W) Check for updates

ASLO

Limnol. Oceanogr. 9999, 2021, 1-14

© 2021 The Authors. Limnology and Oceanography published by Wiley Periodicals LLC on
behalf of Association for the Sciences of Limnology and Oceanography.

doi: 10.1002/In0.11770

=

Size-specific grazing and competitive interactions between large salps
and protistan grazers

Michael R. Stukel ©,"?* Moira Décima,*>* Karen E. Selph ©,> Andres Gutiérrez-Rodriguez>
1Department of Earth, Ocean, and Atmospheric Science, Florida State University, Tallahassee, Florida

2Center for Ocean-Atmospheric Prediction Studies, Florida State University, Tallahassee, Florida

3National Institute of Water and Atmospheric Research (NIWA), Wellington, New Zealand

“Scripps Institution of Oceanography, University of California San Diego, San Diego, California

SDepartment of Oceanography, University of Hawaii at Manoa, Honolulu, Hawaii

Abstract

We investigated competition between Salpa thompsoni and protistan grazers during Lagrangian experiments
near the Subtropical Front in the southwest Pacific sector of the Southern Ocean. Over a month, the salp com-
munity shifted from dominance by large (> 100 mm) oozooids and small (<20 mm) blastozooids to large
(~ 60 mm) blastozooids. Phytoplankton biomass was consistently dominated by nano- and microphytoplankton
(> 2 um cells). Using bead-calibrated flow-cytometry light scatter to estimate phytoplankton size, we quantified
size-specific salp and protistan zooplankton grazing pressure. Salps were able to feed at a >10,000 : 1
predator : prey size (linear-dimension) ratio. Small blastozooids efficiently retained cells > 1.4 ym (high
end of picoplankton size, 0.6-2 um cells) and also obtained substantial nutrition from smaller bacteria-
sized cells. Larger salps could only feed efficiently on > 5.9 um cells and were largely incapable of feeding
on picoplankton. Due to the high biomass of nano- and microphytoplankton, however, all salps derived
most of their (phytoplankton-based) nutrition from these larger autotrophs. Phagotrophic protists were
the dominant competitors for these prey items and consumed approximately 50% of the biomass of all
phytoplankton size classes each day. Using a Bayesian statistical framework, we developed an allometric-
scaling equation for salp clearance rates as a function of salp and prey size:
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where ESD is prey equivalent spherical diameter (um), TL is S. thompsoni total length, ¢ = 5.6 x 107>~ 3.6 x 107%,
w = 21-0.13,0 = 0.58—0.08, and y = 0.46 —0.03 and clearance rate is L d"' salp’. We discuss the biogeochemical
and food-web implications of competitive interactions among salps, krill, and protozoans.

Salps play a unique ecological and biogeochemical role as
large, gelatinous grazers that can feed rapidly and efficiently
on some of the smallest phytoplankton in the ocean (Kremer
and Madin 1992; Bone 1998; Sutherland et al. 2010). Indeed,
salps can feed at one of the highest predator : prey size ratios
(> 10,000 : 1) of any organism in the ocean (Kremer and
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Madin 1992; Fuchs and Franks 2010). Their rapidly beating
muscle bands also allow them to routinely filter > 1000 times
their biovolume per hour (Harbison and Gilmer 1976; Madin
et al. 2006). By compacting microscopic prey into very large,
rapidly sinking fecal pellets, their blooms can reshape pelagic
biogeochemical pathways and increase CO, sequestration in
the deep ocean (Bruland and Silver 1981; Madin 1982). How-
ever, as a result of their patchy distributions, poor preservation
during typical net tows, and difficulties associated with experi-
mental work with gelatinous taxa, they remain understudied
(Henschke et al. 2016).

Traditionally, and especially in the Southern Ocean, salps
have been considered competitors of crustaceans, especially the
Antarctic krill, Euphausia superba (Loeb et al. 1997; Pakhomov
et al. 2002). The assumption of competitive interactions
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between these groups is driven, in part, by their roughly similar
sizes and collection by the same methodology (net tows). How-
ever, E. superba feed preferentially on large diatoms (Haberman
et al. 2003), while salps are largely nonselective feeders that can
efficiently consume all nano- and microphytoplankton, and
less efficiently consume picophytoplankton (Kremer and
Madin 1992; Sutherland et al. 2010). Salps also have distinctly
different life cycles than crustaceans. Their alternation of gener-
ations, featuring solitary asexual oozooid phases and chain-
forming sexual blastozooids, allows rapid population growth
on time scales of days to weeks in warm temperatures and
weeks to months in the Southern Ocean (Bone 1998; Liiskow
et al. 2020). In contrast, E. superba has a multi-year life cycle,
with population fluctuations linked to interannual climate vari-
ability (Pakhomov 2000; Saba et al. 2014).

Given these considerations, we ask whether phagotrophic
protists may potentially be more important competitors of
salps. Phagotrophic protists (heterotrophs and mixotrophs)
are taxonomically diverse and the dominant grazers of
picoplankton (Sherr and Sherr 1994; Caron et al. 2012). They
also consume from 59% to 75% of all phytoplankton produc-
tion across diverse marine ecosystems, including in some of
the coldest waters near the Antarctic continent (Calbet and
Landry 2004; Garzio et al. 2013). These grazers have rapid
growth rates, potentially higher than a doubling per day at
tropical temperatures, and higher than a doubling per week
even at the coldest temperatures in the Southern Ocean
(Hansen et al. 1997). Considering these similarities in prey
and growth rates, phagotrophic protists are likely more impor-
tant as competitors of salps than crustaceans, although the
consumers of salps and protists are likely very different.
Bacterivorous and herbivorous protists are themselves impor-
tant prey for other phagotrophic protists and play a significant
role in supporting metazoan zooplankton in many ecosystems
(Calbet 2008; Landry et al. 2020). With sizes (linear dimen-
sion) two to four orders of magnitude greater than protists,
however, salps are primarily consumed by either nekton or
specialized crustacean micro-predators, including hyperiid
amphipods (Madin and Harbison 1977; Henschke et al. 2016).

