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Abstract

Background Krill (Euphausia superba) and salps (Salpa thompsoni) are key macrozooplankton grazers in the South-
ern Ocean ecosystem. However, due to differing habitat requirements, both species previously exhibited little spatial
overlap. With ongoing climate change-induced seawater temperature increase and regional sea ice loss, salps can
now extend their spatial distribution into historically krill-dominated areas and increase rapidly due to asexual repro-
duction when environmental conditions are favorable. Understanding the potential effects on krill is crucial, since krill
is a species of exceptional trophic significance in the Southern Ocean food web. Negative impacts on krill could trig-
ger cascading effects on its predators and prey. To address this question, we combined two individual-based models
on salps and krill, which describe the whole life cycle of salp individuals and the dynamic energy budget of individual
krill. The resulting new model PEKRIS (PErformance of KRl vs. Salps) simulates a krill population for 100 years under var-
ying chlorophyll-a concentrations in the presence or absence of salps.

Results All of the investigated krill population properties (abundance, mean length, and yearly egg production)
were significantly impacted by the presence of salps. On the other hand, salp density was not impacted if krill were
present. The medians of krill population properties deviated during variable maximum chlorophyll-a density per year
when salps were introduced by — 99.9% (— 234 individuals per 1000 m?3) for krill density, — 100% (— 22,062 eggs

per 1000 m?3) for krill eggs and — 0.9% (— 0.3 mm) for mean length of krill.

Conclusions If both species compete for the same food resource in a closed space, salps seem to inhibit krill
populations. Further simulation studies should investigate whether this effect prevails if different phytoplankton sizes
and consumption preferences of krill are implemented. Furthermore, direct predation of the two species or consump-
tion of krill fecal pellets by salps could change the impact size of the food competition.
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Background

Antarctic krill (Euphausia superba Danna, 1850—here-
after krill) are large euphausiids with a maximum length
of six centimeters, with a lifespan of up to 7 or 8 years
(Ross and Quetin 1991; Siegel 2017) and a circumpolar
distribution, bordered by the Southern Polar Front in
the North and by the ice-covered Antarctic continent in
the South (Siegel 2005). In contrast, the pelagic tunicate
(Salpa thompsoni Foxton, 1961—hereafter salps) grows
up to 16 cm, reaching a lifespan of up to 15 months (Loeb
and Santora 2012; Siegel 2017; Pakhomov et al. 2018).
Typically, salps are found in warmer, ice-free waters (Fox-
ton 1966; Pakhomov and Hunt 2017).

Both species are considered key macrozooplankton
grazers in the Southern Ocean ecosystem, possibly com-
peting for the same food source, phytoplankton, and hav-
ing enormous impacts on biogeochemical cycling, such
as carbon sequestration (Gleiber et al. 2012; Cavan et al.
2019; Pauli et al. 2021b). For example, krill and salp fecal
pellets account for 75% of total carbon at 300 m at the
Antarctic Peninsula (Pauli et al. 2021a). Former studies
concluded that the core habitats of salps and krill are spa-
tially separated due to their different habitat demands for
optimal fitness (Torres et al. 1984; Hempel 1985; Siegel
et al. 1992; Pakhomov et al. 2002). Due to the increas-
ing anthropogenic warming trend in the Western Ant-
arctic Peninsula region, the distribution of both species
increasingly overlaps (Fransz and Gonzalez 1997; Loeb
et al. 1997; Pakhomov and Froneman 2000; Plum et al.
2020). While salps can expand their range further South
through the rising seawater temperatures and changing
sea ice dynamics (Atkinson et al. 2004), the local krill
population is possibly shrinking and contracting south-
wards along the Antarctic Peninsula (Atkinson et al.
2019). As a result of this process, krill can be replaced
by salps (Plum et al. 2020). With the continuing warm-
ing trend, it has been debated whether salps might play
an increasing role in the local food web, implicating a
change in the web’s pathways. This change could affect
the populations of apex predators and other organ-
isms, which again could influence the regional carbon
flux due to altering the biogeochemical cycling (Perissi-
notto and Pakhomov 1998; Pakhomov 2004; Siegel 2005;
Loeb and Santora 2012). This is especially important, as
the reproductive strategy of salps, consisting of alterna-
tions between chain-forming sexual and solitary asexual
life stages, allows rapid growth to very high densities in
short amounts of time (Loeb and Santora 2012). These
so-called blooms are known to reduce primary producer
biomass substantially and, thus, the food source for salps
and krill (Dubischar and Bathmann 1997).

