (CS, eggs/clutch); hatching success (HS, %); prosome length
(PL, µm); and ovigerous (0 or 1, indicating whether the female is carrying eggs or not). EDT
is the number of days from spawning to the hatching of a clutch, and LT is the number
of days from the hatching to the spawning of the next clutch. CS is the total number of
eggs in a particular clutch, and HS is the percentage of successfully hatched nauplii from
each clutch.

https://github.com/ReMobidyc/ReMobidyc/
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Figure 1. Growth stages of E. japonicus in the model. In the model, the six nauplii stages (N1–N6)
are combined into two (N1N3 and N4N6) to facilitate computation without affecting the model
results [52]. Molting leads to the transition to the next stage and the sexes are separated when they
molt at C4 (sex ratio is 1:1) as the fourth copepodite stage male and female show noticeable different
development times [23]. Individuals that become adult females perform their reproductive cycle, as
described in Dur et al. [53], until their death.

Table 1. Attributes possessed by the agents.

Attribute Unit Meaning Holder Initial Value

age ◦Cday Cumulative time step counted immediately after molting All 0
duration ◦Cday Stage duration defined under temperature and food conditions All Equations (1) and (2)
survival %/day Survival probability of individuals All 100% or Equations (10) and (11)
sexratio - The ratio of male to female C4 0.5

EDT ◦Cday Time from spawning to hatching AdultF 0
LT ◦Cday Time from hatching to spawning AdultF Equation (4)
CS eggs Clutch size (number of eggs/female) AdultF 0
HS % Hatching success of a clutch AdultF 98.17
PL µm Length of the body on the front side of the female AdultF Equation (6)

ovigerous - Ovigerous state of females AdultF 0

The model simulates five years of fluctuations in the number of E. japonicus population
with a time step of 1 day. Each simulation was replicated 15 times to converge the variation
in results. The model has no spatial component.

2.3. Process Overview and Scheduling

Update environmental conditions: water temperature, food concentration, and preda-
tion pressure are updated for the respective day.

Define durations: the durations of each growth stage under the current water temper-
ature and food conditions are defined immediately after molting. For adult females, the LT
is set immediately after molting and hatching, and the EDT is defined immediately after
egg spawning.

Growth: once the age counted at each time step reaches the stage duration
(age ≥ duration), the individual molts to the next stage. For adults, it indicates reach-
ing the end of their lifespan, resulting in death.

Reproduction: once the time step count reaches the defined EDT (LT), the eggs hatch
(are spawned). The number of nauplii hatchings is represented by the product of CS and
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HS (rounded down to the nearest decimal), and they enter the N1N3 stage to begin their
growth. The time step count is reset after hatching and spawning.

Survival rate: nauplii have a background survival rate, while adults have a survival
rate dependent on predators.

See Section 2.7 for more details.

2.4. Design Concepts
2.4.1. Basic Principles

We used the standard IBM framework, which describes individual growth and repro-
duction based on experimental data, and introduces individual variability, bridging the
connection between individual and population dynamics.

2.4.2. Emergence

The model produces seasonal fluctuations in the E. japonicus population as a result of
the effect of variable environment factors, including water temperature, food availability,
and predation pressure, on the life cycle traits of E. japonicus.

2.4.3. Adaptation

The agents are not capable of adaptation.

2.4.4. Sensing

Individuals are aware of ambient water temperature, food concentration, and the
number of predators to determine their life history traits.

2.4.5. Interactions

Interactions between individuals are not introduced in the present model. Although
there are females and males in the model, the mating period is included in the female’s LT
period, and failure of fertilization is not considered.

2.4.6. Stochasticity

Stage durations and reproductive traits (EDT, LT, PL, and CS) are stochastically as-
signed to express individual variability and inter-clutch variability. Stochasticity in nor-
malized adult density (NormAd) is also taken into account to represent differences in
the ability to avoid predators. Stage durations, EDT, and LT are randomly drawn from
a gamma distribution, while PL, CS and NormAd are drawn from a normal distribution.
The attribute “sexratio” of the C4 stage was set to 0.5 so that the sexes diverge with a 50%
probability. See Section 2.7 for further details.

2.4.7. Observation

At each time step, Re:Mobidyc records the value of time, age, stage duration, and
reproductive traits (EDT, LT, PL, and CS) and stores it in the Attribute table. Simultaneously,
it records the total number of E. japonicus at each time step, which is stored into the
Population table. The attribute data are employed for a comprehensive model evaluation,
comparing it with experimental data. On the other hand, the population data constituted
the primary output analyzed in this study, shedding light on the dynamics of E. japonicus.