To test the hypothesis that salps and protistan grazers com-
pete for prey, we conducted a series of protistan and salp graz-
ing experiments during Lagrangian studies conducted near the
Chatham Rise in water parcels with blooms of Salpa thompsoni.
The Chatham Rise is a topographic feature that extends
1000 km east of New Zealand. This region is characterized by
strong latitudinal gradients with the Subtropical Front (STF)
separating warmer, N-limited subtropical waters to the north
from colder, Fe-limited subantarctic waters. The colocation of
the STF with this topographic feature leads to increased mixing
and productivity (Sutton 2001; Chiswell et al. 2013). Most of
this primary productivity is consumed by protistan zooplank-
ton, and these protists in turn serve as important components
of crustacean diets (Zeldis and Décima 2020). Previous studies
have also shown the common presence of salp swarms in the
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region (Bradford 1985; Zeldis et al. 1995), allowing us to con-
duct experiments to target salp and protist interactions. We
assessed the in situ size spectra of phytoplankton and quanti-
fied size-specific grazing rates of both protists and S. thompsoni.
Our results show that S. thompsoni efficiently consumes most
nano- and microphytoplankton, and their small blastozooids
also feed on picophytoplankton. However, S. thompsoni blasto-
zooids and oozooids derived the majority of their nutrition
from nano- and microphytoplankton. Phagotrophic protists
were the dominant predators on all size classes of phytoplank-
ton, highlighting their importance as competitors of salps,
although salps can also efficiently consume these phagotrophic
protists.

Methods

Cruise design

We used a Lagrangian process study design to conduct
detailed investigations of salp and protist grazing pressure
near the Chatham Rise in November 2018 during the Salp
Particle expOrt and Oceanic Production (SalpPOOP) expedi-
tion on board the RV Tangaroa. We used information from
historical zooplankton sampling in the region and the distri-
butions of fish taxa that prey on salps to identify regions
with high likelihood of salp presence. We then conducted an
aerial survey with approximately hourly net tows to identity
water parcels with high salp abundance and used Lagrangian
drift arrays to track these water parcels while conducting
detailed investigation of the evolving plankton community
over periods ranging from 4 to 8 d (hereafter referred to as
Lagrangian “cycles”). One Lagrangian drift array (which we
refer to as the “incubation array”) consisted of a satellite-
enabled surface float, a 3 x 1 m holey-sock drogue centered
at 15-m depth in the mixed layer, and metal loops at
18 depths allowing us to affix mesh bags containing experi-
mental bottles to be incubated in situ (Landry et al. 2009).
We conducted three Lagrangian experiments (hereafter
referred to as “cycles”) in waters with salps and focus on
these results here, although two additional cycles were con-
ducted in nonsalp waters (Fig. 1).

During each cycle, we collected samples for phytoplankton
analyses from daily CTD casts at ~ 02:00 local time. Samples
included flow cytometry and size-fractionated chlorophyll
a (Chl a) (<2 pm, 2-20 ym, >20 ym) at six depths. We sam-
pled from the same depths and casts for daily 24-h incuba-
tions, using the two-point dilution technique (Landry
et al. 1984) coupled to flow-cytometry analysis to quantify
size-specific protistan grazing rates in situ. We also conducted
twice daily oblique bongo net tows (0.71 m diameter, 200 ym
mesh) from the surface to 200 m depth at approximately local
noon and midnight to quantify salp abundance, size structure,
and gut pigment content. A second type of net, which we
refer to as a “salp net” (1-m diameter, 200 ym mesh, with a
large [30-L] nonfiltering polycarbonate cod end), was used to
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Fig. 1. Study region. Upper plot shows bathymetry of the broader

oceanographic region. Lower plot shows our study area with monthly

average SST (NASA MODIS satellite). Net tow locations are indicated with

red dots. Red rectangles indicate locations of +Salp Lagrangian cycles.
Black squares represent locations of cycles with few or no salps.

collect salp specimens for experimental work, including incu-
bations to quantify salp grazing pressure. For detailed informa-
tion, see Online Supplementary Methods 1.

Salp abundance and biomass estimation

Zooplankton net tows were conducted at least twice daily
(day and night) to a depth of 200 m. Salps were sorted, mea-
sured for length, identified to species, and staged into oozooid
(solitary) or blastozooid (aggregate). A subsample from each
tow was taken for determination of Chl a in salp guts.
S. thompsoni total lengths were divided into 5 mm bins (5-
140 mm) from which we computed normalized abundance
size spectra (NASS = salp abundance within a bin divided by
bin width).

Protistan grazing experiments

We conducted daily two-point in situ protistan grazing
dilution experiments at six depths in the water column
(Landry et al. 1984, 2009). A control bottle and a “dilute”
treatment bottle (25% whole seawater : 75% 0.1-um filtered
seawater) were incubated in situ on the drifting array for 24 h.
Initial and final samples were taken for flow cytometry and
Chl a analyses. Daily specific mortality rates due to protistan
grazing were calculated as: m = (kqi—Kwnole)/(1-dil), where kqy
is the growth rate in the diluted treatment bottle, kyhore is the
growth rate in the control bottle, and dil is the fraction of
whole seawater in the dilute treatment bottle (25%).

Salp grazing experiments
To determine the size-specificity of salp grazing, we con-
ducted grazing incubations in 20-liter plankton kreisels or
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30-liter pseudo-kreisels filled with mixed layer seawater. Salps
were collected via short, slow tows through the mixed layer
with the salp net. Healthy specimens were transferred into
one of the paired kreisels, while the second kreisel was used as
a control treatment. We incubated S. thompsoni blastozooids
and 00zooids ranging in size from 50 to 128 mm total length.
We also conducted three incubations with a chain of blasto-
zooids (6-8 mm individuals) released by an 0ozooid inside of
one of the plankton kreisels. We found that this was the only
way to successfully obtain such small blastozooids in healthy
conditions. Incubations typically lasted ~ 24 h and were sam-
pled every ~ 2 h for flow cytometry.

