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Abstract

Salpa thompsoni is an important grazer in the Southern Ocean. It is found from the
Subtropical Convergence southward to the coastal Antarctic Seas but being most
abundant in the Antarctic Polar Frontal Zone. Low temperatures appear to negatively
affect their development, limiting their ability to occur in the krill dominated high
Antarctic ecosystems. Yet reports indicate that with ocean warming S. thompsoni have
experienced a southward shift in their distribution. As they are efficient filter feeders, this
shift can result in large-scale changes in the Southern Ocean ecosystem by increasing
competitive or predatory interactions with Antarctic krill. To explore salp bloom
dynamics in the Southern Ocean a size-structured S. thompsoni population model was
developed with growth, consumption, reproduction and mortality rates dependent on
temperature and chlorophyll a conditions. The largest uncertainties in S. thompsoni
population ecology are individual and population growth rates, with a recent study
identifying the possibility that the life cycle could be much shorter than previously
considered. Here we run a suite of hypothesis scenarios under various environmental
conditions to determine the most appropriate growth rate. Temperature and chlorophyll a
were sufficient drivers to recreate seasonal and interannual dynamics of salp populations
at two locations. The most suitable growth model suggests that mean S. thompsoni
growth rates are likely to be ~1 mm body length d”', 2-fold higher than previous
calculations. S. thompsoni biomass was dependent on bud release time, with larger
biomass years corresponding to bud release occurring during favorable environmental
conditions; increasing the survival and growth of blastozooids and resulting in higher
embryo release. This model confirms that it is necessary for growth and reproductive
rates to be flexible in order for the salp population to adapt to varying environmental
conditions and provides a framework that can examine how future salp populations might

respond to climate change.
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1. Introduction

Salps are highly efficient grazers that are ubiquitous throughout the world’s oceans
(Alldredge and Madin, 1982). They are capable of rapidly filtering particles up to a rate
of 100 mL min™ (Harbison and Gilmer, 1976) and their grazing pressure regionally can
exceed the total daily primary production (Dubischar and Bathmann, 1997). Salps can
efficiently re-package small particles into larger ones, either through fast sinking, carbon-
rich faecal pellets (Bruland and Silver, 1981; Perissinotto and Pakhomov, 1998a) or salp
carcasses (Henschke et al., 2013; Smith Jr et al., 2014). As a result, the influence of salp
swarms on the biogeochemical cycles are substantial, contributing 10-fold more carbon to
the seafloor than in areas without salp swarms (Fischer et al., 1988). However, this
contribution is sporadic, and as the majority of studies are based on “potential” estimates
there is uncertainty surrounding the total export flux produced by salps. A recent study
suggests that recycling of salp faecal pellets in the epipelagic layer may be more common
than previously believed, with only ~13% of produced pellets captured in sediment traps

at 300 m (Iversen et al., 2017).

Salpa thompsoni is the most prominent pelagic tunicate in the Southern Ocean, found
from the Subtropical Convergence southward to the coastal Antarctic Seas but being most
abundant in the Antarctic Polar Frontal Zone (Foxton, 1966; Pakhomov et al., 2002; Loeb
and Santora, 2012). In recent decades reports indicate that S. thompsoni have experienced
a southward shift in their distribution, resulting in increased abundance in the
traditionally krill dominated high Antarctic (Loeb et al., 1997; Chiba et al., 1998;
Pakhomov et al., 2002; Atkinson et al., 2004), and possibly linked to a decline in
Antarctic krill abundance (Atkinson et al., 2004). However, the ability of S. thompsoni to
proliferate in the high Antarctic remains limited as low temperatures (< 1°C) negatively
affect their reproductive development (Casareto and Nemoto, 1986; Chiba et al., 1999;
Pakhomov et al., 2011; Ono and Moteki, 2013).

Salp growth rates have been found to vary depending on environmental conditions such
as temperature and food availability (Heron, 1972; Deibel, 1982; Heron and Benham,

1984), however, “optimal” conditions promoting maximum growth are still unknown.
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Salpa thompsoni growth rates have only been estimated from cohort analysis of length-
frequency distributions (Loeb and Santora, 2012; Pakhomov and Hunt, 2017). Loeb and
Santora (2012) analyzed S. thompsoni length-frequency distributions across 17 years
(1993 — 2009) of austral summer (January - March) surveys near the Antarctic Peninsula.
From evaluating changes in length modes between median survey dates, their growth rate
estimates for S. thompsoni ranged from 0.15 - 0.52 mm d' (0.3 — 4.6% d™), witha 9
month generation time (Loeb and Santora, 2012). These long generation times suggest
that for large abundances of S. thompsoni to occur, favorable conditions must have
occurred for one or more previous years. More recently, Pakhomov and Hunt (2017)
performed an Eulerian study in the Antarctic Polar Front to also estimate growth rates
from length-frequency distributions. Samples were of high temporal resolution, every 2-3
days over an 18 day period in the 2012 austral summer (Pakhomov and Hunt, 2017).
Calculated growth rates were on average 2-3 fold higher than the Loeb and Santora
(2012) estimates; 0.2 — 3.3 mm d' (3.7 — 20.7% d'"), suggesting generation times could
be as short as 3 months (Pakhomov and Hunt, 2017). These high growth rates were
similar to preliminary data collected during late summer in the Antarctic Polar Front in

2004 (von Harbou, 2009).

The variations in Salpa thompsoni growth rates highlight some of the limitations of using
cohort analysis to determine growth rates. Cohort analysis of length-frequency
distributions assume that each sample is from the same population, that growth rates are
constant between sampling periods and that growth rate estimates are representative of all
size distributions. These assumptions may be difficult to meet for organisms such as salps
because their patchy nature and tendency to swarm during mating aggregations or from
physical turbulence (Graham et al., 2001) mean it can be hard to find and track a
representative population, especially if sampling periods are weeks/months apart. Yet as
salps are difficult to culture in the laboratory (Raskoff et al., 2003), there is a lack of

experimental data on salp growth rates and no experimental data for S. thompsoni.