Therefore, it is crucial to understand how an increas-
ing salp population might affect krill populations under
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different environmental conditions. Here, we linked two
existing individual-based models that simulate the life
cycle and metabolism of a salp population (Henschke
et al. 2018; Groeneveld et al. 2020) and the energy budget
of krill (Jager and Ravagnan 2015; Bahlburg et al. 2021).
Individual-based models describe individuals as singular
entities with sensing, decision-making capabilities, and
interaction, where emerging model results and patterns
arise primarily from the simulated individuals’ traits
(Railsback and Grimm 2011). Therefore, individual-based
models on krill and salps display population growth and
trajectories as a direct result of individual food con-
sumption, reproduction fitness, and mortality (Groen-
eveld et al. 2020; Bahlburg et al. 2021). Dynamic Energy
Budget (DEB) theory, on the other hand, describes how
an organism acquires and uses energy and essential ele-
ments for physiological processes (Nisbet et al. 2012).
It also explains how physiological performance is influ-
enced by environmental variables, such as food density
and temperature (Nisbet et al. 2012). A standard DEB
model describes the performance of all life stages of an
animal and predicts both intraspecific and interspecific
variation in physiological rates (Nisbet et al. 2012). Jager
and Ravagnan (2015) developed and parameterized, such
as the DEB model for krill, which was later incorporated
into an individual-based model by Bahlburg et al. (2021)
and which we implemented into the individual-based
salp model from Groeneveld et al. (2020). The ultimate
purpose of the combined individual-based model is to
compare the amount, size, and reproduction of a krill
population in the absence and presence of salps. The
name of the combined model PEKRIS stands for PErfor-
mance of KRIIl vs. Salp. In this study, we (1) present this
model and its behavior in detail; and (2) assess through
simulation experiments how the presence of salps and
temporal variability of food availability affect the perfor-
mance of krill individuals and the subsequent population
dynamics of krill. We hypothesize that given competition
with salps for food, the following life-history traits of krill
decrease:

1
2
3
4

The density.

The mean body length.

The number of eggs released.

Furthermore, a fluctuation in food availability leads
to asynchronous reactions of salp and krill popula-
tions.

= = —

Methods

Model description

Preamble

The individual-based model PEKRIS was implemented
in NetLogo (Wilensky and Rand 2015) version 6.2 and
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builds on existing salp population dynamics mod-
els (Henschke et al. 2018; Groeneveld et al. 2020). We
extended this model by implementing krill individu-
als following a simplified dynamic energy budget the-
ory (Sousa et al. 2010; Jager et al. 2013; Bahlburg et al.
2021). The PEKRIS model description follows the Over-
view, Design, and Details (ODD) protocol (Grimm et al.
2006, 2020) and is presented in the following sections.
To improve the readability and to shorten the manu-
script, we provided the last part of the protocol about the
Details on model initialization and sub-models as Addi-
tional file 1: S1.

Purpose and patterns
The proximate purpose of PEKRIS (Performance of KRIII
vs. Salps) is to predict the growth, abundance, and repro-
duction events of krill (Euphausia superba Danna, 1850)
and salps (Salpa thompsoni Foxton, 1961) as a function of
temperature, individual energy budget and chlorophyll-
a availability as a proxy of food availability in the region
of the Antarctic Peninsula. The ultimate purpose of the
model is to compare the amount, size, and reproduction
of a krill population in the absence and presence of salps.
Patterns used for validating the model results against
empirical and simulated data are trajectories for maxi-
mum sizes, metabolic activities, or reproductive outputs
and ranged, therefore, from the individual krill or salp
to the population level known from the literature (Ikeda
1981; Ikeda and Mitchell 1982; Quetin and Ross 1991;
Ross and Quetin 1991; Nicol et al. 1995; Iguchi and Ikeda
2004; Atkinson et al. 2006; Dubischar et al. 2006; Siegel
2016; Pakhomov and Hunt 2017; Pakhomov et al. 2018)
and other simulation studies (Hofmann and Lascara
2000; Groeneveld et al. 2020; Bahlburg et al. 2021). The
usage of these references for model validation is high-
lighted in the following section on the state variables of
each simulated entity and the corresponding sections of
the PEKRIS model code itself.

Entities, state variables, and scales
The following entities are included in the model: cubic
grid cells that contain chlorophyll-a, krill individuals
(juveniles and adults), clutches (krill egg packages), and
the life cycle stages of salps: solitary oozoids (asexual),
chain-forming blastozooids (female) and solitary blasto-
zooids (male). We decided to differentiate the life stages
of both krill and salps as separate entities to decrease the
computational cost of the model. The state variables, the
possible value ranges, and the units of these entities are
documented in Table 1.

Time steps define the temporal scale of the model,
where each time step resembles 1 day in the real world.
Model dynamics are usually simulated for 100 years but
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can be varied. The spatial scale of the model is defined
by cubic grid cells, each representing 16 cubic meters of
water. The model landscape consists of 51 times 51 such
cells, which represent 2,601 cubes and result in a total
modeled domain size of 41,616 cubic meters of water (see
Sect. 1.2 initialization of Additional file 1: S1 for more
details).

Process overview and scheduling

The model is developed to cover the whole life cycle of
multiple krill and salp generations over several years. It
is structured into nine processes (see Sect. 1.4 submod-
els of Additional file 1: S1): one related to the environ-
ment (update chlorophyll-a content of each patch), six
concerning krill and salp individuals (growth, asexual
and sexual reproduction, mortality, immigration, and
movement) and two governing model results (calculation
of global results and updating the plots in the model’s
interface). The patches update their state variables once
during the model setup and every time step of the simu-
lation. All processes concerning krill and salps, such as
growth, reproduction, mortality, immigration, and move-
ment, occur on each time step of the model run. Calcu-
lating global model results and drawing and updating the
plots in the model interface are also performed each time
step.