Gut pigment measurements

Because previous studies have shown that salp filtration
rates can be underestimated when salps are incubated in a
tank (Pakhomov et al. 2002), we also collected organisms for
gut pigment analysis from bongo tows conducted multiple
times daily (Madin and Cetta 1984). Chl a and phaeopigment
content (together GPig, units = ug Chl a equivalents salp™') in
excised guts was measured using the acidification method
(Strickland and Parsons 1972; Décima et al. 2019). We esti-
mated gut pigment turnover (GPT) time using the following
equation GPT (h) = 2.607 x In(OAL, mm) - 2.6. Chlorophyll-
based grazing was estimated as: G (ug Chl a equiv.
salp™' h™') = Gpig x GPT".

Flow cytometry

Flow cytometry samples from the water column, protistan
grazing dilution experiments, and salp incubations were ana-
lyzed at sea to estimate the abundance and size of eukaryotic
phytoplankton. Cell diameter was estimated from forward
light scatter calibrated with polystyrene beads. Biomass was
estimated from diameter using equations in Menden-Deuer
and Lessard (2000).

Size-specific grazing rate calculations

From flow cytometry samples in salp and protistan grazing
rate experiments, we calculated normalized biomass size spec-
tra (NBSS) for eukaryotic phytoplankton from 0.8 to
31 ym. We calculated the normalized biomass as:

2xESD
B,(ESD)= ) Biomass/(2xESD—ESD/2) (1)

ESD
2

Phytoplankton mortality due to protistan grazing as a func-
tion of size was computed from initial and final NBSS for each
experiment. To determine an average grazing rate for each
Lagrangian cycle, we averaged all grazing rate estimates,
m(ESD), made in the mixed layer during that cycle. We used
results from these in situ protistan grazing experiments to compute

protistan  grazing rate-corrected size-specific mortality of
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phytoplankton due to salp grazing in our on-deck incubations (G,
units of d') as:

m(EsD) ((33) (e —1) 1) ~In (0
t

G(ESD) = ) (2)

where B, . is the normalized biomass in the control kreisel at
time ¢, B,, is the normalized biomass in the treatment kreisel
(with salps) at time ¢, vol is the volume of the kreisel, N is the
number of salps in the treatment kreisel, and f; is an initial esti-
mate of salp filtration rate. Throughout this manuscript, we use
the term “filtration rate” to refer to the volume of water pumped
through a salp per unit time (which is independent of prey cell
size), while we use the term “clearance rate” to refer to the vol-
ume of water cleared by salps of a particular prey size per unit
time. Clearance rate is thus less than or equal to filtration rate
and varies for differently sized prey. G(ESD) relates to the
actual clearance rate of the salps (C, units of L salp™' d=')
through the equation: C(ESD) = G(ESD)/N/vol. For derivation
of Eq. 2, see Supp. Methods 3. For additional details on all field
methods, see Supp. Methods 1.

Bayesian parameter estimation and model selection

For every salp incubation, we calculated clearance rate as a
function of prey ESD using two simple models. The first
assumes clearance rates depend only on the filtration rate and
filter mesh of the salp and uses a two-parameter function in
which F is the filtration rate of the salp and z is a parameter
that is approximately equal to the equivalent mesh size of
the salp:

Clearance(ESD) = min <0,16+(E5D/T

(ESD/T)Z ),1) oF 3)

The second equation is a three-parameter model that adds a
functional form representing potential escape responses of
prey, assuming that prey swimming velocity is proportional
to size:

(EsD/,)?

Clearance(ESD) = min ((),16+(ESD/,)'
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where 1 is a parameter that describes the evasion success of
prey. Derivation of these equations is given in Supp. Methods 4.
To fit these parameters to the incubation data, we used a Bayes-
ian statistical framework (see Supp. Methods 2). To objectively
choose whether Eq. 3 or 4 was more appropriate for each incuba-
tion, we used deviance information criterion (DIC; Spiegelhalter
et al. 2002).

To quantify the salp-size-dependence of filtration rate and
equivalent mesh size, we also fit allometric-scaling relation-
ships to the data from all incubations:
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where TL is salp total length, ¢ x TL" is an allometric-scaling rela-
tionship for the filtration rate, @ x TL” is an allometric-scaling rela-
tionship for z (equivalent mesh diameter), 7 is temperature, and Qjo
is a temperature scaling factor that we assume is equal to 2 (Madin
and Purcell 1992). Equation 6 assumes that r does not vary with salp
size. We again chose between the two equations based on DIC.
Because salp filtration rates are often lower in incubations
than in situ (Pakhomov et al. 2002), we also fit Eq. 5 (which
was found to be a better predictor than Eq. 6) to gut pigment
data results. For this analysis, we combined in situ mixed layer
carbon-based NBSS with mixed layer size-fractionated Chl
a measurements to determine in situ Chl a-based NBSS. We
then fit Eq. 5 to the results of Chl a-based consumption rates
(mg Chl a h™") determined from gut pigment measurements.