2.5. Initialization

The simulations begin on 1 January and end on 31 December of the fifth year. We
chose the following two periods for the simulation based on the work of Dur et al. ([27],
Figure 2A):

1. Disruption period (1975–1979)—when the disruption of the seasonal cycle of this
species was observed;

2. Stable period (1995–1999)—when its seasonal cycle was stable.
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Figure 2. (A) Wavelet analysis of the population density of E. japonicus in Lake Biwa (Ref. [27],
Figure 2A). (B). Environmental input data for the disruption period (1975–1979) simulation, and
(C) environmental input data for the stable period (1995–1999) simulation. The black line is the
surface water temperature of Lake Biwa (◦C), the gray line is the food concentration (log pgC/mL),
and the dotted line is the total catch of Ayu and Isaza, serving as an index for predators (t). The data
are collected by SPFES.

The initial population was set at 1002 individuals (nauplii = 786, copepodite = 12,
adults = 204) for the disruption period and 1000 individuals (nauplii = 804, copepodite = 114,
adults = 82) for the stable period, based on stage-specific density data for this species in
Lake Biwa provided by Dur et al. [27].

After the environment is generated, each individual determines their stage duration
under the current water temperature and food concentration, and adults also determine
their survival rate under predation pressure. Additionally, females determine their body
length (PL) and the number of days required for the first spawning (LT) period under the
current conditions.

The initial values of all attributes that agents have are summarized in Table 1.

2.6. Input Data

To identify the main driver of the disruption of the seasonal cycle in the E. japonicus
population, we tested the following three scenarios for both periods:

(a) Set water temperature, food concentration, and predators;
(b) Set water temperature and food concentration;
(c) Set water temperature and predators.

The environmental data in Lake Biwa were obtained from the Shiga Prefectural Fish-
eries Experiment Station (SPFES). The dataset contains monthly surface water temperature
(◦C), phytoplankton concentration (log pgC/mL), and annual catch of Ayu (Plecoglossus
altivelis) and Isaza (Gymnogobius isaza) (t).

The monthly water temperature and food concentration data were linearly interpo-
lated using Re:Mobidyc to convert them into daily data. The annual catch data for Ayu
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(Plecoglossus altivelis; [19]) and Isaza (Gymnogobius isaza; [54]), the main predators of E. japon-
icus in Lake Biwa, were used as an indicator of predation pressure. Due to the tendency for
higher ayu catch during July and August (https://www.pref.shiga.lg.jp/file/attachment/
5238750.pdf (accessed on 14 April 2022)), annual data were transformed into monthly data
using a cosine function to align with this seasonal pattern. The monthly catch data were
then converted to daily data using the same method as before.

This way, we created two environmental datasets spanning over 5 years (Figure 2B,C).
In simulation (b), which excluded the influence of predators, we initially planned not to
input any predators. However, without predators, the population of E. japonicus increased
infinitely, causing the simulation to crash midway. Therefore, the number of predators was
set to a constant value of 50 (t). In simulation (c), the maximum phytoplankton concentra-
tions for each 5-year period (14.5 log pgC/mL and 12.6 log pgC/mL for the disruption and
stable period, respectively) were input to exclude the influence of food concentration.

2.7. Submodels
2.7.1. Environmental Conditions

In each timestep, the model extracts water temperature, food concentration and
predation pressure from the environmental dataset for the current day. These data are
used as variables for the life history traits and reproductive traits defined in the following
submodels.

2.7.2. Growth

We used the data from Liu et al. [23,24] to parameterize the growth stages. Liu et al. [23]
described the stage duration (D, days) of E. japonicus using the Bĕlehrádek temperature-
dependent equation (Equation (1)), which is valid under conditions of sufficient food
availability.

D = λ(T − a)b (1)

where
λ, a, and b are fitted constants.
T is the water temperature (◦C).
However, this species exhibits a characteristic where the negative impact of food

shortage becomes more pronounced at higher temperatures [22], which cannot be addressed
by the Bĕlehrádek’s equation. Therefore, we applied Kontodimas’ equation (Equation (2))
to better describe and account for this aspect, and fit the equation to the data obtained at
each food condition.

D =
1

a(T − Tmin)
2(Tmax − T)

(2)

where
Tmin is the biological minimum temperature (◦C).
Tmax is the biological maximum temperature (◦C).
The Tmax in Kontodimas’ equation was then described using a Gaussian function with

food concentration (F, log pgC/mL) as a variable (Equation (3)).