Considering this uncertainty in Salpa thompsoni growth rates, our aim was to develop a

population model in which we could determine the most appropriate growth relationship
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by simulating S. thompsoni populations under various environmental conditions. We can
use population modelling to enhance our understanding of the existing cohort analysis
datasets by understanding the demographic drivers that underlie patterns in the data.
While there are other mechanisms that influence population dynamics such as mortality
and reproductive timing, here we focus on growth rates, as the ability for salps to respond
rapidly to environmental fluctuations is a key method for their swarming success. To
determine the most appropriate growth rate relationship we ran the model under a suite of
growth rate scenarios (hypotheses) and compared outcomes with observed patterns in S.
thompsoni populations in the Southern Ocean. The scenarios were: Hypothesis 1 (H;) —
Loeb and Santora (2012) “slow” growth rates; Hypothesis 2 (H;) - Pakhomov and Hunt
(2017) “fast” growth rates; and Hypothesis 3 (H3) — “Proportional” growth rates where

energy for growth and reproduction are constant proportions of consumption.
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2. Methods

2.1 Model description

A size-structured Salpa thompsoni population model was developed to explore salp
bloom dynamics in the Southern Ocean. The model follows cohorts of individuals at a
daily time step. Three life stages are modelled: female blastozooids, male blastozooids
and oozoids (Fig. 1). Female blastozooids will grow, and once sexually mature, they will
release one 0ozoid embryo. At the end of sexual reproduction, functional females develop
testes, transition into males and continue to grow while actively fertilizing young female
blastozooids. Oozoids will grow and store energy for reproduction, and once enough
energy is available, they will release up to four chains of genetically identical female
blastozooid buds. The model uses eight state variables to simulate the life cycle: the
number (Fl, individuals (ind.) m™) and size (F¢, mg C) of female blastozooids, the
number (My, ind. m™) and size (M¢, mg C) of male blastozooids, the number (Oy, ind. m"
%) and size (O¢, mg C) of 00zoids and the amount of stored female (Fr, mg C) and oozoid
(Og, mg C) reproductive energy. Abundance and biomass (size) are tracked throughout
the model to be consistent with observations. Temperature and chlorophyll a (a proxy for
food abundance) have been shown to be important drivers of salp population dynamics
(Heron, 1972; Deibel, 1982; Perissinotto and Pakhomov, 1998b; Kawaguchi et al., 2004;
Henschke et al., 2014), and are included here as external drivers affecting growth,

consumption, reproduction and mortality rates (Fig. 2).

2.1.1 Salp abundance

The change of abundance of female blastozooids (Fy; ind. m™) in each cohort is given
by:

dFy

- = buds — mort - Fy — starve - Fy —repro - Fy (1)

where buds (see eq. 17) is the number of female blastozooids released from reproducing
00zoids per day (ind. m™ d™"), mort (natural; d™') and starve (starvation; d') are mortality
rates, and repro is the transition rate of female blastozooids to male blastozooids (d™).

The contribution of buds only occurs when oozoids are reproductive, and the transition



151 rate of reproducing females (repro) to males only occurs when females reach

152 reproductive size; both are not continuous throughout time.

153

154  Once females release an 0ozoid embryo (embryo), they develop testes and transition into

155  males:

156 di\z/l_tN = repro * Fy —mort - My — starve - My @

157  The change in male blastozooids (M ; ind. m™) in each cohort is dependent on the

158  amount transitioning from females (repro - Fy; ind. m™ d™') less those lost from natural
159  (mort; d) and starvation (starve; d™') mortality.

160

161  The release of the oozoid embryo (embryo; eq. 15) is the start of the next generation. The
162  change in 0ozoid abundance (Oy; ind. m™) in each cohort is dependent on the amount of

163  embryos released per day (ind. m™ d™') less mortality (mort, starve; d'):

do
d—:’ = embryo — mort - Oy — starve - Oy 3)

164

165  The contribution of embryo only occurs when blastozooids are reproducing and is not
166  continuous through time.

167

168  2.1.2 Mortality

169  There are no known estimates for mortality rates of Salpa thompsoni. Here we assume
170  two sources of mortality, a density-dependent natural mortality that includes predation
171  pressure and a starvation mortality. The only empirical, laboratory-based measurement
172 for salp mortality is ~10% d' for populations of the small salp Thalia democratica (size
173  range <I - 15mm; Deibel, 1982), which has been converted to a length-based mortality
174  curve for previous salp population models (Henschke et al., 2015). Extending the

175  mortality rate curve for the size range of S. thompsoni (4 — 150 mm), here we use a

176  population mortality rate of 1% d”'. This mortality is scaled such that mortality reaches
177 5% d' under high salp densities:

178  mort = (m- Y. S:°) 4)
179  where Sc is the carbon biomass of the salp population (mg C m™). As size and abundance

180  are tracked for each individual throughout the model, the population biomass (S¢) can be
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determined at each time step. m is the mortality rate such that mortality is 1% d™' at low
densities (S¢ = 0.577 mg C m™) and reaches 5% d™' at high densities (S¢ = 1.291 mg C
m™; Table 1). Similar density-dependent mortality rates have been assumed for other
gelatinous zooplankton (Oviatt and Kremer, 1977; Henschke et al., 2017) and
mesozooplankton (Ohman et al., 2002) based on the assumption that the biomass of
unresolved predators scales in proportion to the biomass of unresolved prey (Steele and

Henderson, 1993).