Results

Environmental conditions and salp abundances

We found salps in three water parcels in the vicinity of the
Chatham Rise and the STF (Fig. 1). The highest salp abun-
dance was found in a S. thompsoni-dominated coastal region
in modified subantarctic water (Cycle 1). Surface Chl a was
0.9 ug L™ and surface temperature was 11°C. Cycle 2, con-
ducted further offshore and in subantarctic water along the
southern flank of the STF, featured a mixed salp community,
with substantial abundances of S. thompsoni, but also other
abundant taxa including Pegea confoederata and Thetys vagina
(although we only present results from S. thompsoni in this
manuscript). Surface Chl a was substantially lower (0.4 ug L™)
and surface temperature was 10°C. During Cycle 4, we sam-
pled a region of mixed water featuring characteristics represen-
tative of subtropical water that had likely experienced mixing
with subantarctic water near the STF. Surface temperature on
Cycle 4 was ~ 13°C and surface Chl a was 1.3 ug L™'. Hetero-
trophic bacteria abundance in the surface mixed layer aver-
aged 9.3 x 10°, 1.4 x 10°, and 2.6 x 10° cells mL™?, in Cycles
1, 2, and 4, respectively. Euphotic zone depths (to 1% of sur-
face irradiance) were relatively shallow at 32, 35, and 25 m for
Cycles 1, 2, and 4, respectively, and surface mixed layer
depths were 23, 48, and 21 m, respectively. We also conducted
two cycles in subtropical (Cycle 3) and subantarctic (Cycle 5)
waters without salp blooms. Hydrographic properties and phy-
toplankton abundance during these cycles were largely similar
to those encountered during Cycles 4 and 2, respectively.

The size structure of the S. thompsoni population varied sub-
stantially between cycles (Fig. 2). Cycle 1 was the only cycle
with a high abundance of large oozooids (80-130 mm), and
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small (~ 10 and ~ 40 mm) blastozooids were also abundant.
Cycle 2, which appeared to represent a temporal progression
of the bloom encountered in Cycle 1, was dominated by
medium-sized blastozooids (25-50 mm), with very few
00zooids present. By Cycle 4 (approximately 1 week later), the
salp community was dominated by large blastozooids (50-
70 mm) and a new generation of small oozooids appeared.

Phytoplankton size spectra and protistan grazing

The phytoplankton normalized biomass size spectrum var-
ied between cycles, although phytoplankton biomass consis-
tently peaked near the upper end of the nanophytoplankton
size range (i.e., 7-20 ym; Fig. 3). During Cycle 1, the cycle
with the highest salp abundance and also the closest to land,
there was a substantial abundance of picoeukaryotic phyto-
plankton (0.5-1 pm), comparatively few phytoplankton with
an ESD of ~ 2 um, and a greater biomass of 5-30 ym phyto-
plankton than smaller taxa. During Cycles 2 (salps) and
5 (no salps), which were both conducted in water of primarily
subantarctic origin, there were fewer picoeukaryotic phyto-
plankton and carbon biomass increased nearly monotonically
with size from picophytoplankton to a peak at ~ 15 ym ESD.
Cycles 3 (no salps) and 4 (salps) in subtropical water featured
fairly consistently low biomass of phytoplankton from 0.5 to
3.0 um, followed by a rapid increase in biomass with increas-
ing size to a peak at ~ 8 ym.

Across cycles and size classes, protists consumed ~ 50% of
phytoplankton biomass per day (Fig. 4), with some variability
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Fig. 2. Normalized abundance size spectra (NASS, salps m™> mm™") as a
function of the length of Salpa thompsoni oozooids (a) and blastozooids
(b) in each cycle.
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between cycles. For instance, phytoplankton mortality due to
protistan grazing was higher for microplankton than for pico-
and nanoplankton during Cycle 2, but fairly similar to or
slightly lower than mortality of nanoplankton for Cycles
1 and 4. These differences, however, were not statistically sig-
nificant, and we found no significant difference between pro-
tistan grazing rates during nonsalp cycles (Fig. 4a) and salp
cycles (Fig. 4b). However, we note that uncertainty was sub-
stantial for microplankton, because these cells were far less
abundant than pico- and nanophytoplankton so their abun-
dance estimates based on small volumes analyzed by flow
cytometry are inherently more variable.

Salp grazing incubations

We used a Bayesian statistical framework to combine flow
cytometry-derived phytoplankton abundance changes in salp
incubations into size-specific estimates of salp clearance rates
(Fig. 5). Small blastozooids (Fig. 5a) had maximum clearance
rates <0.1 L salp™ d'. The youngest salps had substantially
lower grazing rates than even 3-d old (8 mm) blastozooids. The
8-mm blastozooids fed efficiently even on phytoplankton < 1 ym
in diameter. Larger blastozooids (Fig. Sb) and oozooids (Fig. 5¢)
had filtration rates that ranged from 2 to 30 L salp™' d~*, with
no clear dependence on their size (Fig. 5d).

The equivalent mesh size (z), which is essentially the prey
size below which clearance rate begins to decrease substan-
tially, was typically 2-3 ym (Fig. 5e). However, it was substan-
tially lower for 8-mm blastozooids (0.4 ym). Contrarily, the
smallest blastozooids (6 mm) had the largest equivalent mesh
size (6 um), although this newly released chain appeared to be
only weakly feeding. Only 4 of 10 incubations showed statisti-
cally significant evidence for prey avoidance at large prey
sizes, and these experiments contained organisms that were
feeding with lower filtration rates than other similarly sized
salps. Since previously published evidence suggests that salp
filtration rates are higher in situ than in tank experiments, this
leads us to believe that prey avoidance behaviors did not sig-
nificantly reduce filtration rates on the size of prey we assessed
(0.7-30 pm). This does not, however, suggest that larger prey
taxa with stronger swimming behaviors (e.g., crustacean nau-
plii) cannot successfully avoid capture by salps.