Tmax = a × exp

{
−
(

F − b
c

)2
}

(3)

where a, b and c are fitted constants (Figure S1).
In this way, the adverse effects of low food concentrations at higher temperatures were

expressed in a single equation.
Of the 10 growth stages, the adult stage showed no significant difference among food

concentrations (KW test, p > 0.01), and the N1N3 stage showed a significant difference
but no correlation. Both of these stages were described using the conventional version of
Bĕlehrádek’s equation, while the other 8 stages were described using Kontodimas’ equation

https://www.pref.shiga.lg.jp/file/attachment/5238750.pdf
https://www.pref.shiga.lg.jp/file/attachment/5238750.pdf
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(Figure 3). We utilized the MATLAB Curve Fitting Toolbox, employing the non-linear
least squares method, to achieve the optimal fit for the data. The obtained coefficients in
respective equations are summarized in Tables S1 and S2.
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Figure 3. Duration of each development stage (A–I) of E. japonicus in relation to temperature. The
scatter plots are experimental data from Liu et al. [23,24]. Red circle is the food concentration 103

(cells/mL), blue triangle is 5 × 103 (cells/mL), green square is 104 (cells/mL), and black star is 5 × 104

(cells/mL). For fitting, units of food concentration were converted from cells/mL to log pgC/mL (see
Table S1). Bĕlehrádek’s temperature-dependent equation was applied to N1N3 (A) and adult stages
(I), and Kontodimas’ equation was applied to other stages (B–H). The goodness of fit values of each
equation are shown in Table S1.

Note that in the studies by Liu et al. [23,24], the unit of food concentration was
[cells/mL]. We converted it to [log pgC/mL] to align with the unit of field data input into
the model. One can refer to Table S1 for details on the conversion method.

2.7.3. Reproduction

Data from Liu et al. [23,24] and SPFES were used to parameterize the reproductive
traits of this species.

Embryonic development time (EDT, days) represents the duration for eggs to hatch.
During this period, the nauplii inside the eggs do not consume external food; therefore,
EDT is solely influenced by water temperature [22]. Consequently, we described EDT using
Bĕlehrádek’s temperature-dependent equation (Equation (1), Figure 4B). On the other hand,
latency time (LT, days) is influenced by both water temperature and food availability [22].
Therefore, we expressed LT using the following equation (Equation (4), Figure 4A), which
incorporated the food concentration variable into Bělehrádek’s equation, as proposed in
Speirs et al. (2005).
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LT = λ(T − a)b/
[

1 − exp
(
− F

Fmax

)]
(4)

where
Fmax is the maximum food concentration (26.0565 log pgC/mL).
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Figure 4. (A). Effect of temperature on the embryonic development time (EDT). (B,C). Effect of
food and temperature on latency time (LT) and female prosome length (PL). (D). Relationship
between prosome length and clutch size of E. japonicus. The scatter plots are experimental data from
Liu et al. [23,24] and each curve is the result of fitting. Red circle is food concentration 103 (cells/mL),
blue triangle is 5 × 103 (cells/mL), green square is 104 (cells/mL), and black star is 5 × 104 (cells/mL).
The gray dots are the CS data in Lake Biwa collected by SPFES, and the red square is the mean value.
For fitting, units of food concentration were converted from cells/mL to log pgC/mL (see Table S1).
The goodness of fit values of each equation are shown in Tables S1 and S3.

We utilized the MATLAB Curve Fitting Toolbox, employing the non-linear least
squares method, to achieve the optimal fit for the data. The coefficients in the EDL and LT
equations are summarized in Table S1.

The effects of water temperature and food concentration on clutch size (CS, eggs/clutch)
were implemented indirectly through female body length (PL, µm). We plotted the rela-
tionship between CS and female body length and observed that females with larger body
lengths tended to produce more eggs. Therefore, CS was described as a linear function
dependent on female body length (Equation (5), Figure 4D).

CS = 0.04641PL − 29.96 (5)

Liu et al. [23] described female body length as a temperature-dependent equation.
In this study, we incorporated the data on the relationship between body length and
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food concentration from Liu et al. [24] into the equation, representing body length as a
temperature-food-dependent equation (Equation (6), Figure 4C).

PL = 6850T−0.014/
{

1 + exp
(

−F
26.0565

)}
− 1792F0.2364 (6)

This equation captures the characteristic of the female body length decreasing with
higher water temperatures and lower food concentrations. The values of the parameters in
Equation (6) were obtained via the non-linear least squares method of the MATLAB curve
fitting toolbox.

Senescence has been observed in egg carrying copepods, with CS decreasing as females
grow older [55]. To confirm whether this tendency also exists in this species, we plotted
the relationship between female age and CS and observed a gradual decrease in CS as
females aged (Figure 5). Therefore, we decided to incorporate the effect of age into CS. The
normalized CS data (NormCS) under each temperature–food condition were integrated,
and the relationship with age was expressed using Equation (7) (Figure 6).