Starvation occurs when respiratory needs exceed available food for consumption (i.e.
when resp > cons; see section 2.1.3). Here we assume that a Salpa thompsoni population
can withstand approximately 100 days without food prior to 100% mortality. This
assumption is based on mortality rates for similar sized polar zooplankton (Lee et al.,
2006) as there is no empirical data for S. thompsoni starvation rates. Thus starvation
mortality starve (d) is:

starve = 0.05 if resp > cons &)

Another potential form of starvation mortality is believed to occur under high
phytoplankton concentrations when salp feeding efficiency is reduced (>1.5 mg C m™;
Perissinotto and Pakhomov, 1998a). However, it is unclear if clogging regularly occurs
under high phytoplankton concentrations, occurs because of sustained periods of high
concentrations, or due to high densities of a particular phytoplankton species.
Additionally, in experimental conditions, Salpa thompsoni has been observed
“backwashing”, similar to the small salp Thalia democratica, which is a behaviour that
can clear a clogged feeding apparatus (Deibel, 1985). Due to this large uncertainty, we
have not included clogging as a method of mortality in this model. Nonetheless,
chlorophyll @ concentrations in this model did not exceed 1.5 mg C m™, hence, clogging

mortality would not have occurred.

2.1.3 Consumption
Salp consumption (mg C d™') is given by:
Cons = Ing — Resp (6)
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where Ing is the ingestion rate, and Resp is the respiration rate. This is representative
across all life stages. Salp consumption rate determines the amount of energy that is

available to be allocated towards growth and reproduction.

Salpa thompsoni ingestion rate (mg C d') in this model is size and temperature
dependent. Salps are highly efficient filter feeders (Henschke et al., 2016), and empirical
evidence has suggested that S. thompsoni filtration rates vary with size and generation
(von Harbou, 2009). As salps feed continuously while swimming, ingestion is therefore
further limited by their pulsation rate. Salp ingestion of available chlorophyll a biomass
is:

Ing =y - Filt- F; - PR (7
where y is the assimilation efficiency (dimensionless), F. is the size of a female
individual (mg C), PR is the proportional temperature dependent pulsation rate
(dimensionless), and Filt is the size dependent filtration rate (mg C mg C' d™') such that:
Filt = a-e(bFo (8)

where a and b are parameters that vary depending on generation (see Table 1).

Pulsation rate (i.e. swimming speed) in salps have been shown to be temperature
dependent (Harbison and Campenot, 1979). While there exists no data on pulsation rates
for Salpa thompsoni here we assume that maximum pulsation will occur at temperatures
between 4 - 5°C and declines on either side of this “optimal” temperature. This is based
on observations that have identified that S. thompsoni perform better, and occur in higher
densities in warmer waters of the Antarctic Polar Front compared to high latitude areas
(eg. Casareto and Nemoto, 1986; Chiba et al., 1999; Pakhomov and Froneman, 2004).
Pulsation rates for Salpa spp. are reduced to ~ 60% of maximum when temperatures are
reduced to the minimum experienced locally (Harbison and Campenot, 1979). As S.
thompsoni has been observed actively swimming in water under the sea ice (< 0 °C;
Pakhomov, pers. obs.) here we assume that pulsation rate reduces to 60 % at very low
temperatures (-2 °C). Pulsation rate (dimensionless) is proportional and is calculated as
the difference between the current temperature and that at which maximum pulsation rate

occurs (4.5°C):
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PR=c-T>?+d-T+f ©)

where 7 is temperature (°C); ¢, d and f are parameters (see Table 1).

2.1.4 Respiration

Respiratory costs (mg C d') are calculated based on the empirical relationship in (Iguchi
and Ikeda, 2004):

Respr =Tc - g+ Fc" (10)
where T¢ is the temperature correction multiplier (dimensionless), F¢is female size (mg
C), g and & are parameters (see Table 1). As Salpa thompsoni respiration rates were
calculated at 1.3°C, and given a Q;o of 2.8 (Iguchi and Ikeda, 2004), T scales respiration
rates appropriately for varying temperature (7) such that 7c =1 at 1.3°C and 7¢= 2.8 at
11.3°C:

Tc=j+k-T (11)

where j and k are parameters (see Table 1).

2.1.5 Growth and Reproduction
The growth of salps (mg C d') in each cohort is given by:

% = Cons — Repro (12)

where Cons is consumption (mg C d™') and Repro is the amount of energy partitioned to
reproduction (mg C d'). This is representative for females (Repror) and oozoids
(Reprog); there are no reproductive costs for males. Salp size (mg C) can be converted to
length (F7; mm) using the empirical relationship derived by Huntley et al. (1989):
F,=n-F° (13)

where n and o are parameters (see Table 1).

The amount of energy partitioned to reproduction is stored by individual females (Fz; mg

C) and o0ozoids (Og; mg C) in each cohort until they are of reproductive size:

dFR

= Y. Reproy and % = Y. Reproy (14)

The cohort repro - Fy of females that are large enough to reproduce (25 mm; 2.3 mg C)

10
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and have enough reproductive energy stored (Fz = 0.0329 mg C ) will release a 4 mm
(0.0329 mg C) oozoid embryo (Foxton, 1966) and begin to function as males. Given an
embryo mortality mortz the number of alive embryos (ind. m™ d™") for a given time
interval (At =1 day) is given by:

embryo = repro * Fy - mortg - At (15)
Higher proportions of embryos that have failed to develop properly have been observed
in low temperatures (Henschke and Pakhomov, in prep). Thus, here we assume embryo
mortality rate is temperature dependent, and is applied directly after embryo release:
mortg =p-T+¢q (16)
where mortz is the embryo mortality rate (), p and ¢ are parameters (see Table 1). As
embryo release has been observed to occur in March/April (Foxton, 1966), release times
were limited to the 2 month period after the annual maximum temperature, which

generally occurs in late February, if females were of reproductive size.

