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ABSTRACT: During 2016-2018, unprecedented aggregations of the colonial pelagic tunicate
Pyrosoma atlanticum were observed in the Northern California Current (NCC). Pyrosomes are
common in tropical and sub-tropical ocean waters, but little is known about their abundance, dis-
tribution, and trophic ecology in mid-latitude systems. To assess these factors, pyrosomes were
collected during cruises in the NCC in May and August 2017. A generalized additive model
(GAM) was used to identify relationships between in situ environmental variables (temperature,
salinity, fluorescence) and distribution and abundance patterns of pyrosomes in May 2017. Fatty
acid (FA) profiles were then characterized as diet indicators, and bulk stable isotope analysis of
carbon and nitrogen was used to examine spatial variations in potential food sources and trophic
level. The GAM identified sea surface temperature and surface salinity as significant variables
related to pyrosome densities. The most abundant FA in the pyrosomes was docosahexanoic acid
(22:6w3), which serves in pelagic systems as a biomarker for dinoflagellates. Common FA bio-
markers for bacteria, carnivory, and dinoflagellates differed by latitude, suggesting that pyro-
somes have different diets over a broad latitudinal range. The §'°N values of P. atlanticum indicate
that pyrosomes may be feeding at a relatively low trophic level compared to other zooplankton
groups in this region. Offshore pyrosomes had lower 8°C values than those collected on the shelf,
suggesting incorporation of nearshore carbon in pyrosome tissues. Previously documented rapid
reproduction and growth of pyrosomes coupled with efficient feeding behavior for common NCC
plankters may support their continued presence in this mid-latitude region.
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1. INTRODUCTION

The California Current is one example of a variable
physical environment that can influence population
dynamics along the western coast of the USA, and is
one of the major eastern boundary currents that
flows equatorward starting from southern British
Columbia (around 50°N) to Baja California (30°N).
Episodic and seasonal upwelling supports a biologi-

*Corresponding author: jschram@uoregon.edu

cally productive area and a fisheries hotspot (Check-
ley & Barth 2009). The Northern California Current
(NCC; 42-48°N) is an ideal system to study the rela-
tionships between environmental variables and gela-
tinous zooplankton due to dynamic seasonal up-
welling, which is sensitive to regional oceanographic
indices and drives biological productivity (Bograd et
al. 2009). In the NCC, seasonal and interannual en-
vironmental variability (temperature, salinity, dis-
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solved oxygen [DO], fluorescence) can lead to the
development of optimal conditions that support
blooms of gelatinous zooplankton including cni-
darian jellyfish and pelagic tunicates (Suchman et al.
2012, Miller et al. 2019). Frequent blooms and
broader distributions of certain gelatinous zooplank-
ters have been observed in many marine ecosys-
tems, including the NCC (Purcell et al. 2007, Brotz et
al. 2012, Zeman et al. 2018), and these blooms can
have lasting impacts on ecosystem dynamics and
human activities (Purcell et al. 2007, Graham et al.
2014).

Climate regimes in the North Pacific (periods of
1-3 decades) influence pelagic ecosystem dynamics
through changes in sea surface temperature (SST),
salinity, DO, and currents (Du & Peterson 2018 and
citations therein). All of these factors drive the spatial
and temporal distribution of species in a given area.
In the NCC, major oceanographic phenomena such
as the El Nino-Southern Oscillation (ENSO) and
Pacific Decadal Oscillation exert strong influence on
zooplankton populations (Peterson et al. 2017). There
has been a global increase in the frequency and
intensity of specific marine heatwave events (Oliver
et al. 2018). For example, anomalously warm ocean
conditions in the North Pacific, referred to as ‘the
Blob', began in 2013 (Bond et al. 2015, Di Lorenzo &
Mantua 2016). The 1-4°C warming of ocean temper-
atures continued through 2015 followed by a major
ENSO event in 2016 (Jacox et al. 2016, Peterson et al.
2017). The effects of these warmer ocean tempera-
tures at the ecosystem scale are not fully understood
(Bond et al. 2015), especially as previous reports
have documented a link between colder conditions
and increased gelatinous zooplankton abundance in
some situations (Lynam et al. 2004). However, warm-
ing has generally been linked to an increase in
frequency of occurrence and abundance of several
species of gelatinous zooplankton including pelagic
tunicates and cnidarians in the NCC (Brodeur et al.
2017, Peterson et al. 2017, Miller et al. 2019).