NormCS = −0.001017Age1.36 + 1 (7)

CS = NormCS (0.04641PL − 29.96) (8)
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Figure 5. Relationship between CS (eggs) and female age (days) under different water temperatures
and food conditions. The experimental results of Liu et al. [24], gray cross, were plotted for two
water temperatures, 15 ◦C (A–D) and 25 ◦C (E–H), under four different food conditions (17.9038,
21.2579, 22.7024, and 26.0565 log pgC/mL). The blue and red squares are the corresponding mean
values of CS in each age range, where the age range is divided into specific intervals to ensure an
approximately equal number of CS data points in each range.

Age is the stage duration of E. japonicus adult females (days). By multiplying
Equation (7) as a coefficient with Equation (5), the impact of age is considered in CS
(Equation (8)).

Hatching success (HS, %) in this species is not influenced by either temperature or
food conditions [24]. Therefore, it was fixed at 98.17%, which is the average value obtained
in the experimental data [24].



Diversity 2024, 16, 309 11 of 23

Diversity 2024, 16, x  11 of 23 
 

 

 
Figure 6. Relationship between normalized CS and female age (days). The gray plots are the nor-
malized and integrated data from all conditions in Figure 5, and the red squares are the average 
values of NormCS for each range when age is divided into intervals of 10 days. The red line repre-
sents the fitting results for the normalized CS and age of females. The goodness of fit obtained by 
the non-linear least squares method of the MATLAB curve fitting toolbox is shown in Table S3. 

2.7.4. Survival Rate 
In Lake Biwa, the main predators of E. japonicus are Ayu and Isaza. A study con-

ducted by Kawabata et al. [11], which examined the stomach contents of Ayu, revealed 
that 91% of consumed E. japonicus were in the adult stage. Therefore, the impact of preda-
tion was exclusively implemented for the adult stage.  

When examining the relationship between the total catch of Ayu and Isaza (Predators, 
t) and the normalized E. japonicus adult individual density (Norm Ad), an observed trend 
indicated a gradual decrease in density with an increase in predator catch (data obtained 
from SPFES). As a result, the normalized adult density was expressed as a linear function 
with the predators catch as a variable (Equation (9), Figure 7). 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝐴𝐴𝐴𝐴 = −2.267 × 10−4𝑃𝑃𝑁𝑁𝑒𝑒𝐴𝐴𝑎𝑎𝑃𝑃𝑁𝑁𝑁𝑁𝑃𝑃 + 1 (9) 

The survival rate of adults (SurvAdult, %/day) was described by multiplying Equa-
tion (9) by the mean value of the adult survival rate in Lake Biwa obtained from Kawabata 
[14] (Equation (10)). 

𝑆𝑆𝑆𝑆𝑁𝑁𝑆𝑆𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆𝑃𝑃 = 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝐴𝐴𝐴𝐴 × 94.3 (10) 

According to a study examining the stage-specific mortality rates of E. japonicus in 
Lake Biwa [15], the mortality rate is high for naupliar stages, while it is relatively lower 
for copepodite stages. In the model, the survival rate for copepodite stages was fixed at 
100% and for nauplii (SurvN, %/day), it was derived from seasonal data in Kawabata [14] 
and expressed by the following equation. 

𝑆𝑆𝑆𝑆𝑁𝑁𝑆𝑆𝑁𝑁 = 94 −
12
2
𝑐𝑐𝑁𝑁𝑃𝑃 �

2𝜋𝜋
365

(𝑇𝑇𝑇𝑇𝑁𝑁𝑒𝑒 − 180)�  (11) 

In the above equation, 𝑇𝑇𝑇𝑇𝑁𝑁𝑒𝑒 is the cumulative simulation time step. The values of 
the parameters in Equation (11) were obtained via the non-linear least squares method of 
the MATLAB curve fitting toolbox. 

Figure 6. Relationship between normalized CS and female age (days). The gray plots are the
normalized and integrated data from all conditions in Figure 5, and the red squares are the average
values of NormCS for each range when age is divided into intervals of 10 days. The red line represents
the fitting results for the normalized CS and age of females. The goodness of fit obtained by the
non-linear least squares method of the MATLAB curve fitting toolbox is shown in Table S3.

2.7.4. Survival Rate

In Lake Biwa, the main predators of E. japonicus are Ayu and Isaza. A study conducted
by Kawabata et al. [11], which examined the stomach contents of Ayu, revealed that 91%
of consumed E. japonicus were in the adult stage. Therefore, the impact of predation was
exclusively implemented for the adult stage.