The simulation starts with creating the modeled
domain, where each patch is assigned the maximum pos-
sible chlorophyll-a concentration depending on the cho-
sen scenario (see Sect. 1.2 Initialization of Additional
file 1: S1 for details). The setup of the modeled world
is followed by the creation of krill and salp individuals,
respectively (Fig. 1). A model run starts with the indi-
vidual growth of krill and salps. This is scheduled first as
subsequent processes, such as asexual and sexual repro-
duction, depend on the individual’s size and carbon stor-
age. The reproduction of krill and salps is scheduled next
as it is directly related to the individual size and has to be
performed before immigration or mortality takes place.
Immigration of krill and salp individuals takes place after
the mortality routine to ensure immigrating individu-
als live at least one time-step. The order of updating the
environment and the movement of krill and salps are
interchangeable. It is essential to perform the update
environment procedure before global results are calcu-
lated (second last step), and the plots are updated (last
step).

Basic principles

In the PEKRIS model, the growth in body length of both
krill and salp individuals depends on the temperature,
current body length, and food availability (see Sect. 1.4.2
of Additional file 1: S1). The temperature dependency of
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Table 1 State variables with their values (ranges), units, and references of origin or validation, respectively, for the entities of the

PEKRIS model
Entity State variable Label Value (range)  Unit References
Krill Structural body weight (cubed physical  W_V 0.01-197.98 mg DW  lkeda and Mitchell (1982)
body length)
Mass of reproduction buffer W_R 0.00-11833 mg Nicol et al. (1995)
Structural body length structural_length 0.34-9.65 mm Quetin and Ross (1991); Hofmann
and Lascara (2000); Reiss et al. (2008);
Siegel (2017)
Assimilation J_A 0.00-3.71 mgd’  Jager and Ravagnan (2015)
Somatic maintenance J_M 0.00-2.80 mgd'  Jagerand Ravagnan 2015)
Structural growth Vv 0.00-0.41 mg d'  Hofmann and Lascara (2000); Reiss et al.
(2008)
Investment reproduction buffer J_R 0.00-0.74 mgd’  Jager and Ravagnan (2015)
Number of spawning events number_of_spawnings 0-3 n Siegel (2016)
Age age 0-2190 d Quetin and Ross (1991); Reiss et al. (2008);
Siegel (2017)
Age of first reproduction age_of_first_reproduction 471-1372 d Siegel (2017)
Number of eggs released number_of_eggs 0-4020 n Bahlburg et al. (2021)
Days of starvation days_of_starvation 0-186 d Quetin and Ross (1991)
Clutch Structural body weight (cubed physical W_V 0.01-5.22 mgDW -
body length)
Mass of reproduction buffer W_R 0.00-1.19 mg Ikeda (1981); Jager and Ravagnan (2015)
Structural body length structural_length 0.34-2.87 mm -
Assimilation J_A 0.00-0.30 mg d’ Jager and Ravagnan (2015)
Somatic maintenance M 0.00-0.07 mg d 1 Jager and Ravagnan (2015)
Structural growth Vv 0.00-0.14 mgd’  Jagerand Ravagnan (2015)
Age age 0-117 d -
Days without food days_of_starvation 0-23 d Ross and Quetin (1991)
Number of eggs in the clutch number 10-4020 n Bahlburg et al. (2021)
Qozoid Body length body_length 0.40-10.50 cm Harbou (2009); Pakhomov and Hunt
(2017); Pakhomov et al. (2018)
Age age 0-450 d Loeb and Santora (2012)
Number of chain releases number_of_chain_releases 0-3 n Harbou (2009); Groeneveld et al. (2020)
Days with food uptake below the main- days_of_starvation 0-30 d Groeneveld et al. (2020)
tenance cost
Generation number number_of_generation_season ~ 0-4 n Groeneveld et al. (2020)
Time from first to last chain release regeneration_time 0-185 d Groeneveld et al. (2020)
Carbon weight carbon_weight 0.03-94.81 mg Dubischar et al. (2006); Harbou (2009)
Carbon storage for reproduction carbon_reproduction 1.01-7.38 mg Groeneveld et al. (2020)
Blastozooid  Body length body_length 2.50-6.85 cm Harbou (2009)
Age age 0-150 d Loeb and Santora (2012)
Days without food days_of_starvation 0-30 d Groeneveld et al. (2020)
Generation number number_of_generation_season ~ 0-3 n Groeneveld et al. (2020)
Carbon weight carbon_weight 2.62-32.60 mg Groeneveld et al. (2020)
Carbon storage for reproduction carbon_reproduction 0.00-7.28 mg Groeneveld et al. (2020)
Chain Number of individuals number 1-213 n Harbou (2009)
Body length body_length 0.50-2.50 cm Harbou (2009); Pakhomov and Hunt
(2017)
Age age 0-150 d Loeb and Santora (2012)
Days with a lack of food days_of_starvation 0-30 d Groeneveld et al. (2020)
Generation number number_of_generation_season 0-5 n Groeneveld et al. (2020)
Carbon weight carbon_weight 0.05-2.62 mg Dubischar et al. (2006); Harbou (2009)
Carbon storage for reproduction carbon_reproduction 0.00-0.46 mg Groeneveld et al. (2020)
Patch Food (chlorophyll-a) concentration chla 0.08-27.02 mgm=  Groeneveld et al. (2020)
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The value ranges were determined by simulating the model for 6 years under varying chlorophyll-a concentrations and performing 30 repetitions. The structural body

length of krill has to be multiplied by five to get the actual length
DW dry weight

food intake and respiration processes was implemented
as an Arrhenius function previously introduced and
parameterized for krill (Bahlburg et al. 2021) and salps
(Groeneveld et al. 2020). Food uptake is modeled using
species-specific Holling type II functional responses.
Processes governing the distribution, storage, and con-
sumption of energy originating from food intake fol-
low the dynamic energy budget model theory (Sousa
et al. 2010), which was simplified (Jager et al. 2013) and
parameterized for krill (Jager and Ravagnan 2015).