To further investigate allometric grazing relationships, we
constrained Eqgs. 5 and 6 using all incubation data. The DIC
computed after fitting Eq. 5 (which includes allometric scaling of
the equivalent mesh size) was lower than for Eq. 6 (3.51 x 10*
vs. 3.65 x 10*) suggesting that it is a better fit to the data. Param-
eters fit with this model were: ¢ = 1.5x1073+1.4x107%
w=2.1+£0.02, 0 =0.55+£0.08, and y = 0.45 £ 0.03. For perspec-
tive, these results suggest that the equivalent mesh size of a salp
increases from 1.2 ym for a 6-mm salp to 4.7 ym for a 125-mm
salp, while the filtration rate increases from 0.06 to 39.9 L
salp~' d'.
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Salp grazing rates in situ

We measured the gut pigment content of 776 salps ranging
in length from 6 to 150 mm. This included 521 blastozooids
ranging from 9 to 97 mm and 255 oozooids ranging from
21 to 150 mm. These estimates were used to quantify in situ
salp grazing rates (ug Chl a salp™ d™'), which were combined
with size-fractionated Chl a measurements from the mixed

layer to constrain Eq. 6 using in situ data (Fig. 6). Parameters
fit with this model were: ¢ = 5.6x107°3+3.6x107%
w =21%20.13, 6 = 0.58 £0.08, and y = 0.46 £ 0.03. Notably,
the value for y (exponent of the filtration rate to salp length
relationship) was very close to the equivalent parameter deter-
mined from incubation results. However, ¢ (the intercept) was
nearly a factor of 4 greater, suggesting that salp filtration rates
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filtration rate (F, L d™') as a function of total salp length (mm) (d). Effective filter mesh size (z, pm) as a function of total salp length (mm) (e).

were approximately four times greater in situ than in the
plankton kreisels. Using the results of our analysis, we esti-
mate that a 6-mm, newly released blastozooid filtered 0.24 L
salp™' d™!, while a 150-mm oozooid filtered 208 L salp™' d~".
We also estimate that the equivalent mesh spacing (r) ranged
from 1.3 to 5.8 ym.

Equation 6 and the in situ parameterization allow us to
quantify volume-specific salp clearance rates for different prey
sizes. As expected, because w <3, specific clearance rates
decrease with increasing size. The smallest salps assessed in
our study (~ 6 mm) had clearance rates of ~ 12,000 body vol-
umes per day for prey > 1.6 ym. These small salps were fairly
efficient at feeding on even smaller prey. For instance, their fil-
tration rate on 0.8 ym cells was ~ 6000 body volumes per day.
Volume-specific filtration rates were substantially lower for the
largest salps collected in our study (150 mm). These salps had
clearance rates of ~ 4000 body volumes d~' for cells > 6 ym,
but < 300 body volumes d~! for 0.8 um cells. We caution that
these results may potentially underestimate salp clearance
rates, because they assume that the salps were actively feeding
at the time of collection and that all salps were feeding in the
mixed layer, although our net tows went to a depth of 200 m.
It is possible that the salps in Fig. 6 with low apparent grazing
rates (relative to their size) were actually living beneath the
euphotic zone, thus even high clearance rates would yield low
gut pigment content.

We then used in situ salp abundances (Fig. 2) to quantify
the clearance rates of the entire salp community. Although
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Fig. 6. Salp grazing rates (ug Chl a salp™" d~') as a function of salp
length (mm) determined from in situ gut pigment measurements for all
cycles and for blastozooids and oozooids. Colored lines show Bayesian
estimates of grazing as a function of Salpa thompsoni length (accounting
for in situ mixed layer temperature and normalized Chl a size spectra for
each cycle).
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Fig. 7. Phytoplankton mortality (d™') due to grazing of the Salpa tho-
mpsoni community as a function of prey diameter (um) for each cycle.
Results are derived from Eq. 6 with in situ parameterization and cycle-
specific salp abundance.

net tows were made to a depth of 200 m, we assumed in this
calculation that all salps were collected in the euphotic zone.
While this may overestimate salp abundance in the euphotic
zone, it is offset by our previous assumption that all salps were
collected in the mixed layer leading to an underestimate of
clearance rates. For Cycle 1, with the highest salp abundance,
salp grazing pressure cleared 8.1% of the biomass of > 6-um
phytoplankton each day (Fig. 7). Smaller phytoplankton had
lower mortality rates due to salp grazing (4.3% and 1.1% d!
for 3- and 1-um phytoplankton, respectively). Salp grazing
pressure was lower during the other cycles (1.5% d~! for large
cells in Cycle 2; 2.7% d™" in Cycle 4).

Because most phytoplankton carbon was contained
in > 5-um nano- and microphytoplankton that were efficiently
preyed upon by all salp sizes, the median (carbon-weighted)
prey size was relatively invariant with salp size. Median prey
size was similar at 8-9 pm for salps in all cycles. This shows
a~ 1000 : 1 average predator : prey size ratio (linear dimen-
sion) for the smallest blastozooids collected in our study and
a> 10,000 : 1 average predator : prey ratio for large oozooids.

Total ingestion was determined primarily by nano- and
microphytoplankton prey concentration (which varied
between the three cycles) and filtration rate. During Cycles
1 and 2, the smallest salps consumed 4-5 ug C from phyto-
plankton daily, while during Cycle 4 they consumed > 10 ug
C d~!. Larger organisms consumed substantially more, with

Salp and protistan grazing

60-mm salps (large blastozooids) consuming 90-120 ug C d™*
during Cycles 1 and 2 and nearly 300 g C d~! during Cycle
4. 150-mm salps (large 0ozooids) consumed 300-400 ug C d™*
during Cycles 1 and 2 and nearly 1000 yg C d~! during Cycle
4. These estimates are likely underestimates of total ingestion,
since they include only eukaryotic phytoplankton biomass.
Aplastidic protists, cyanobacteria, and heterotrophic bacteria
were also abundant and likely to be important prey items of
S. thompsoni.

Discussion

Salp grazing rates, daily ration, and size selectivity

Our results show strong size dependence of clearance rates
for S. thompsoni spanning a range of sizes and including both
oozooids and blastozooids. Absolute clearance rates for the
largest oozooids were > 2 orders of magnitude higher than
clearance rates for the smallest, newly released blastozooids
(Fig. 5). However, since the exponent of the power-law rela-
tionship relating salp total length to filtration rate (2.1 + 0.02)
was lower than the exponent relating salp volume to length
(2.45; Iguchi and Ikeda 2004), salp volume-specific clearance
rates were inversely related to length, decreasing
from ~ 12,000 d™' for newly released blastozooids to ~ 4500
d™! for large 0o0zooids. Similarly, Madin et al. (2006) and
Pakhomov et al. (2006) found that clearance rate normalized
to organism biovolume decreased slightly with increasing size
for Salpa aspera and S. thompsoni, respectively.