When examining the relationship between the total catch of Ayu and Isaza (Predators,
t) and the normalized E. japonicus adult individual density (Norm Ad), an observed trend
indicated a gradual decrease in density with an increase in predator catch (data obtained
from SPFES). As a result, the normalized adult density was expressed as a linear function
with the predators catch as a variable (Equation (9), Figure 7).

Norm Ad = −2.267 × 10−4Predators + 1 (9)

The survival rate of adults (SurvAdult, %/day) was described by multiplying
Equation (9) by the mean value of the adult survival rate in Lake Biwa obtained from
Kawabata [14] (Equation (10)).

SurvAdult = Norm Ad × 94.3 (10)

According to a study examining the stage-specific mortality rates of E. japonicus in
Lake Biwa [15], the mortality rate is high for naupliar stages, while it is relatively lower for
copepodite stages. In the model, the survival rate for copepodite stages was fixed at 100%
and for nauplii (SurvN, %/day), it was derived from seasonal data in Kawabata [14] and
expressed by the following equation.
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SurvN = 94 − 12
2

cos
(

2π

365
(Time − 180)

)
(11)

In the above equation, Time is the cumulative simulation time step. The values of the
parameters in Equation (11) were obtained via the non-linear least squares method of the
MATLAB curve fitting toolbox.
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Figure 7. Relationship between normalized adult density of E. japonicus (ind/L) and the total catch
of Ayu and Isaza (t). The gray plots are field data obtained from SPFES, and the red squares are the
mean values of NormAd for each range when age is divided into intervals of 10 ton. The red line
represents the fitting results for the normalized adult density and the predators’ catch. The goodness
of fit values of each equation are shown in Table S3.

2.7.5. Individual Variability

We implemented individual variabilities in all stage durations, reproductive traits
(EDT, LT, PL, CS, and Age), and adult density. For this purpose, we first separated the
contribution of extrinsic factors from the intrinsic individual variability. For that, the
data from different experimental conditions were combined and normalized from the
condition effects.

zij = xij/xj (12)

xij is the observed value of the parameter for individual i during the experiment j, zij is
the corresponding value of the data normalized and xj is the mean value of the parameter
during the experiment j.

Stage durations, EDT, and LT were represented by a gamma distribution according to
Liu et al. [24]. To estimate the shape parameter (α) and scale parameter (β) values, we fitted
the normalized duration data with the ‘gamcdf’ function [x/α, β] in MATLAB (MathWorks
Inc. 2017) using the lowest non-linear least squares method (Figures 8 and 9). Meanwhile,
the variability in PL, CS, age, and adult density was expressed using normal distributions
(Figure 9), determined based on the results of the Kolmogorov–Smirnov test (p < 0.05).
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Figure 9. Gamma and normal distribution fittings represent individual variability in latency time (A),
embryonic development time (B), prosome length (C), clutch size (D), female age (E), and normalized
adult density (F). Gamma distribution was applied for LT and EDT, and normal distribution was
applied for the other parameters.
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2.8. Model Verification

The proper implementation of the model was assessed through a comparison of
its outputs with the experimental results of Liu et al. [24]. Simulations were conducted
under identical water temperature and food concentrations as in the referenced study,
enabling a throughout evaluation of stage durations and reproductive parameters against
the empirical data. Due to the limited number of observations for some conditions, the
statistical power of the analysis would be compromised, making robust statistical analysis
challenging. Instead, we confirmed the proper functioning of the model by ensuring that
the variability range of the experimental data aligned with our model output. The model
exhibits commendable agreement with the experimental results at all food concentrations
when the temperature was 15 ◦C (Figure 10). However, at 25 ◦C, discrepancies emerged in
some stage durations between the model outputs and experimental results, particularly
under higher food conditions. These discrepancies arise from the utilization of the lowest
food concentration as the baseline during the parameterizing of food effects (Figure 3).
Given that the maximum phytoplankton concentration in Lake Biwa may or may not
reach the minimum food concentration during the experiment, it was concluded that
these observed discrepancies under higher food conditions do not significantly impact the
main simulations.
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Figure 10. Comparison of model output and experimental results of Liu et al. [24]. Blue repre-
sents the model output, while red represents the experimental results. This figure includes the
growth stage durations (A–H,A’–H’), latency time (I,J), embryonic development time (K,L), prosome
length (M,N), and clutch size (O,P) under four food concentrations (17.9038, 21.2579, 22.7024, and
26.0565 log pgC/mL) at water temperatures of 15 ◦C and 25 ◦C.
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3. Results
3.1. Simulation (a)—Effects of Water Temperature, Food Concentration, and Predators