Oozoids will release a maximum of 4 chains of 170 - 250 buds between approximately 65
mm (22 mg C) and 90 mm (50 mg C), with total release of all 4 chains generally
occurring within a month (Foxton, 1966; Daponte et al., 2001). The number of buds

released (ind. m™ d™) is dependent on 00zoid size (Oc¢) and the amount of reproductive

energy stored (Og):
0 0 .
buds = A—’;’ . F:zg if Op > 5.5971mg C,0, = 22mg C (17)

ON - . S ) . o
where A—': is the amount of reproducing 0ozoids (ind. m™) for a given time interval (At = 1

day), 0.0329 is the amount of energy required to create one blastozooid bud (mg C) and
5.5971 is the amount of energy required to create 170 buds. Since reproduction has not
been observed to occur in winter (Foxton, 1966; Ross and Quetin, 1996) it suggests a
seasonal limitation on reproduction. As a first approximation, here we assume that
reproduction can only occur in summer months, when temperature is greater than the
median annual temperature, and that budding is limited to occur within a month of first
chain release. Although several studies have observed seasonal dynamics in Salpa
thompsoni bloom formation, the factors driving when reproduction occurs are unknown.

Since the seasonal limitations on reproduction are estimates, they need to be tested in

11
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relevant sensitivity analyses. Observations suggest that biomass of salps is higher in
summer months and near zero during winter (Foxton, 1966). Yet, removing the seasonal
limitation results in multiple reproductive events occurring within a year, and does not
recreate the observed seasonal abundances (p>0.05; Fig. S1), suggesting that

synchronous reproduction is necessary to recreate observed seasonal dynamics.

2.1.6 Growth hypotheses

There is uncertainty around Salpa thompsoni growth rates, and it is unknown how much
energy is partitioned between growth and reproduction for S. thompsoni. Here we run a

suite of hypothesis tests as described below to explore potential partitioning and growth

rate relationships:

Hypothesis 1: Slow growth. Here we assume growth rates range between 0.23 — 0.41 mm
body length d' as in Loeb and Santora (2012). The remainder of energy not partitioned to
growth will go to reproduction. These growth rates have been observed at the Antarctic
Peninsula (~61°S) and can be represented by the power curve:

Growthy, =r-F;° (18)
where Growthy;; is maximum growth in % body C d', 7 and s are parameters (see Table

).

Hypothesis 2: Fast growth. Here we assume growth rates range between 0.53 —2.83 mm
body length d' as in Pakhomov and Hunt (2017). The remainder of energy not
partitioned to growth will go to reproduction. This has been observed at the Antarctic
Polar Front (~50°S) and can be represented by the power curve:

Growthy, = t-F:" (19)
where Growthy;; is maximum growth in % body C d”', # and u are parameters (see Table

1).
Hypothesis 3: Proportional growth. Here we assume that the amount of energy

partitioned between growth and reproduction will be proportional to the ratio of adult size

to offspring size. On the assumption that a 25 mm (2.3 mg C) female will release a 4 mm

12
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(0.0329 mg C) embryo, their lifetime reproductive output is 0.0329 mg C; a 99:1 ratio

between growth and reproduction (i.e. % = 0.99 - ConsF,dstR = 0.01 - Reprog).

Oozoid lifetime reproductive output is ~19 mg C (3 chains of 190 buds), equating to a
ratio of ~70:30 between growth and reproduction for the first chain (released at parent
size of 22 mg C), with reproduction increasing to release the next three chains to a ratio
of 37:63 by parent size of 50 mg C. The benefit of the proportional growth hypothesis is
that if food is limiting, energy will still be partitioned between growth and reproduction,

whereas in Hypotheses 1 and 2, growth will be preferred over reproduction.

2.2 Model simulation

The model was forced with temperature from NOAA version 2 optimally interpolated
daily high-resolution-blended sea surface temperature estimates with 1° spatial resolution
(OISST.v2; Reynolds et al., 2007). These estimates include a combination of
measurements from infrared (AVHRR) satellite sensors and in-situ bucket, buoy and
ship-based observations. Chlorophyll a biomass was used as a proxy of phytoplankton
available for salp consumption in the model. Chlorophyll a biomass was obtained from
sea-viewing wide field-of-view sensor (SeaWiFS) chlorophyll a concentration (OC4
algorithm) with a 9 km and 1 month resolution (NASA, 2015). We derived 1° spatially
resolved data using natural neighbor interpolation (Matlab function: scatteredInterpolant).
To reduce bias due to cloud cover, pixels with no data were assumed to equal averages of
surrounding pixels, or given a low chlorophyll a value if during the austral winter (chl a
=0.05 mg C m™). Satellite data spanned from 1997 — 2009. The model is run in an
idealized 1 m* x 400 m box to represent the mean depth range of a migrating Salpa
thompsoni. This model does not consider diel vertical migration. Since the time-step of
our model is 1 day, we can assume that over this time period salps were evenly
distributed over 400 m. Sea surface temperature and chlorophyll a values for each model
location were consistent with studies of growth rate estimates; the Antarctic Polar Front
(50.5°S, 12.5°W; Pakhomov and Hunt, 2017) and the Antarctic Peninsula (61.5°S,
51.5°W; Loeb and Santora, 2012). The initial abundances of females was set at 1 ind. m”
3, zero males and zero 00zoids in order to have only one reproductive generation existing

initially. The model was spun up for 100 years with climatological (1997 — 2009) mean