Combining Eq. 5§ with phytoplankton size spectra data,
we found that carbon-based ingestion rates increased from
4 to 12ug C d™' for a typical newly released (6 mm)
blastozooid to 300-1000 ug C d~' for a 150-mm o00zooid.
Using results from Iguchi and Ikeda (2004) to estimate car-
bon mass from total length, we estimate that a 6-mm
blastozooid had a carbon mass of 31 ug C, suggesting that
these salps were consuming an equivalent of between 13%
and 39% of their carbon mass each day. For comparison,
using both cohort-based growth analysis across wide size
ranges and in situ experiments within a plankton kreisel,
Liiskow et al. (2020) estimated length-based growth rates for
S. thompsoni at the Chatham Rise of ~ 10% d™', which equa-
tes to a carbon-based growth rate of ~26% d~'. Based on
these calculations, a typical newly released blastozooid would
consume barely enough phytoplankton carbon to meet its
growth needs (neglecting carbon lost to respiration or defeca-
tion). However, S. thompsoni is likely to consume many other
prey items. Heterotrophic bacteria biomass ranged from 5.9
to 37 ug C L' in the mixed layer. Heterotrophic protists
often have a biomass in the range of half of the phytoplank-
ton biomass in the open ocean. S. thompsoni has also been
shown to feed on a diverse suite of organisms larger than the
30-um size cutoff that we used for phytoplankton, including
eggs, nauplii and adult crustaceans, foraminifera, radiolar-
ians, phaeodarians, pteropods, and nonliving detritus
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including fecal pellets (Gowing 1989; Lancraft et al. 1991;
von Harbou et al. 2011). Given these additional likely prey
types, our grazing results seem remarkably consistent with
simultaneous, but independent, measurements of growth
rates.

Other studies have found variable ingestion rates for
S. thompsoni. von Harbou et al. (2011) found that daily inges-
tion could exceed body weight in the summer in the Lazarev
Sea (although at substantially higher surface Chl a than at our
study site), but was only 7%-10% of body weight in the win-
ter. Froneman et al. (1996) found daily rations of 73% d~! in
the ice-edge region of the Lazarev Sea. Huntley et al. (1989)
estimated filtration rates of 4.1-9 L salp™' d™! for 40-mm salps
near the Antarctic Peninsula, compared to our estimate of
13 L salp™* d~! (at warmer temperatures). Multiple studies
have even estimated >100% of primary productivity con-
sumed per day by salp communities (Dubischar and
Bathmann 1997; Perissinotto et al. 1997; Bernard et al. 2012).
However, these estimates have largely been based on only one
or two net tows, rather than the extended sampling con-
ducted during our Lagrangian experiments. Across the
23 bongo tows that we conducted during Cycle 1 (our longest
Lagrangian study), calculated clearance rates on > 10-um phy-
toplankton ranged from 1% of biomass consumed d~! for the
tow with the lowest salp biomass to 30% d~' for the tow with
the highest salp biomass. This tow-to-tow variability (driven
by the inherent patchiness of salp populations) can thus lead
to substantial over- or underestimation of average salp bio-
mass and grazing pressure in a region if assessed from only a
single tow. It is thus not surprising that our results (based on
averaging 13-23 tows per cycle) fall near the mean range of
prior estimates of salp grazing pressure.

One of the most important adaptations of pelagic tunicates
is their fine feeding meshes that allow them to feed on organ-
isms orders of magnitude smaller than themselves. Sutherland
et al. (2010) has even suggested that P. confoederata can satisty
its energetic requirements through ingestion of < 1.4 ym parti-
cles. Few studies, however, have directly quantified salp size-
specific clearance rates on natural prey. Kremer and
Madin (1992) found that Pegea bicaudata retention efficiencies
were high for >2.5 um beads, but substantially lower for
smaller beads, with the exception of the smallest (15 mm)
blastozooids assessed, which could feed efficiently on 1 um
beads. For other species assessed (P. confoederata, S. aspera,
Cyclosalpa polae, and Brooksia rostrata), the authors found uni-
formly low retention efficiencies for 1 ym beads regardless of
salp length. Sutherland et al. (2010) found only slightly lower fil-
tration rates for P. confoederata on 0.5- and 1 ym beads than on
3 um beads. Harbison and Gilmer (1976) found that
P. confoederata could feed on<1 um cultured cyanobacteria
(Coccochloris sp.). Caron et al. (1989) found negligible filtration
rates on Synechococcus (< 1 ym), moderate filtration rates on Bodo
sp. (2-2.5 ym) and high filtration rates on Isochrysis galbana
(5 um) for Cyclosalpa affinis, Salpa maxima, and P. confoederata.

Salp and protistan grazing

Nishikawa and Tsuda (2001) quantified size-fractionated chloro-
phyll concentrations in salp grazing incubation experiments and
concluded that salp grazing rates were highest on 2-20 ym prey.
Dadon-Pilosof et al. (2019) found substantially higher
S. maxima, Salpa fusiformis, and Thalia democratica grazing rates
on picoeukaryotes and nanoeukaryotes than on Synechococcus,
Prochlorococcus, and heterotrophic bacteria. Synechococcus has
also been found in the fecal pellets of salps (Pfannkuche and
Lochte 1993), although this does not necessarily imply efficient
feeding on cyanobacteria-sized cells, because mesozooplankton
can also consume Synechococcus contained in aggregates (Stukel
et al. 2013).