The simulation incorporating water temperature, food concentration, and predator
data during the period of disruption (1975–1979) revealed a lack of regular seasonal fluctu-
ations in the E. japonicus population, manifesting a steady decline in density over the years
(Figure 11A). Conversely, the simulation for the stable period (1995–1999) exhibits regular
seasonal peaks in population fluctuations, indicating a more stable dynamic (Figure 11B).
Wavelet analysis of these outputs reveals that the seasonal cycle of the population was
interrupted in the middle of 1977 in the simulation for the disruption period (Figure 11C).
In contrast, the simulation for the stability period demonstrated a consistent and stable
seasonal cycle throughout the five years (Figure 11D).
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tuations, with nearly identical waveforms for both periods (Figure 12A,B). Wavelet anal-
ysis, employed to scrutinize the periodicity of population fluctuations in each simulation, 
unveiled a robust and sustained seasonal cycle persisting over the course of five-year du-
ration for both periods (Figure 12C,D). 

Figure 11. The results represent the mean values obtained from 15 replicated simulations, inputting
water temperature, food concentration, and predators. (A) Population dynamics for the disruption
period, (B) population dynamics for the stable period, and (C, D) their wavelet power spectrum. The
wavelet power spectrum provides a measure of the variance distribution of the time series according
to time and for each periodicity: high power is represented in dark red, and weak power in blue. The
solid black contour encloses regions of 95 % confidence of a red-noise process with a lag 1 coefficient,
and the shadow area indicate the cone of influence (COI) where edge effects become important.

3.2. Simulation (b)—Effects of Water Temperature and Food Concentration

Excluding the influence of predators in the simulations for both the disruption period
and stable period resulted in the emergence of regular seasonal peaks in population fluctu-
ations, with nearly identical waveforms for both periods (Figure 12A,B). Wavelet analysis,
employed to scrutinize the periodicity of population fluctuations in each simulation, un-
veiled a robust and sustained seasonal cycle persisting over the course of five-year duration
for both periods (Figure 12C,D).
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were observed in the stable period, a distinct red line was noted in the one-year cycle. 

Figure 12. The results represent the mean values obtained from 15 replicated simulations, inputting
water temperature and food concentration. (A) Population dynamics for the disruption period,
(B) population dynamics for the stable period, and (C, D) their wavelet power spectrum. The wavelet
power spectrum provides a measure of the variance distribution of the time series according to time
and for each periodicity: high power is represented in dark red, and weak power in blue. The solid
black contour encloses regions of 95 % confidence of a red-noise process with a lag 1 coefficient, and
the shadow area indicate the cone of influence (COI) where edge effects become important.

3.3. Simulation (c)—Effects of Water Temperature and Predation

In the simulation that excluded the influence of food, regular peaks were observed
in the population fluctuations of both the disruption and stable periods (Figure 13A,B).
Wavelet analysis revealed a strong seasonal cycle throughout the five-year period in the
simulation of the disruption period (Figure 13C,D). Although no significant differences
were observed in the stable period, a distinct red line was noted in the one-year cycle.
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4. Discussion

In this study, we investigated the hypothesis that the disruption in the seasonal cycle
of E. japonicus’ population density observed over the past 45 years is due to the effects of
water temperature, predators’ pressure, and food conditions, using simulations with IBM.
To identify the main environmental parameter causing their disruption, three scenarios
were conducted by varying combinations of input environmental data.

4.1. The Simulation Results

Disruptions in population fluctuations in the simulation (1975–1979) were observed
only when inputting three environmental factors, water temperature, food, and predators.
Removing the effects of either predators or food resulted in stable seasonal cycles through-
out the 5-year period, suggesting that the disruption in the seasonal cycle of E. japonicus
in Lake Biwa was likely caused by both food conditions and predators. The results from
simulations (b) and (c) also suggest that the impact on population size is more pronounced
from predators rather than food conditions. This finding is consistent with the analysis
of Liu et al. [10] who investigated zooplankton samples from Lake Biwa. In their results,
the long-term trend of zooplankton biomass in the lake was mostly influenced by fish
predation rather than nutritional conditions and global warming. According to Gerten and
Adrian [56] who examined the impact of warming on the annual peak abundance of three
copepod species in Müggelsee (Germany), temperate species do not respond noticeably to
the warming trend. On the other hand, Winder et al. [57] investigated the population dy-
namics of the cold-adapted calanoid copepod Leptodiaptomus ashlandi in Lake Washington
(USA) and suggested that the seasonal cycle of this species was revealed to be influenced
by the warming of water temperature and fluctuations in phytoplankton availability. Our
results and these previous studies indicate that food conditions and predators, rather than
water temperature, could drive seasonal fluctuations in temperate copepod species.