Birth and death are other fundamental processes of
population dynamics included in the model. Immigra-
tion is included for salps and krill (see Sect. 1.4.6 of Addi-
tional file 1: S1). At the same time, the emigration of both
species is not explicitly modeled (or it is assumed that the
"normal" immigration and emigration are outbalanced).
The processes above concerning salps originate from the
individual-based model introduced by Groeneveld et al.
(2020). For krill, some of these processes are based on
the works of Jager and Ravagnan (2015) and, Bahlburg
et al. (2021), which will be explained in more detail in the
corresponding submodel section of this ODD protocol
(Overview, Design, and Details). Examples are the size-
dependent number of eggs released by each krill indi-
vidual (Bahlburg et al. 2021) in Sect. 1.4.4 of Additional
file 1: S1 and the ratio of energy allocation for growth and
reproduction (Jager and Ravagnan 2015) in Sect. 1.4.2 of
Additional file 1: S1.

Emergence

The model’s primary results—abundances, growth, and
reproductive activity of krill and salps—emerge from the
seasonal course of temperature and chlorophyll-a avail-
ability as well as direct competition for food between
individuals from one species and individuals from differ-
ent species.

Interaction

Direct interactions between salp and krill individu-
als happen via feeding on the same food resource when
individuals occupy the same patch. The model does not
implement direct feeding of salps on krill eggs or adults.

Stochasticity
Stochasticity is considered in most processes, e.g.,
movement, mortality, immigration, and reproduction

(Table 2). More implementation details are described in
Sects. 1.2 and 1.4 of the Additional file 1: S1, respectively.

Observation

For krill, the density of post-larvae krill in individuals per
1000 m?, the post-larvae krill mean body size in mm, and
the annual number of eggs the population releases are
stored. For salps, the maximum annual peak density in
individuals per 1000 m® and the median of seasonal peak
abundances is stored on the 180th day of each year.

Model sensitivity

We conducted a global sensitivity analysis relying on
random sampling and applying an analysis of variance
(ANOVA) to quantify the influence of parameters and
interactions on the model outputs. As response variables
for measuring the model’s sensitivity, we used population
properties such as abundance for both species and mean
length and eggs released per year for krill only. These
are the same model outputs we investigated during our
simulation experiments in the following section. In con-
clusion, the presence of salps, chlorophyll-a growth, and
decay as well as the half saturation constant of krill turn
out to be the most influential parameters for response
variables concerning krill. For salps, parameters such as
the daily mortality, chlorophyll-a scenario, and chloro-
phyll-a growth exert moderate-to-high influences. The
detailed sensitivity analysis can be found in Additional
file 2: S2.

Simulation experiments

To investigate the possible influence of increased salp
presence on the population dynamics of krill, we simu-
lated a time series of krill and salp population dynam-
ics for 100 years. In scenario one, salp individuals could
immigrate into the modeled domain and could perform
rapid population growth. In scenario number two, only
krill individuals were simulated, and no salp immigra-
tion was allowed. In a third scenario, we only simu-
lated salps to validate our model results with a previous
simulation study on salps (Groeneveld et al. 2020). To
account for the impact of food availability on the krill
and salp population dynamics, two scenarios concern-
ing the chlorophyll-a availability were also investi-
gated: (1) the maximum possible chlorophyll-a density
was fixed to 0.54 mg per m>, which reflects the mean
of AMLR data (Southeast Fisheries Science Center
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Model setup
creation of model world
creation of oozoids & krill

growth of salps & krill

asexual reproduction of salps

sexual reproduction of salps & krill

mortality of salps & krill

Immigration of salps & krill

update environment

movement of salps & krill

calculation of global results

yes update plots

in interface

yes

Fig. 1 Flow chart showing the schedule of processes performed during a simulation run of PEKRIS. The simulation starts by setting
up the environment and randomly placing salps and krill individuals in the modeled domain. After that, and for each time step, the growth,

simulation end
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mortality, immigration, and movement of krill and salps are simulated, updating the environment and calculating the model results. The simulation

ends if the predefined amount of years is simulated
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Table 2 Subjects and timing of stochasticity in the PEKRIS model with a short explanation

Subject Timing

Explanation

Placement (1) Model setup and; (2) each time step

Individuals are distributed randomly over the modeled domain during the creation

of krill and salps in the model setup, during the immigration of salp and krill indi-
viduals, and during the birth of clutches (sexual reproduction of krill). See Sects. 1.2
and 1.4.6 of Additional file 1: S1

Movement Each time step

Each salp and krill individual moves to a randomly chosen neighboring grid cell

at each time step. The probability of each of the eight neighboring grid cells being
chosen as the new position is equal. See Sect. 1.4.8 of Additional file 1: 51

Mortality Each time step

Death is simulated by drawing random numbers for each krill and salp individual

separately. If the drawn number is below the predefined threshold, the indi-
vidual dies. Thresholds for all entities are 2.5% for salps, 0.07% for krill, and 5.0%
for clutches. See Sect. 1.4.5 of Additional file 1: S1