Prior to 2014, pyrosomes were not observed in the
NCC; however, from 2016-2018, unprecedented ag-
gregations of the colonial pelagic tunicate Pyrosoma
atlanticum were observed in coastal waters from
Oregon to British Columbia (Brodeur et al. 2017,
2019a, Sutherland et al. 2018, Miller et al. 2019).
Pyrosomes are common in tropical and sub-tropical
ocean waters (Van Soest 1981), but very little is known
about their abundance, distribution, and trophic
ecology in mid-latitude systems (Sutherland et al.
2018), and what initiated the recent range expansion
into the NCC is unclear (Brodeur et al. 2017). Above-

average water temperatures influenced by recent
regional environmental conditions from 2013 due to
the anomalous warm Blob (Bond et al. 2015), fol-
lowed by a strong El Nino (Jacox et al. 2016) may
have facilitated pyrosome influx and success in the
NCC. Rapid reproduction and growth have previ-
ously been documented in pyrosomes, and this capa-
bility, coupled with their efficient feeding behavior,
may support their continued presence in this area
(Sutherland et al. 2018, Miller et al. 2019).

Pyrosomes (Greek for 'fire bodies') are holoplank-
tonic grazers comprised of zooids encased in a gelat-
inous tunic made primarily of cellulose (Godeaux
1998). Pyrosome colony size ranges from <1 cm to
several meters in length, and the number of zooids
can reach 20000 per colony in ~1 m long colonies
(Décima et al. 2019). Zooids have a branchial basket
lined with cilia, and the beating of these cilia pulls
water in through the oral siphon and out through the
atrial siphon. Water flow drives both feeding and
locomotion, and a mucous mesh lining the branchial
basket efficiently captures planktonic microorgan-
isms (Alldredge & Madin 1982, Godeaux 1998).

The few studies that have examined pyrosome diet
have indicated that pyrosomes feed primarily on
phytoplankton, including diatoms, dinoflagellates,
prymnesiophytes, and coccolithophores (Culkin &
Morris 1970, Drits et al. 1992, Perissinotto et al. 2007).
Pyrosomes have high clearance rates of up to 351
colony~' h™! (Drits et al. 1992, Perissinotto et al. 2007),
which enables them to potentially impact food web
interactions by outcompeting other planktonic graz-
ers (Drits et al. 1992). When pyrosomes form dense
aggregations, they are capable of reducing phyto-
plankton standing stock by >50% in surface waters
(Drits et al. 1992). Beyond the few previously pub-
lished diet studies based on identification of gut con-
tents, little is known about the trophic ecology of
pyrosomes. Pyrosomes are difficult to keep alive in
the laboratory for feeding experiments and, due to
the small size and rapid digestion of their phyto-
plankton prey, visual gut content analysis using
microscopy techniques is challenging.