13



365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382

values until it reached steady state before simulating the different growth and
environmental scenarios. To test seasonal abundance/biomass patterns, the model was run
with climatological mean values; to explore interannual variation the model was run for
the duration of the Loeb and Santora (2012) sampling period where satellite data was
available (1997 - 2009). Salp observations for comparison were obtained from
KRILLBASE and Loeb and Santora (2012). KRILLBASE is a freely available database
containing S. thompsoni numerical densities in the Southern Ocean, spanning from 1926
— 2016 (Atkinson et al., 2017). Biomass index (i.e. standardized biomass; u = 0,0 = 1)
was used to compare modelled (mg C m™) and observed biomass (mg C m™) due to
differences in metrics. Parameter uncertainty was assessed with a Monte-Carlo approach,
where each of the parameters in Table 1 were randomly varied by £ 20% of their value
until their variance stabilized (1000 model realizations). Statistical linear modelling was
undertaken to explore the demographic and environmental drivers of modelled salp
biomass. Demographic covariates that were included in the linear model were time of
budding, time of embryo release, growth rate, starvation mortality, amount of buds
released and the amount of embryos released. To test for the effects of environmental
drivers, seasonal temperature and chlorophyll a concentrations were included as

covariates in the linear model.

14
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3. Results

This model simulated the seasonal dynamics of Salpa thompsoni in two locations, the
Antarctic Polar Front and the Antarctic Peninsula, given the appropriate growth rate
hypothesis (Fig. 3). No salps survived the initial model spin-up when run under
Hypothesis 1, the slow growth scenario. Simulations under Hypothesis 2 (the fast growth
scenario) and Hypothesis 3 (the proportional growth scenario) were able to reproduce the
observed KRILLBASE seasonal dynamics in S. thompsoni abundance at both locations
with salps more abundant during the austral summer (December — February) compared to
other seasons (Table 2; Fig. 3). Modelled salps were more abundant under the Hypothesis
2 simulation compared to Hypothesis 3, and for both simulations were more abundant in
the high Antarctic location. Mean growth rates were faster in the Hypothesis 3 scenario,
but were of similar magnitude to Hypothesis 2 (Fig. 4). Interannual variability of austral
summer salp biomass was only captured by the Hypothesis 3 simulation (r = 0.84, p <0.
01; Fig. 5). These trends were robust to uncertainty in parameters other than growth rates

(Fig. S2).

As Hypothesis 3 reproduced the most realistic salp bloom dynamics, we now analyze this
simulation to gain insight into factors capable of explaining observed variations in salp
bloom dynamics in the Southern Ocean. Abundances varied from 0.01 to 0.31 individuals
(ind.) m™, with a blastozooid-to-0ozoid ratio ranging from 1.16 during the winter to highs
of 855.69 in summer (Table 3). Embryo release generally occurred in March and bud
release occurred in November. Varying release times by = 1 month showed little
variation in seasonal trends in salp biomass (Fig. S2). On average 4 chains of buds
totaling 842 individuals were released per oozoid (Table 3). Generation times (birth until
reproduction) were 267 days for oozoids and 98 days for blastozooids — making a
complete life cycle in 365 days. Without seasonal limitations on reproduction however,
reproduction may occur continuously throughout the year, with generation times as fast
as 80 days for 0ozoids and 27 days for blastozooids (Fig. S1). Annual mean growth rate
was 0.75 - 1.05 mm d”', and varied seasonally, from 0.02 mm d' in the austral autumn to

2.08 mmd”’ in spring (Table 3).
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When run under various environmental scenarios: high temperature, high chlorophyll a
(HTHC), high temperature, low chlorophyll @ (HTLC), low temperature, high chlorophyll
a (LTHC) and low temperature, low chlorophyll a (LTLC), significantly larger
populations of S. thompsoni occurred during the HTLC conditions (p < 0.001, F3 76 =
287.76; Fig. 6).

Linear modelling identified that the most important demographic driver of interannual
variations in salp biomass was the time of budding (i.e. release day of the first chain of
buds) with higher biomass occurring when 0o0zoids released buds later in the year (r* =
0.65, p <0.001, Fy ;0 =21.31). Later bud release times were also significantly correlated
with increased abundances of released embryos in the following summer (r = 0.8, p <
0.01). Environmental drivers of interannual salp biomass were spring and summer
chlorophyll @ concentrations, and summer temperature (r* = 0.62, p = 0.03, F4; = 5.449;
Table 4). Less productive springs and cooler and more productive summers resulted in
higher salp biomass. Less productive springs resulted in lower mortality rates for large
0ozoids in spring-early summer (density dependent mortality; r = 0.85, p < 0.01),
increasing bud release and allowing more blastozooids to rapidly grow and survive in

productive summer conditions until embryo release.
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4. Discussion

This is the first size-structured population model for the Southern Ocean salp, Salpa
thompsoni, and incorporates both blastozooid and oozoid life stages with temperature and
chlorophyll @ dependent growth, reproduction and mortality rates. It is challenging to
fully explore the dynamics of S. thompsoni life cycles using observations alone due to
how difficult salps are to sample and culture in the laboratory (Raskoff et al., 2003). They
are fragile, best collected by diving, and can be hard to find due to the patchy and
ephemeral nature of their swarms (Henschke et al., 2016). Additionally, as Southern
Ocean sampling is generally restricted to summer months there are limitations to how
much seasonal analysis on salp abundance can be performed, so in several locations there
is a lack of winter observations of S. thompsoni. In combination with observations,
population modelling allows us to explore factors that drive S. thompsoni population
dynamics, better understand the environmental conditions that result in blooms and
interpolate between sparse datasets. Temperature and chlorophyll a were sufficient
drivers to create realistic seasonal and interannual population dynamics of S. thompsoni.
The proportional growth rate hypothesis (H3) was the most appropriate growth rate
scenario to recreate the observed patterns in S. thompsoni populations. The time of
budding strongly influences the magnitude of the S. thompsoni population, with large salp
years occurring when there was increased survival of older oozoids, and favorable
summer conditions during and following embryo release. This is consistent with a
previous salp model that was developed for Salpa fusiformis which identified that
reproduction rate was the most important factor influencing population abundance

(Andersen and Nival, 1986).