Immigration Each time step

Immigration of salps during the spring, summer, and autumn is simulated by draw-

ing a random number each day as long as no salps are present. If this number
is below the threshold of 0.85%, ten salp individuals are created within the modeled
domain. See Sect. 1.4.6 of Additional file 1: S1

Chlorophyll-a availability (1) Model setup and; (2) each year

Suppose chlorophyll-a supply is set to follow a lognormal distribution dur-

ing the simulation. These parameters were derived from the US Antarctic Marine
Living Resource (AMLR) program run by the National Oceanic and Atmospheric
Administration (NOAA), as described in Groeneveld et al. (2020). See Sects. 1.2
and 1.4.7 of Additional file 1: S1

Reproduction Each time step

A random number is drawn during each salp’s reproduction event. With a probabil-

ity of 70%, blastozooids and oozoids are produced. In 30% of all cases, only blasto-
zooids are generated by the individual salp for the given reproduction event. See
Sects. 1.4.3 and 1.4.4 of Additional file 1: S1

Stochasticity occurs during the model setup (placing the krill and salp individuals) and during the movement, mortality, immigration, and reproduction of both

species

More details on each process listed here are described in the corresponding Details in Sects. 1.2 and 1.4 of Additional file 1: S1

Table 3 Properties of krill and salp population dynamics
investigated during the experiments

Property Unit
The density of post-larvae krill n/1000 m?
The mean length of post-larvae krill mm
The density of krill eggs released n/1000 m?
The density of salps n/1000 m?

The main outputs of the PEKRIS model are the abundance of post-larvae krill
concerning the water body of the modeled domain (n/1000 m?), the mean
length of post-larvae krill individuals present, the number of eggs released
per year related to the modeled water body (n/1000 m?) and, the maximum
abundance of salps during the year related to the modeled water body
(n/1000 m?)

2020) as implemented by Groeneveld et al. (2020); and
(2) the maximum possible chlorophyll-a density varied
between years following a lognormal distribution with
a mean log of 3.83 and an sd log of 0.58 as derived from
long-term AMLR data (Southeast Fisheries Science
Center 2020) by Groeneveld et al. (2020). Cross-com-
bining the two chlorophyll scenarios (fixed, stochastic)
and the three species scenarios (only krill, both species,
and only salps) resulted in six simulation experiments.
To account for the stochasticity of the individual-based

models, we repeated each combination 30 times. The
model outputs were measured each day and consisted
of three krill population properties and one salp abun-
dance measure (Table 3).

To analyze the possible impact of competition of both
species and the maximum chlorophyll-a availability on
the population dynamics of krill and salps, we gener-
ated a time series over the simulated 100 years using the
mean of the 30 repetitions of each simulated year. This
was done for each of the four model outputs separated
by the chlorophyll-a availability scenario, assigning a
different line type for the scenario salps only, krill only,
or both species (Fig. 2). Furthermore, boxplots were
generated using the data of years 31 to 100 to compare
the model results between the four simulation experi-
ments (Fig. 3). To detect possible significant differ-
ences, we performed an analysis of variance (ANOVA)
(Chambers and Hastie 2017) after determining if a nor-
mal distribution of the output data could be verified
by a Shapiro—Wilk test (Royston 1995). Otherwise, a
Scheirer—Ray—Hare test was applied using rank trans-
formation (Dytham 2011). For data processing, the free
statistical software R (R Core Team 2020) in version
4.0.4 was used along with the packages tidyr (Wickham
2021) in version 1.1.4 to process the data and ggplot2
(Wickham 2016) in version 3.3.5 to visualize the results.
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6,735 salps per 1,000 m3 on day 51 10,668 salps per 1,000 m3 on day 60
chla
reduction
[%]

17,099 salps per 1,000 m3 on day 62

20,015 salps per 1,000 m3 on day 67

y coordinate

0O 10 20 30 40 50 O

10 20 30 40 50

x coordinate
Fig. 2 Impact of growing salp densities [individuals per 1000 m?] on the chlorophyll-a concentration of the modeled domain throughout 2 weeks
of a simulation run in the PEKRIS model. Each panel displays the modeled domain within PEKRIS consisting of 51x 51 cells of 16 cubic meters
for different days throughout one simulated season. Chlorophyll-a reduction is shown as a color gradient from green (theoretical maximum
of chlorophyll-a concentration at the given time of year) to black (minimum chlorophyll-a concentration recorded during the simulation run)

Results

Impact of salp blooms on chlorophyll-a availability

The model describes a virtual domain of two-dimensional
grid cells displaying 41,646 cubic meters of seawater,
where krill and salp individuals move. During the simu-
lation experiments, snapshots of the cells’ chlorophyll-a
content were extracted to display the effect of growing
salp densities throughout 2 weeks of a simulation run on
the available food (Fig. 2). It can be seen that increasing
salp densities led to a higher chlorophyll-a reduction and
extended areas depleted of chlorophyll-a. Blooms with
20,000 individuals per 1000 m® reduced chlorophyll-a
concentration in large areas of the modeled domain by

(See figure on next page.)

more than 60%. Lower densities still locally reduced chlo-
rophyll-a by up to 40% and up to 20% in broader areas.