Trophic biomarkers including fatty acids (FAs) are
often used to study food web dynamics of marine
organisms to identify feeding habits and trophic posi-
tion (Dalsgaard et al. 2003, Pitt et al. 2008). Many pri-
mary producers have distinct FA markers or multi-
variate FA 'signatures’ and therefore can characterize
the diet and identify trophic connections of organ-
isms (Perissinotto et al. 2007, Pitt et al. 2008, Kelly &
Scheibling 2012, Tilves et al. 2018). Proportions of
FAs and ratios between certain FAs can also help
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determine dominance of certain phytoplankton in
the diet (Budge & Parrish 1998, Dalsgaard et al.
2003). Branched (iso and anteiso, denoted by i- and
a-, respectively) and odd-numbered carbon chains
have been applied as a biomarker for bacterial FAs
(BAFAs; Budge & Parrish 1998). Specific FA ratios
have been calculated to identify the importance of her-
bivory (e.g. Z03/Zw6; Sargent & Falk-Petersen 1981)
or carnivory and, in some locations, the dominance of
dinoflagellates over diatoms (22:603/20:5m03; Parrish
et al. 2000, Dalsgaard et al. 2003). In pyrosomes,
some individual FAs have been applied as markers to
identify dinoflagellates (e.g. 22:6®3, 18:503) or prym-
nesiophytes (18:1®9, 18:4®3; Perissinotto et al. 2007).
However, relatively little is known about pyrosome
FA or lipid metabolism, which complicates the inter-
pretation of these FA biomarkers. The few existing
studies on pyrosome FAs were conducted in the
Southern and Indian Oceans (Mayzaud et al. 2007,
Perissinotto et al. 2007, Richoux 2011). Researchers
have hypothesized that at cooler temperatures (e.g.
minimum of 11°C), pyrosome FAs indicate a more
herbivorous diet, while at warmer temperatures
(maximum of 20°C), FAs reflect carnivorous feeding
(Richoux 2011).

Stable isotope (SI) analysis is a long-established
tool for examining trophic relationships (Boecklen et
al. 2011) in aquatic food webs. The isotopic composi-
tion of consumers is assumed to be similar to their
diet, with predictable trophic fractionation; carbon
ratios remain stable (<1%.) during trophic transfer
while nitrogen values become enriched by around
3.4%0 from prey to predator (Peterson & Fry 1987),
although this enrichment can vary between 2 and
4 %0 (McCutchan et al. 2003). Accordingly, a con-
sumer's '°C isotope ratio is applied to identify reliance
on different primary producers, whereas °N is used
to estimate the consumer's trophic position relative to
other consumers and base production. Previous SI
analyses of pyrosomes have indicated that they oc-
cupy a unique position in the pelagic food web
(Richoux & Froneman 2009, Décima et al. 2019). For
species with difficult to observe feeding ecology, there
is particular value in using a combined approach,
which includes FAs and isotopes to generate hypo-
theses about trophic relationships (Pitt et al. 2008).

Due to the limited understanding of pyrosome
abundance, distribution, and nutritional condition in
the NCC, one cannot predict if or how their contin-
ued presence may alter food web dynamics through
removal of phytoplankton biomass (Brodeur et al.
2017). To address these knowledge gaps, 2 primary
hypotheses were addressed in the present study: (1)

changes in abiotic factors (e.g. temperature, salinity,
fluorescence) would be associated with increased
pyrosome abundance, and with increases in pyro-
some abundance during blooms, pyrosomes would
compete with other planktivorous organisms; and (2)
pyrosome distribution would reflect potential differ-
ences in diet and nutritional condition. To address
the first hypothesis, a generalized additive model
(GAM) was used to identify relationships between in
situ environmental variables (temperature, salinity,
fluorescence) and the distribution and abundance
patterns of pyrosomes in the NCC (42-49° N) during
spring 2017. To assess whether pyrosome diet and
condition is altered by distribution, FA profiles and
dietary biomarkers were characterized and identi-
fied for pyrosomes collected in spring and summer
2017. We used FA biomarkers from the collected
pyrosomes to compare spatial differences in pyro-
some nutritive condition in the NCC in spring (May,
on- and off-shelf) and summer (August) 2017. Finally,
bulk SI analysis of carbon and nitrogen was used to
examine spatial variation in potential food sources
and trophic level of pyrosomes in the NCC.