Our results are largely in line with these previous studies
and show that S. thompsoni retention efficiency is lower when
feeding on picoplankton than when feeding on nano- and
microplankton. Our results do, however, show a distinct
change in size selectivity with increasing size. The smallest
blastozooids were able to feed efficiently on ~ 1 ym cells and
had reasonably high clearance rates even for 0.4 ym cells. This
gave them access to abundant picoplanktonic cells. Larger
taxa (e.g., common 60-mm blastozooids or 100-mm 00zooids),
however, were only able to feed efficiently on nano- and
microplankton cells. Despite differences in equivalent mesh
diameter, our results suggest that the diets of differently sized
salps were similar. Extensive flow cytometric analyses of sam-
ples from throughout the euphotic zone on each cycle (Fig. 3)
showed that phytoplankton biomass was concentrated in the
nano- and microphytoplankton size classes. All size classes of
S. thompsoni thus derived the majority of their (phytoplank-
ton) carbon from > 8-ym phytoplankton (which still yields a
predator : prey length ratio of > 10,000 : 1 for the largest
00z00ids). Small blastozooids, however, would have had much
greater access to the biomass (5.9-37 ug C L™!) contained in
heterotrophic bacteria in the mixed layer. For comparison,
mean mixed layer eukaryotic phytoplankton biomass was
62, 88, and 101 ug C LY, for Cycles 1, 2, and 4, respectively.
Prokaryotes were thus likely to be an important source of
nutrition for newly released blastozooids, although even for
these small salps, the most important prey item was nano-
and microphytoplankton.

Salp competitive interactions

In the Southern Ocean, S. thompsoni has often been consid-
ered a competitor of E. superba. The assumption of competi-
tive interactions between these taxa stems, in part, from the
fact that they are often the two dominant macrozooplankton
species in the Southern Ocean, yet are commonly found in
distinctly different water parcels (Pakhomov et al. 2002).
Although some have hypothesized direct interactions between
E. superba and S. thompsoni at various ontogenetic stages
(Huntley et al. 1989), exploitation competition is most fre-
quently invoked as the primary mode of interaction between
the species; that is, salp grazing pressure exhausts the prey
field necessary for successful E. superba feeding and vice versa
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(Loeb et al. 1997). However, the two species may fill distinctly
different niches. E. superba thrives in diatom-dominated
regions (Haberman et al. 2003), and may supplement its diet
via substantial carnivory on copepods and other taxa when
microplankton are not abundant (Nordhausen et al. 1992;
Cripps and Atkinson 2000). In contrast, S. thompsoni can feed
on small phytoplankton and often excels in mesotrophic con-
ditions (Zeldis et al. 1995; Pakhomov and Hunt 2017; Kelly
et al. 2020). Indeed, our study shows that small S. thompsoni
blastozooids can feed efficiently on cells as small as 1.2 ym,
while even large (125 mm) oozooids could feed efficiently on
cells > 4.7 ym. Both groups derived over half of their (phyto-
plankton-based) nutrition from < 10 uym cells that are largely
unavailable to E. superba (although we note that S. thompsoni
was likely deriving some nutrition from cells greater than our
30 um cutoff, as well as cyanobacterial cells not assessed in
this study). Blastozooids and oozoids also had the potential to
derive substantial nutrition from even smaller cells if the phy-
toplankton community was dominated by picoplankton.
These results suggest that salps and krill may not be direct
competitors in the Southern Ocean. Rather, each flourishes in
distinctly different conditions; krill during diatom blooms and
salps in mesotrophic regions. Multiple studies have found that
S. thompsoni abundances are often higher when Chl
a concentrations are low (Pakhomov and Hunt 2017; Kelly
et al. 2020). One explanation for the absence of S. thompsoni
aggregations in diatom-dominated coastal regions is the
potential for clogging of their feeding webs when plankton
biomass is high (Harbison et al. 1986). Alternately, it is possi-
ble that S. thompsoni is hindered by low reproductive success
in very cold waters (Henschke and Pakhomov 2019) or that
the short (<1 yr) life span of S. thompsoni makes it poorly
adapted to highly seasonal waters along the Antarctic conti-
nent where prey concentrations may be too low to sustain
growth, and indeed substantially reduced feeding has been
measured in winter in the Lazarev Sea (von Harbou
et al. 2011).

Regardless, it appears that even when they are abundant, as
in this study, salps seldom exert higher grazing pressure than
protists and hence are unlikely to prevent E. superba growth
through competitive exclusion. Indeed, although protistan
communities typically exert greater grazing pressure on pic-
ophytoplankton than on diatoms, diatom mortality due to
protistan grazing is substantial in many regions (Selph
et al. 2001, 2011; Sherr and Sherr 2007) and protistan grazing
pressure often has no clear dependence on phytoplankton size
(Taniguchi et al. 2014). Furthermore, in this study we found
no significant decline in protistan grazing on large (30 pm)
phytoplankton relative to picophytoplankton, suggesting that
protists (rather than S. thompsoni) may prevent microplankton
blooms that would benefit E. superba. Conversely, E. superba
does not feed efficiently on the nanoplankton that were the
most important salp prey in our study, and hence are unlikely
to exclude S. thompsoni. Instead, it is protistan grazers that
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typically control pico- and nanophytoplankton biomass glob-
ally and in the Southern Ocean (Calbet and Landry 2004; Pea-
rce et al. 2011; Latasa et al. 2014).

It thus may be more useful to assess competitive interac-
tions between salps and protistan grazers. These organisms
compete for similar prey items and both have life spans that
can be similar to or shorter than the time scale of a Southern
Ocean phytoplankton bloom. This allows both groups to
respond reproductively to phytoplankton blooms. In fact, the
ability of protists and salps to respond to increasing phyto-
plankton production may determine whether or not a bloom
becomes too dense and causes salp mesh clogging (Harbison
et al. 1986). Conversely, intense protistan grazing pressure has
the potential to maintain phytoplankton biomass levels at
concentrations too low for salps to consume sufficient carbon
to satisfy their metabolic and growth requirements. It seems
that in our study region, salp grazing rates (including con-
sumption of heterotrophs and nonliving material) were likely
high enough to slightly exceed their daily requirements. More
effective protistan grazing control, however, could potentially
lead to reduced phytoplankton standing stock and insufficient
ingestion rates to support salp growth. Indeed, Cycle 5 (the
“non-salp” cycle with lowest salp biomass) had lower Chl
a than the other cycles. We thus consider it likely that compe-
tition with protistan grazers may be an important ecological
interaction for S. thompsoni.