4.1 Salpa thompsoni growth rate

As there was significant uncertainty surrounding Salpa thompsoni growth rates, we
performed a suite of hypothesis tests to identify the most appropriate growth rate
relationship. Growth rates in H1, the slow growth scenario, were too slow to recreate a .
thompsoni population. The fast growth rate scenario (H2) and the proportional growth
scenario (H3) were able to recreate the seasonal dynamics of the S. thompsoni population,

suggesting that mean growth rates for S. thompsoni are higher than the 0.41 mm body
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length d”' Loeb and Santora (2012) estimated. H3 was the only scenario able to recreate
interannual variation observed in S. thompsoni biomass, and generally resulted in higher
growth rates than H2. This suggests that the growth rate parameterization for S.
thompsoni needs to be flexible, and dependent on consumption, particularly as maximum
potential growth rates for S. thompsoni are unknown. As H3 reproduced the best growth
approximation for a S. thompsoni population, the following discussion will be based on
H3 results only. /n situ growth rates of S. thompsoni have only been measured during the
austral summer, with observed growth rates varying from 0.23 —2.82 mm body length d”'
(Loeb and Santora, 2012; Pakhomov and Hunt, 2017). Growth rates during other seasons
are unknown and it is assumed that during winter months oozoids grow slowly and
overwinter until conditions improve before releasing buds (Loeb and Santora, 2012). In
our model, 0ozoids grew at mean rates of 1.01 — 1.12 mm body length d”' during winter
and blastozooids grew at mean rates from 1.04 — 1.16 mm body length d' during
summer/autumn. These growth rates are much higher than growth rates observed in
January/February by Loeb and Santora (2012), however, when only considering modelled
growth rates during January/February, the mean growth rate for the population was 0.53
mm body length d”', which is consistent with their observations of 0.41 mm body length
d'. This suggests that while the growth rates calculated by Loeb and Santora (2012) are
correct for January/February, it is inappropriate to assume that the same growth rate is
representative of the population throughout different seasons and at different locations.
Therefore, while cohort analysis can be a useful way to estimate growth rates in situ, care

must be taken when interpreting results.

Growth rates in this model are generally higher for smaller, recently released individuals
as filtration rates are higher for smaller individuals — allowing them to consume more per
unit body mass compared to larger salps. Hence, the months with higher growth rates in
this model corresponded to those with higher proportions of smaller and/or recently
released individuals - March to May and November to December. It is necessary to
perform cohort analyses or experiments in the field during these seasons, to confirm
whether these growth rate relationships can be observed. However, it is evident that

based on size composition, previous studies support this hypothesis. Faster growth rates
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observed by Pakhomov and Hunt (2017) were found in salp populations that were mainly
comprised of small individuals (>90% blastozooids smaller than 20 mm) whereas in
contrast, salp populations sampled by Loeb and Santora (2012) were generally larger

(62% blastozooids smaller than 25mm).

4.2 Salpa thompsoni community dynamics

Increased salp abundance and biomass occurred in lower chlorophyll @ conditions and at
higher temperatures. Despite the availability of chlorophyll a resulting in increased
growth rates for salps in this model, faster growth rates resulted in large biomass
increases for the population, and thus greater mortality. Low chlorophyll a concentrations
could result in increased starvation, however, even when run under very low chlorophyll
a conditions starvation did not occur and the salp population could recreate mean
observed abundances. Higher temperatures increased the pulsation rate, and hence
resulted in increased feeding. This relationship is confirmed through observations where
high abundances of S. thompsoni generally occur in the warm, low productivity regions
of the Southern Ocean (Foxton, 1966; Pakhomov et al., 2002; Atkinson et al., 2004), and
suggests why there are such large spatial variations in salp abundance across the Southern

Ocean.

Demographic properties appear to be more important than environmental fluctuations at
driving temporal variations in salp abundance. Reproduction is an important factor
influencing salp populations, and in this model the timing of reproduction determines the
magnitude of a population. “Salp years” corresponded to years when buds were released
later in the summer season in more favorable environmental conditions, which increased
survival and growth of the salp population, ultimately resulting in increased production of
embryos. Salp swarm magnitude has previously been found to be directly dependent on
the number of parents and the amount of buds they release (Daponte et al., 2001;
Kawaguchi et al., 2004), suggesting that the factors depicted in this model are

appropriate.

This is in contrast to the hypothesis of Loeb and Santora (2012) which suggests that
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elevated reproduction over at least two generations (two years in their case), as a result of
continuously favorable environmental conditions, is required to produce large blooms of
Salpa thompsoni in the Southern Ocean. While it is likely that a previously successful
generation existing in favorable conditions will also produce a successful generation, the
results here suggest that S. thompsoni populations may be able to respond to
environmental conditions more rapidly, on a weekly monthly scale, instead of a yearly
scale. Exploring the time scale of the factors that drive “salp years” needs to be the focus
of future work on S. thompsoni population dynamics, particularly under a changing

climate.