4.2. Comparison of Simulation Output and Field Population Density

When comparing the simulated population numbers with the observed individual
density in the field, the timing of the peaks did not match (Figure S2). Since the positions of
the peaks remained consistent even when altering the combinations of input environmental
factors, water temperature could be the dominant factor. In the field data, the peak of water
temperature and the peak of the population density of this species generally occur around
the same time (Figure S3). However, in the simulation, the peak in population numbers
occurs after the peak in water temperature. This is likely because the current model does not
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consider temperature-dependent survival rates. According to the experiments conducted
by Liu et al. [23], which investigated the relationship between water temperature and life
history traits of this species, there was a tendency for survival rates to decrease when the
water temperature was lowered from 25 ◦C to 10 ◦C under conditions of abundant food. As
the current model has not incorporated this aspect, the decrease in population numbers is
represented as a reduction in productivity due to the prolonged duration of growth stages,
EDT and LT under low temperatures. For this reason, there is a time lag before the effects
of changes in water temperature become apparent. In the future, it would be desirable to
implement temperature-dependent survival rates.

The discrepancy in peaks could also be attributed to the possibility that the data used as
an indicator of food condition were not appropriate. In this study, the data of phytoplankton
concentration in Lake Biwa (excluding cyanobacteria and sizes larger than 100 µm, which
cannot be consumed by this species) were input into the model. However, E. japonicus
is an omnivorous copepod that could also consume bacteria [58], microzooplankton and
detritus [59,60]. Hence, the influence of food concentration could be underestimated in
the current simulation. Liu et al. [25] developed a size-dependent food index (f) as an
indicator of food for omnivorous copepods. This index (f) can be incorporated into the IBM
by implementing the Dynamic Energy Budget (DEB) theory, which focuses on the energy
flow from food intake.

4.3. The Predators’ Effect in the Model

In this study, we adopted simple mortality rates, which are most commonly used in
NPZ models (nutrient–phytoplankton–zooplankton models) and are typically described as
µ = γ(d, Z), dependent on a constant mortality rate (d) and the biomass of zooplankton
(Z) [61]. Here, we replaced Z with a function of predator catch and adult population density
to describe the predation pressure, but this approach is quite simplistic. In the European
Regional Sea Ecosystem Model (ERSEM) proposed by Bryant et al. [62], zooplankton
mortality rates due to predation are estimated using consumption rates and biomasses
of potential predators. This approach requires a lot of data and knowledge of predator
consumption rates, leading to mortality rates strongly influenced by available observations.
Therefore, it is not advisable to apply it in long-term simulations where ecosystem dynamics
and zooplankton characteristics may have changed [61]. In size-structured models such
as those proposed by Maury et al. [63] and Baird and Suthers [64], zooplankton mortality
including predation is implicitly parameterized when size classes larger than zooplankton
are incorporated. However, the mechanistic formulation of the predation term needs
several parameters such as assimilation efficiency, preferred size range and swimming
speed of the predator. To avoid the parameterization problems, Zhou et al. [65] introduced
the size spectrum zooplankton closure model, which is driven by phytoplankton biomass,
temperature, and the mean slope of the biomass spectrum. While the model tended to
overestimate, it has a high potential to adequately simulate seasonal changes in zooplankton
dynamics. Regardless of the approach taken, improving the accuracy of predation mortality
rates requires additional data on predators.

Due to the availability of only annual data for predator catch, we used monthly data
adjusted to align with the typical peak period of Ayu, which usually occurs after June or
July each year. However, the observed increase in Ayu catch around these periods may
be related to concentrated fishing activities during this time (https://www.pref.shiga.lg.
jp/file/attachment/5439316.pdf (accessed on 14 April 2022)). Additionally, Ayu in Lake
Biwa are subject to a fishing ban from 21 August to 20 November. During this period,
from early September to late October, it is the spawning season. It remains uncertain
during which specific seasons Ayu are more abundant. According to the SPFES report
that estimated the current stock of Ayu in Lake Biwa using a growth-survival model
(https://www.pref.shiga.lg.jp/file/attachment/2022840.pdf (accessed on 14 April 2022)),
there is a positive correlation between the estimated stock and the catch for each year,
but it is not very strong (r = 0.613). In particular, there is significant divergence in years

https://www.pref.shiga.lg.jp/file/attachment/5439316.pdf
https://www.pref.shiga.lg.jp/file/attachment/5439316.pdf
https://www.pref.shiga.lg.jp/file/attachment/2022840.pdf
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with high stock levels, indicating that catch is influenced by demand. Although some
previous studies have used catch data as an indicator of predation pressure [10,27], this
indicator may not be appropriate. As mentioned above, detailed data on predators will be
necessary in future development, or alternatively, using predator abundance estimated by
the growth-survival model might be considered.