Time series of krill and salp population dynamics

in the absence and presence of salps

Stochastic fluctuations of maximum chlorophyll-a con-
centration led to more substantial annual variability
in density, mean length, and the yearly number of eggs
released by krill during a hundred years (Fig. 3). The mod-
eled krill could release up to 189,000 eggs per 1000 m3
in 1 year if the maximum chlorophyll-a concentration
reached or exceeded 1.00 mg per m®. While mean length
increased in years with chlorophyll-a concentration

Fig. 3 Time series of krill and salp population dynamics. Time series for the mean of 30 repetitions of the density of post-larvae krill (first row),
mean length of post-larvae krill (second row), the density of eggs released by krill per year (third row), and max annual density of salps (fourth row)
separated by chlorophyll-a scenario (columns). The left column depicts the simulations with a fixed maximum chlorophyll-a concentration per year
of 0.54 mg per m>. In comparison, the right column shows the model results during lognormal maximum chlorophyll-a concentration (mean
log=3.83 mg per m? and sd log=0.58 mg m?). The possible maximum chlorophyll-a concentration in each year is shown as green coloring
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surpassing 0.54 mg per m>, the density increased after
such years. Differences in krill population dynamics due
to the presence of salps could be detected for all three
population properties: with salps present no reproduc-
tion in krill took place and the population shrunk and
eventually deceased. The maximum densities of salps
were strongly influenced by food availability, in terms of
chlorophyll-a concentration, throughout the simulated
time series of 100 years (Fig. 3). High salp peak densities
were related to high annual chlorophyll-a concentration.
In contrast, if the annual maximum chlorophyll-a con-
centration was below the average of 0.54 mg per m?, salps
could not grow to densities above 6000 individuals per
1000 m3. The presence of krill had no impact on the den-
sity of salps regardless of the chlorophyll-a configuration.

Differences in population dynamics due to competition
with the other species

Comparing the distribution of model outputs over the
hundred-year time series revealed a significant differ-
ence if salps were introduced for the density of krill (p
value <2e—16), krill mean length (p value of 0.0003) and
in eggs released by krill (p value <2e—16) (Table 4). Fur-
thermore, the post-larvae length of krill was significantly
impacted by the interaction of salp presence and chosen
chlorophyll-a configuration (p value of 0.033). For salps,
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significant effects due to the chosen chlorophyll-a con-
figuration were detectable (p value of 6.655e—05).

To emphasize the differences in population properties
due to the presence and absence of the other species as
well as the chosen chlorophyll-a configuration, boxplots
were generated (Fig. 4). The displayed median of krill
density decreased by 99.9% when salps were introduced
(271 individuals per 1000 m® during constant and 234
individuals per 1000 m? during lognormal chlorophyll-a
configuration). In addition, the median amount of eggs
released by krill per year declined by 100% when salps
were present (22,062 eggs per 1000 m® under varying
chlorophyll-a and 37,096 eggs per 1000 m® under con-
stant chlorophyll-a configuration). The mean length of
krill post-larvae stages declined by 2.8% (0.8 mm) during
constant and by 0.9% (0.3 mm) during lognormal config-
uration. Tha abundance of salps (individuals per 1000 m®)
deviated by 0.1% (3 individual) during variable and by
0.2% (7%) during constant chlorophyll-a configuration
when krill were introduced (Table 5).

Discussion

In this study, and for the first time, we linked an indi-
vidual-based energy budget model of krill (Euphausia
superba) (Jager and Ravagnan 2015; Bahlburg et al. 2021)
with an individual-based model simulating the life his-
tory of salps (Salpa thompsoni) (Groeneveld et al. 2020).
We investigated the effect of food competition between

Table 4 Results of the Scheirer-Ray—Hare test investigating significant impacts of competition with the other species, chlorophyll-a
configuration, and their interaction on the investigated model outputs (responses)

Response Source Df Sum Sq Mean Sq F value p value Sig
Post larvae Species 1 1,431,644 1,431,644 212.252 0.000 xxx
krill density Chlorophyll config 1 220 220 0.033 0857
(/1000 m’] Species:chla_config 1 8657 8657 1.284 0.257
Residuals 280 468,314 1673 - -
Post larvae Species 1 87,958 87,958 13.040 0.000 FHX
krill mean length Chlorophyll config 1 6323 6323 0937 0333
[rnm] Species:chla_config 1 30,601 30,601 4537 0.033 *
Residuals 280 1,783,954 6371 - -
Krill egg density Species 1 1,431,644 1,431,644 235.942 0.000 i
(n/a] Chlorophyll config 1 828 828 0137 0137
Species:chla_config 1 12,778 12,778 2.106 2.106
Residuals 280 271,931 971 - -
Salp density Species 1 46 46 0.007 0.934
(/1000 m’] Chlorophyll config 1 107,290 107,290 15907 0.000 o
Species:chla_config 1 0 0 0.000 0.996
Residuals 280 1,801,499 6434 - -

The tests were applied for the yearly medians in the years 30-100

Competition with the other species is coded as ‘species’and chlorophyll-a configuration as ‘chla_config’

Significance levels were coded as ‘***'—0.001, **'—0.01, **'—0.05
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Fig. 4 Krill population dynamics in the presence and absence of salps. Boxplots displaying the distribution of post-larvae krill density (top left
panel), mean post-larvae krill length (top right panel), number of eggs released by krill per year (bottom left panel), and salp density (bottom
right panel) for the model runs and the years 30-100. The boxplots are separated by chlorophyll-a scenario (x-axis of each plot) and competition
with the other species, respectively (coloring of boxplots)

Table 5 Absolute and relative differences in medians of 100 years for population properties of krill and salps due to the introduction
of competition with the other species