4.3 Model limitations

Model parameters chosen in this model fall well within empirical ranges, and while there
are some uncertainties in processes depicted in this model, the model results were robust
to variation. Mortality and embryo release date were found to be the most influential
factors driving variations in salp abundance. The effect of mortality on salp abundance is
expected, and while no mortality values exist for Salpa thompsoni, the values used in this
study are within published ranges for salps and other gelatinous zooplankton. Embryo
and bud release dates remain the most uncertain parameters within this model, and have
the largest impact on salp abundance. Varying embryo and bud release dates by + 1
month had a negligible effect on seasonal salp abundance, yet the effect on interannual
salp abundance is more significant. It is unknown which factors drive embryo and bud
release in situ, however it is generally thought that embryo release occurs in autumn, bud
release in spring and reproductive releases only occur once a year (Foxton, 1966). This
principle is assumed in this model, and while it may be likely as there are clear seasonal
trends in S. thompsoni abundance and timed reproduction would increase the success rate
for the fertilization of young blastozooids (Miller and Cosson, 1997), variations in bud
release time had a significant effect on interannual salp abundance. Additionally, model
runs without a seasonal limitation on embryo/bud release indicated that there are enough
chlorophyll a resources to support multiple reproductive releases per year and much
faster generation times. Thus, future empirical work should explore the environmental

factors driving the onset of both embryo and bud release in salp populations and
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determine how often reproduction occurs within a year.

4.4 Concluding remarks

Understanding the factors driving variations in Salpa thompsoni populations is integral
when trying to examine the likelihood of a S. thompsoni range expansion into krill-
habitats. This model could successfully recreate the observed trends in seasonal and
interannual S. thompsoni populations at two locations in the Southern Ocean, suggesting
that this is a possible model scenario explaining the empirical data. Salp abundance and
biomass are strongly influenced by bottom-up forcing, with more successful salp
populations occurring in warm, low productive environments. S. thompsoni growth rates
were determined to be higher than previously estimated, with a mean growth rate of ~1
mm body length d”', but a seasonal variation across almost two orders of magnitude.
Analysis of different hypothesis scenarios identified that it is necessary that growth and
reproductive rates are flexible, particularly seasonally, in order for the salp population to
adapt to varying environmental conditions. This flexibility may explain how Southern
Ocean salp populations can be so successful, even in very low food environments. Future
empirical work is needed to elucidate this growth rate hypothesis, particularly as it is
likely that maximum potential growth rates for S. thompsoni are much greater than values

currently determined from in sifu measurements.
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Tables

Table 1. Parameter values used in the model simulation. ~ indicates dimensionless

parameters. H1 is Hypothesis 1, H2 is Hypothesis 2.

Parameter  Equation  Definition Value Units Source
m 4 Mortality rate 0.03 (mg Cm~)*d’  Best guess
parameter
y 6 Assimilation 0.64" Iguchi and
efficiency Ikeda (2004)
a,b 8 Blastozooid 1.1098, 0.031 mg C mg c! d', von Harbou
filtration rate mg on (2009)
a,b 8 Oozoid filtration 1.3463, 0.009 mg C mg c! d', von Harbou
rate mg C”' (2009)
cdf 9 Pulsation rate -0.0092, °C2 oC! Henschke and
parameters 0.0832, Pakhomov
0.8055" (unpublished
data)
gh 10 Respiration rate 1.1268, d’ Iguchi and
parameters 0.931° Ikeda (2004)
Jk 11 Respiration rate 0.766, 0.18 oC! Iguchi and
temperature Ikeda (2004)
correction multiplier
n,0 13 Carbon weight to 17.324, mm mg "' (Huntley et al.,
length relationship 0.4292" 1989)
p.q 16 Embryo mortality -0.033, °oCc'd! Henschke and
parameters 0.7083" Pakhomov
(unpublished
data)
s 18 H1 maximum 0.0237, - % d" Loeb and
growth rate 0.429" Santora (2012)
tu 19 H2 maximum 0.0427,- X Pakhomov and
growth rate 0.207 Hunt (2017)
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Table 2. Pearson correlation results for monthly S. thompsoni biomass simulated at the
Antarctic Polar Front and the Antarctic Peninsula for each hypothesis scenario.

Antarctic Polar Front Antarctic Peninsula

R p value R p value
Hypothesis 1 - - - -
Hypothesis 2 0.81 0.0014 0.93 <0.0001
Hypothesis 3 0.77 0.0035 0.95 <0.0001
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Table 3. Mean (£SD) demographic characteristics for modelled salp swarms under the
Hypothesis 3 growth scenario.

Abundance Biomass Growth Blastozooid Asexual
(ind. m'3) (mg Cm~ rate (mm -to-oozoid reproduction
3) d'l) ratio gbuds oozoid”
)
H3 - Annual 0.08+0.15 0.58+ 1.05 + 22244 + 842
Antarctic 0.26 0.74 382.75
Polar Front Spring 0.03+0.05 027+ 0.71 31.65 =+ -
(SON) 0.07 1.22 52.82
Summer 0.24+0.19 0.83=+ 0.72 + 855.69 + -
(DJF) 0.28 0.98 0.002
Autumn 0.03+0.01 0.63+ 1.3+ 1.26£0.18 -
(MAM) 0.14 0.47
Winter 0.01 0.59+0.1 043+ 1.16 + -
JJA) 0.003 0.38 <0.001
H3 - Annual 0.12+0.25 044+ 0.75 + 157.79 + 842
Antarctic 0.33 0.94 329.59
Peninsula Spring 0.1+0.16 03+0.14 2.08+ 574 + -
(SON) 0.63 97.14
Summer 031+031 087+ 0.75+ 571.13 + -
(DJF) 0.36 0.66 493.14
Autumn 0.04+0.01 042+ 0.02 + 1.32+ -
(MAM) 0.13 0.01 <0.001
Winter 0.01 + 0.17+ 0.15+ 1.32+ -
JJA) 0.004 0.05 0.2 <0.001
Observations Annual 0.1 +0.05" - - - -
— Antarctic Spring  0.04£0.06' - - - -
Polar Front (SON)
Summer 0.14+0.03' - 1.9+ 42.08 + -
(DJF) 1.37° 31.2°
Autumn  0.06+0.05' - - - -
(MAM)
Winter - - - - -
JJA)
Observations Annual 0.13+0.16" - - - -
— Antarctic Spring 0.002 + - - - -
Peninsula (SON) 0.003'
Summer 021+0.16"' 1.25+ 0.31+ 28.61 + -
(DJF) 1.11° 0.09° 29.8
Autumn 0.004 + - - - -
(MAM)  0.01'
Winter - - - - -
JJA)

1. Atkinson et al. (2017); 2. Loeb and Santora (2012); 3. Pakhomov and Hunt (2017)
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593  Table 4. Linear model results for salp biomass and environmental variables. Covariates
594  include annual mean sea surface temperature (SST), spring chlorophyll a concentration
595  (CHLspr), summer SST (SSTsum) and summer chlorophyll a concentration (CHLsum).