Additionally, with their nonselective grazing abilities, salps
have the potential to exert important grazing pressure on pro-
tistan competitors. This is particularly interesting given the
difference in grazing threshold between mature o0o0zooids
(i.e., feeding efficiently only on > 5 ym cells) and the chains of
small blastozooids that they release (which fed effectively on
picoplankton in our study). It is possible that direct consump-
tion of nano- and microzooplankton by mature oozooids
relieves grazing pressure on picoplankton, thus stimulating
net growth of a potential prey item for their offspring. In sup-
port of this hypothesis, Cycle 1 (our cycle with the highest
abundance of large oozooids) also had the highest relative
contribution of picoeukaryotic phytoplankton (Fig. 3).
Although we did not detect reduced protistan grazing pressure
on picophytoplankton during this cycle (Fig. 4), this may have
been due to our occupation of the water parcel soon after the
release of substantial numbers of young blastozooids (Fig. 2),
whose grazing activity may have already impacted the protis-
tan community before our arrival.

Given these expected interactions between protists and
S. thompsoni, it is worth considering expected shifts that
would occur in pelagic ecosystems if a protist-dominated
grazer community shifted to a mixed protist-salp community.
One of the most important ecological differences between
salps and protists is vastly different predatory : prey size ratios.
Protistan zooplankton typically feed with a predator : prey size
ratio (linear dimension) of between 3 : 1 and 5 : 1 with some
dinoflagellates exhibiting a lower ratio of 1 : 1 and ciliates
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feeding at a 10 : 1 or higher size ratio (Sherr and Sherr 2007;
Fuchs and Franks 2010; Dolan et al. 2013). In contrast, as
shown here, S. thompsoni feeds at closer to a 10,000 : 1
predator : prey size ratio. This has profound implications
for energy and matter transfer through food webs.
Because of their high predator : prey size ratios, salps can effi-
ciently shunt the productivity of pico- and nanophytoplankton
carbon to larger nektonic predators (Henschke et al. 2016). Con-
trary to the prior assumption that salps (in contrast to euphau-
siids) were “trophic dead ends,” when compared to protist-
dominated communities, salp blooms should substantially
increase food availability to fish and other top predators, and
indeed many of these higher tropic level species have been
found to feed on them (Cardona et al. 2012; Henschke
et al. 2016).

Salps also alter the biogeochemical functionality of pelagic
ecosystems, relative to their protist competitors. Protist graz-
ing enhances nutrient regeneration and dissolved organic
matter production through the microbial loop (Steinberg and
Landry 2017). Although some large protists can produce
slowly sinking “mini” fecal pellets, it is generally safe to
assume that the majority of the carbon and nitrogen con-
sumed by protists will be recycled within the euphotic zone,
with approximately 30% converted into protist biomass
(Straile 1997). Most of this secondary production, however,
will wind up being consumed by other links in the protistan
food web, leading to only inefficient transfer to larger organ-
isms (Landry and Calbet 2004). Salps, in contrast, produce rap-
idly sinking fecal pellets that can substantially increase
particle flux out of the upper ocean (Madin 1982; Stone and
Steinberg 2016). Their carcasses can also contribute substan-
tially to export flux (Henschke et al. 2013; Smith et al. 2014).
It thus seems likely that, while salp blooms may increase tro-
phic efficiency and enhance transfer to top predators, they
may also decrease the duration of phytoplankton blooms by
reducing remineralization rates. This may increase the vari-
ability and patchiness in food supply in the pelagic ocean
with unknown effects on other taxa.

Despite these hypotheses about pelagic food-web modifica-
tions in response to salp blooms, we caution that few studies
have directly assessed the interactions between salps and pro-
tistan zooplankton. Understanding how Southern Ocean eco-
systems will respond to a predicted southward expansion of
S. thompsoni (Atkinson et al. 2004) thus requires answering
key questions: Can salps exert top-down control on protistan
zooplankton communities? How do the size spectra of ambi-
ent prey fields, salp clearance rates, and protistan clearance
rates vary in time and space? Do salp and protistan zooplank-
ton abundances and/or grazing impact covary in time and
space? Do specific protistan taxa exhibit species-specific inter-
actions with salps or their common prey items? How many
trophic steps separate herbivorous protistan zooplankton from
crustaceans and/or salps? What proportion of salp diets come
from heterotrophic and/or mixotrophic protists? What is the
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role of bacterivory by protists and salps in Southern Ocean
food webs? Answering these questions will require coordi-
nated studies by protistan and salp ecologists, but has the
potential to transform our understanding of these diverse
organisms and their changing ecosystem.

Conclusion

Our experimental design allowed us to quantify size-
specific grazing rates for salps and protistan grazers during the
evolution of a §. thompsoni bloom. Salp filtration rates and
equivalent mesh size were size dependent: the smallest
(6 mm) blastozooids had filtration rates of ~0.2 L d™! and
could efficiently feed on cells greater than ~ 1-um diameter,
while the largest (150-mm) oozooids filtered > 200 L d~! but
could only efficiently retain cells greater than ~ 6-ym diame-
ter. These filtration rates, combined with high abundances at
the beginning of the salp bloom, allowed the S. thompsoni
community to clear ~ 8% of nano- and microphytoplankton
biomass d~'. Protistan zooplankton, however, were the domi-
nant consumers of these prey items; daily, they consumed
approximately 50% of all eukaryotic phytoplankton size clas-
ses (0.7-30 ym). This shows that protists are important com-
petitors of salps despite the fact that these protists typically
feed at less than a 10 : 1 predator : prey size ratio, while our
results show that the salps were mostly feeding at a
predator : prey size ratio between 1000 : 1 and 40,000 : 1.
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