Output Chlorophyll-a scenario  Other species No other species The absolute The relative
present present difference [n] difference
[%]

Krill density Constant 0.28 271.65 -2714 -99.9

(/1000 m’] Lognormal 034 23423 -2339 - 999

Mean length [mm] Constant 2740 28.18 -08 -28
Lognormal 27.69 27.95 -03 -09

Krill egg density Constant 0.00 37,096.01 —37,096.0 —-100.0

(/1000 m’] Lognormal 000 22,061.90 — 22,0619 ~1000

Salp density Constant 5351.19 5348.11 3.1 0.1

(/1000 m’] Lognormal 440587 4398.72 7.1 02

The chosen chlorophyll-a scenario separated the results (constant low concentration of 0.54 mg per m? or lognormal distribution with mean log=3.83 mg per m* and

sd log=0.58 mg per m?)

The density and mean length of krill were calculated for the post-larvae krill stages only
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krill and salps and the influence of varying chlorophyll-
a concentration on the population dynamics of krill over
100 years. In the following paragraphs, the results of the
model application are discussed.

The 100-year simulations highlight the strong impact
of a stochastic environment on the minimum, maximum,
and annual fluctuations of abundance, mean length, and
the number of eggs released by krill per year. The median
of simulated krill densities ranges from 234 to 272 indi-
viduals per 1000 m?® dependent on chlorophyll-a sce-
nario and the presence of salps. These values are at the
lower end of reported ranges such as 306.9 individuals
per 1000 m? converted from 89 individuals per m? and
290 m water depth (Nordhausen 1994), 346.1 individu-
als per 1000 m® calculated as mean (Hosie et al. 1988)
or 510.9 individuals per 1000 m® calculated as strati-
fied mean (Siegel et al. 2002). Our model showed that
increases in post-larvae krill density happen in or directly
after years of high maximum chlorophyll-a densities
and are following other studies that found correlations
between krill abundance or density with phytoplankton
biomass or chlorophyll-a (Atkinson et al. 2004). Similar
findings related high krill abundance to low tempera-
tures (Trathan et al. 2003; Lee et al. 2010), an alias for
food availability besides other factors. Years with higher
food availability resulted in more eggs released by adult
krill per year, following several other studies that linked
food availability with successful recruitment (Loeb et al.
1997; Ross et al. 2000; Siegel 2000; Quetin and Ross 2001,
2003; Fraser and Hofmann 2003). Furthermore, the new
model showed a population cycle of krill regardless of
the chosen chlorophyll-a scenario and the presence or
absence of salps. This follows the findings of Ryabov et al.
(2017), who described a 5-6-year population cycle of
krill, which they primarily linked to intraspecific compe-
tition for food. One contributing factor facilitating these
population cycles is the nature of our and Ryabov et al’s
(2017) modeling environments. Both systems are closed
and do not allow for the emigration of krill individuals,
which would otherwise decrease intraspecific competi-
tion. Furthermore, our model did not include seasonal
stage-specific spatial separation of krill populations
observed in the field (Siegel 1988; Lascara et al. 1999;
Perry et al. 2019). The seasonal spatial separation of krill
life stages reduces resource competition between adults
and recruits during periods of low productivity and has
been hypothesized as an effective evolutionary adapta-
tion maximizing krill population growth (Nicol 2006).

Our simulation results showed that during the low
and constant chlorophyll-a scenario (maximum concen-
tration of 0.54 mg per m?), salp densities did not exceed
5000 individuals per 1000 m®. This follows the findings
of Groeneveld et al. (2020), which present the baseline
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salp model used in our study. They concluded that salp
abundance under the scenario of fixed primary produc-
tion “is mainly driven by immigration (or population
survival during overwintering) of small seeding popula-
tions” On the other hand, in years with high chlorophyll-
a concentration in the non-constant scenario, our results
showed peak salp densities of up to 29,669 individuals
per 1000 m® which are close to the densities reported
by the observations from the AMLR data set, which
showed a maximum of 42,000 individuals per 1000 m3
(Southeast Fisheries Science Center 2020). This high peak
abundance in years with high chlorophyll-a availabil-
ity was also reported by Groeneveld et al. (2020), where
salp blooms were mainly driven by varying chlorophyll-a
concentrations and averted during years with low densi-
ties. Salpa thompsoni is known for its ability to quickly
respond to changing environmental conditions (Hen-
schke and Pakhomov 2019) due to its short life cycles
and explosive population growth capabilities originating
from its capability to reproduce asexually (Foxton 1966;
Pakhomov et al. 2002), which in turn results in high fluc-
tuations between years (Siegel 2017). Under favorable
conditions, S. thompsoni can exhibit exponential popula-
tion growth due to their exceptionally high growth and
filtration rates (Alldredge and Madin 1982; Perissinotto
and Pakhomov 1997; Dubischar et al. 2006). In another
modeling study, chlorophyll-a and temperature were
detected as the main drivers for the recreation of sea-
sonal and inter-annual salp population dynamics (Hen-
schke et al. 2018). In contrast, Pakhomov et al. (2006)
did not find a relation between salp densities and chlo-
rophyll-a concentrations. One reason for this difference
may lie within the possible clogging of the salp filtering
apparatus at high particle concentrations, which can lead
to the collapse of the whole population (Perissinotto and
Pakhomov 1997, 1998; Kawaguchi et al. 2004). A primary
driver for salp population success seems connected to
blastozooid reproductive fitness, which is limited by shal-
low temperatures and low food conditions (Henschke
and Pakhomov 2019).