Coefficients

Estimate  Standard error ¢ value p value
Intercept 0.14 0.06 2.45 0.04
SST -0.1 0.08 -1.27 0.25
CHLspr -0.77 0.31 -2.50 0.04
SSTsum -0.12 0.03 -3.88 0.01
CHLsum 0.70 0.22 3.17 0.02
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Figure Legends

Figure 1. Salpa thompsoni life cycle. The typical salp life cycle involves the obligatory
alternation between two life stages: the sexually reproducing blastozooids, and the
asexually reproducing oozoids. In the blastozooid generation, the young blastozooid buds
are female and are immediately fertilised upon release by older male blastozooids. These
females grow a single internal embryo, which is the beginning of the oozoid generation.
After releasing the oozoid embryo, the female blastozooids develop testes and function as
male. The oozoid embryo grows to asexually produce up to four releases of genetically
identical blastozooid buds. Dashed lines represent change of generation, solid lines
represent growth and dotted lines represent external fertilisation.

Figure 2. Model schematic for the Salpa thompsoni population model. External drivers
are represented by the grey ovals.

Figure 3. Seasonal variation in modelled salp abundance at the a) Antarctic Polar Front
and the b) Antarctic Peninsula for different hypothesis scenarios: H1 (dotted line), H2
(dashed line) and H3 (solid line). Modelled values are represented by lines, and
KRILLBASE observations represented by the grey bars. No salps survived after model
spin-up in the H1 scenario.

Figure 4. Mean growth rate in a) mm body length d”' and b) % body size d”' across three
hypothesis scenarios. The central line of each box indicates the median, the edges
indicate the 25™ and 75" percentiles and the whiskers extend to the most extreme data
points. Outliers are plotted using the + symbol.

Figure 5. Interannual variation (3-yr running mean) in biomass index (standardized salp
biomass; 4 = 0, = 1) in the Antarctic Peninsula. Observations from Loeb and Santora
(2012) are represented by grey bars, HI model output is represented by the dotted line,

H2 model output is represented by the dashed line, and H3 represented by the solid line.

Figure 6. H3 model simulation under various temperature and chlorophyll a conditions.
a) Temperature values used for simulation; HT — high temperature, LT — low
temperature. b) Chlorophyll a values used for simulation; HC — high chlorophyll a, LC —
low chlorophyll a. c) Boxplot of salp abundance run under four environmental scenarios:
high temperature high chlorophyll a (HTHC), high temperature low chlorophyll a
(HTLC), low temperature high chlorophyll a (LTHC), low temperature low chlorophyll a
(LTLC). The central line of each box indicates the median, the edges indicate the 25" and
75" percentiles and the whiskers extend to the most extreme data points. Outliers are
plotted using the + symbol.
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Figure 1. Salpa thompsoni life cycle. The typical salp life cycle involves the obligatory
alternation between two life stages: the sexually reproducing blastozooids, and the
asexually reproducing oozoids. In the blastozooid generation, the young blastozooid buds
are female and are immediately fertilised upon release by older male blastozooids. These
females grow a single internal embryo, which is the beginning of the oozoid generation.
After releasing the 0oozoid embryo, the female blastozooids develop testes and function as
male. The oozoid embryo grows to asexually produce up to four releases of genetically
identical blastozooid buds. Dashed lines represent change of generation, solid lines
represent growth and dotted lines represent external fertilisation.
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Figure 2. Model schematic for the Salpa thompsoni population model. External drivers
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(dashed line) and H3 (solid line). Modelled values are represented by lines, and

KRILLBASE observations represented by the grey bars. No salps survived after model

spin-up in the H1 scenario.
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Figure 4. Mean growth rate in a) mm body length d”' and b) % body size d”' across three
hypothesis scenarios. The central line of each box indicates the median, the edges

indicate the 25™ and 75" percentiles and the whiskers extend to the most extreme data

points. Outliers are plotted using the + symbol.
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Figure 5. Interannual variation (3-yr running mean) in biomass index (standardized salp
biomass; 4 = 0,0 = 1) in the Antarctic Peninsula. Observations from Loeb and Santora
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Figure 6. H3 model simulation under various temperature and chlorophyll a conditions.
a) Temperature values used for simulation; HT — high temperature, LT — low
temperature. b) Chlorophyll a values used for simulation; HC — high chlorophyll a, LC —
low chlorophyll a. c) Boxplot of salp abundance run under four environmental scenarios:
high temperature high chlorophyll a (HTHC), high temperature low chlorophyll a
(HTLC), low temperature high chlorophyll a (LTHC), low temperature low chlorophyll a
(LTLC). The central line of each box indicates the median, the edges indicate the 25™ and
75" percentiles and the whiskers extend to the most extreme data points. Outliers are

plotted using the + symbol.
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49  Supplementary Figure 1. H3 model simulation run without seasonal limitation on

50 reproduction at a) the Antarctic Polar Front and b) the Antarctic Peninsula.
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