4.4. Future Development and Model Potential

Cyclopoida spp. inhabiting Lake Biwa are known to prey on the nauplii of E. japoni-
cus [16]. Although this study represents the survival rate of the nauplii stage as seasonal,
future modeling efforts should aim to incorporate the effects of predation by Cyclopoida
spp. Additionally, research by Gao et al. [26] demonstrated that among the three major zoo-
plankton species in Lake Biwa, E. japonicus is the most vulnerable to acidic stress, indicating
that acute acidic stress from acid rain may impact zooplankton community structures.
Therefore, future model improvements could include incorporating the effects of pH on
survival rates and metabolism.

Future studies utilizing our individual-based model (IBM) should prioritize rigorous
model validation and scenario testing by simulating realistic ecological scenarios and
comparing model outputs with empirical data. This approach will facilitate a deeper
understanding of system dynamics and enhance predictive capabilities regarding responses
to environmental changes or management interventions. Lake Biwa monitoring programs
present opportunities for further model refinement by comparing model outputs with in
situ data collected through year-long monitoring experiments. Integrating fish predator
abundance data into monitoring efforts will further enhance model validation and provide
insights into real-world applicability.

In comparison to multivariate analyses, our IBM offers several advantages. While
Canonical Correspondence Analysis (CCA) or Principal Component Analysis (PCA) are
useful for exploring relationships between variables and communities, IBMs provide a
unique framework for studying ecological dynamics by incorporating individual-based
processes, biological realism, nonlinear relationships, and spatial–temporal complexity.
The choice of modeling approach ultimately depends on specific research questions, sys-
tem complexity, and desired levels of detail in understanding population dynamics and
ecosystem responses.

Furthermore, the structure of our model can be adapted to other diaptomid copepods
that exhibit comparable reproductive and life cycle characteristics to E. japonicus. This adap-
tation primarily involves parameter calibration and the inclusion of relevant environmental
data specific to the target species.

Our model’s findings underscore the key role of fish in the trophic dynamics of
lakes [66] and highlight the importance of considering multiple trophic levels to develop
effective predictive and management tools. With an improved version of our model, we
can forecast the stage composition of dominant calanoid copepods and assess the health of
the zooplankton community. Given the role of copepods as indicators of the health status
of continental aquatic ecosystems [67], this information is crucial for the conservation and
preservation of Lake Biwa.

5. Conclusions

In conclusion, this study demonstrated the impacts of food concentration and preda-
tors on the seasonal cycle of population fluctuations in the copepod E. japonicus in Lake
Biwa. This advancement is important for investigating the impacts of environmental
changes on Lake Biwa’s food web, given that this species has dominated the zooplankton
community in the lake for over 50 years. As demonstrated in this study, the seasonal
cycle of this species is influenced by both food availability and predators. The presence of
predators strongly changes the model predictions. Since this model is relatively simple,
it would be desirable to implement factors such as temperature-dependent survival rates,
relevant data on food sources and predators, and interaction between individuals to en-
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hance the accuracy of the model. The application of such refined models will advance the
understanding of the relationship between environmental factors and copepods.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/d16060309/s1. Figure S1: Calibration results depicting
the effect of food concentration on the Tmax value in Equation (2), which simulates the effect of
temperature on the development of E. japonicus. The parameters of Equation (3) and the goodness of
fit metrics are provided in Table S2. Figure S2 (A) is the field data of E. japonicus’ density obtained
from SPFES. (B) is the simulation result for the stable period when water temperature, food, and
predators were input into the model. (C) is the simulation result when water temperature and food
were input. (D) is the simulation result when water temperature and predators were input. (E)
is the simulation result when only water temperature was input into the model. The graph (B),
(C), (D), and (E) represent the mean values of 15 simulations. Figure S3 The upper graph is the
simulated population of E. japonicus (ind, black line) and the water temperature of Lake Biwa (◦C,
red line). The lower graph is the population density of the species in Lake Biwa (ind/L, black line)
obtained from SPFES and the water temperature (◦C, red line). Table S1 Result of the calibration of
the Bĕlehrádek and Kontodimas equations representing the temperature (and food concentration)
effect on the development of each growth stage, LT and EDT. Bĕlehrádek temperature-dependent
equation was applied to N1N3, Adult, LT and EDT, whereas Kontodimas equation was applied to
other stages. The table provides the constants and r2 values. Table S2 The coefficients of the Gaussian
function incorporated into Equation (2). Table S3 Equations and r2 value for CS, NormCS, PL and
NormAd. Table S4 Phytoplankton species used in the experiments of Liu et al. (2014, 2015) and the
coefficients for converting the unit of food concentration from cells/mL to log pgC/mL.
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