Our simulation results showed a significant effect of
food competition with salps on the abundance of krill
per 1000 m?, the amount of eggs released per 1000 m?,
and the mean length of krill. This strong effect of food
competition on the krill population by salps could be
linked to the depletion of chlorophyll-a in large areas
during blooms and might be further amplified by our
model assumptions which did not provide the possibil-
ity for krill to emigrate or to differentiate different algae
sizes which could be preferably consumed by one spe-
cies or the other (Alldredge and Madin 1982; Moline
et al. 2004). These findings contrast Siegel and Loeb
(1995), who found no meaningful correlation between
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median salp abundance and mean krill stock density.
As the relationship was non-linear, the authors hypoth-
esized that there could be “a salp density threshold
level above which the krill distributional attributes are
negatively affected” (Siegel and Loeb 1995). Their find-
ing further emphasizes that recruitment indices had a
“fairly strong” negative correlation with the salp abun-
dance (Siegel and Loeb 1995). Our study’s results sup-
port this hypothesis regarding krill recruitment under
varying chlorophyll-a scenarios, as the median of the
100 years showed a reduction of 100% in eggs released
per year and 1000 m>, In addition, the 100-year median
of krill densities decreased by nearly 100% during vary-
ing chlorophyll-a density when salps were introduced.
Snapshots of the chlorophyll-a amount of the modeled
domain during the simulation experiments revealed an
areal reduction of chlorophyll-a content of up to 60% if
salp density exceeded 10,000 individuals per 1000 m?,
which supports the threshold hypothesis of Siegel and
Loeb (1995). In general, the food competition between
salps and krill is hypothesized to be an essential factor
for krill abundance (Perissinotto and Pakhomov 1998).
Particularly salps’ ability for explosive reproduction
events is seen as a possibility to act as a competitor for
food (Siegel and Loeb 1995; Chiba et al. 1998). Another
study suggests no or little competition for phytoplank-
ton between Euphausia superba and Salpa thompsoni
(Kawaguchi and Mare 1998). A possible explanation for
this lack of competition is seen in different food particle
size preferences by salps and krill (Alldredge and Madin
1982; Moline et al. 2004), although this hypothesis has
recently been challenged (Pauli et al. 2021b). Another
possibility for competition between salps and krill is
the direct predation of the two species. Some findings
indicate direct predation of salps by krill (Kawaguchi
and Takahashi 1996) as well as of krill eggs and larvae
by salps (Huntley et al. 1989; Nishikawa et al. 1995; Per-
issinotto and Pakhomov 1998; Pakhomov 2004) is pos-
sible. For further simulation studies with the proposed
PEKRIS model, it is emphasized to investigate whether
this strong competition prevails if phytoplankton sizes
and consumption preferences of krill are modeled. In
addition, the direct predation of the two species and
the consumption of krill fecal pellets by salps might
further change the impact size of the competition.

Conclusions
In conclusion, we can answer our research hypotheses as
follows:

1) The density of krill decreases with existing food com-
petition with salps

Page 13 of 16

It was possible to detect a significant impact of com-
petition with salps on the density of krill. The median
abundance of the 100 years showed a reduction of
99.9% or 234 individuals per 1000 m? in the case of
varying chlorophyll-a concentration and of 99.9% or
271 individuals per 1000 m® during constant concen-
tration.

2) The mean body size of krill decreases with existing

food competition with salps

A significant but marginal deviation of the mean
length could be detected by introducing salps. The
median of the mean body length of krill throughout
the 100 years showed a decrease of 2.8% (0.8 mm)
during constant and of 0.9% (0.3 mm) during varying
chlorophyll-a concentration.

3) The number of eggs krill releases yearly decreases

when salps are present

Due to the presence of salps, a significant reduc-
tion was detectable. The median yearly number of
eggs released by krill showed a decrease of 100.0%
or 22,062 eggs per 1000 m® during varying and of
100.0% or 37,096 eggs per 1000 m® during constant
chlorophyll-a concentration.

4) A fluctuation in food availability leads to asynchro-

nous reactions of salp and krill populations

The reactions of salps to annual fluctuations of
chlorophyll-a usually happen within the same year
(for maximum peak density). For krill, density, and
amount of eggs released per year were predominantly
driven by the maximum chlorophyll-a density of the
previous years.

In the future, the newly developed individual-based
model PEKRIS could be used to investigate whether
this strong competition prevails if phytoplankton
sizes and consumption preferences of krill are mod-
eled. In addition, the direct predation of the two spe-
cies and the consumption of krill fecal pellets by salps
might further change the impact size of the competi-
tion. Another important research direction could be to
investigate the impact of climate change and the cor-
responding warming oceans on the energy budgeting,
food consumption, and metabolism maintenance of
Antarctic krill (Euphausia superba) as well as the com-
petition for food with salps (Salpa thompsoni). Warmer
temperatures are expected to alter sea ice and ice shelf
dynamics, leading to decreases in krill abundance
(Vaughan and Doake 1996; Quetin et al. 2007). At the
same time, salps may be favored by the warming trend
(Pakhomov 2004), further intensifying the pressure on
krill populations. Another possible application scenario
of PEKRIS is investigating predation and fishery on the
krill population dynamics.
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