2. MATERIALS AND METHODS
2.1. Field sampling

Pyrosomes were collected opportunistically during
2 research cruises in May and August 2017. The first
cruise was a 10 d NCC ecosystem survey aboard the
NOAA ship ‘Bell M. Shimada', 14-24 May 2017 from
Bodega Bay, CA (38° N) to Cape Meares, OR (45.5°N;
see Fig. 1). Sampling at each station included net
sampling for zooplankton using a vertically towed
ring net (0.5 m diameter, 202 pm mesh; wire speed:
30 m min~?!) and an obliquely towed bongo net (0.6 m
diameter, 0.5 mm mesh; ship speed: 1.5 knots; wire
speed: 30 m min~!). Nets were equipped with cali-
brated flow meters mounted in the net mouth and
towed to maximum depth of 100 m, or 5 m off the bot-
tom at shallower stations. Pyrosomes collected in the
vertical ring and oblique bongo net tows were
counted and measured, and a sub-sample of up to 5
individuals was rinsed with filtered seawater and
placed in a —80°C freezer for subsequent FA and SI
analysis. Pyrosomes zooids may not have had time to
fully evacuate their guts prior to freezing, which may
have influenced FA and SI results. However, due to
the low volume of ingested material to total volume
of pyrosome tissue analyzed, interpretation of the
results was likely not affected. Pyrosome catch was
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standardized to the volume sampled (m? for both
sampling gears. CTD casts for in situ environmental
conditions (SST, salinity, DO, and chlorophyll a
[chl a] with depth) were also collected.

Pyrosomes were collected on a second research
cruise aboard the ‘Shimada’ from 11-26 August 2017
during a NOAA Fishery Survey from Newport, OR
(44.65° N, 124.5°W), to the north end of Vancouver
Island (50.9° N, 129.7° W). Pyrosomes were collected,
measured, and frozen for biochemical analyses from
large midwater trawls (Aleutian wing trawl with
875 m? mouth opening) and a Methot trawl (5 m?
mouth opening with 1 x 2 mm mesh). Pyrosome sam-
pling on the August cruise was non-quantitative:
pyrosome abundance was not standardized to vol-
ume sampled. For this reason, the FA and SI analyses
presented (see Table 1) focus on the May 2017 cruise.
Though there are limitations with the sampling
scheme owing to differences in gear types and lack
of replication, abundances for the May 2017 cruise
are reported for 2 reasons: (1) the data can be put into
context of other recent reports of pyrosome abun-
dance (Brodeur et al. 2019a, Miller et al. 2019) and (2)
the relative spatial abundance patterns are of inter-
est (e.g. more pyrosomes offshore than onshore in
May 2017).

2.2. FA analysis

Immediately following collection, pyrosomes were
measured and stored individually in a —-80°C freezer
on board the research vessel and then transferred to
a —20°C freezer in the lab for 3 mo until processing.
To prepare samples (Nygay = 69, Naygust = 22) for lipid
and FA extraction, they were first freeze-dried, then
ground to a powder using a marble mortar and pes-
tle. Material was weighed to 40 + 0.3 mg and placed
in a 10 ml centrifuge tube, then mixed with a chloro-
form:methanol (2:1) solution. Nondecanoic acid (C19)
was added as an internal standard due to its low con-
centration in marine samples. After adding the C19
standard, the sample was flushed with nitrogen, son-
icated in an ice-water bath, and centrifuged for 5 min
at 3000 rpm, 4°C. The chloroform/organic layer con-
taining the dissolved lipids was then transferred to a
new 8 ml scintillation vial. This transfer process was
repeated twice before evaporating the organic layer
under nitrogen down to 1.5 ml. A 1 ml aliquot of the
organic layer was then removed for transesterifica-
tion, and the remaining 0.5 ml of material was pre-
served at —20°C for gravimetry (Taipale et al. 2016,
Schram et al. 2018).

To begin the transesterification of FA, 1 ml toluene
and 2 ml 1% sulfuric acid:methanol solution was ad-
ded to the lipid extract. Samples were then heated in
a water bath for 90 min at 90°C. After transesterifica-
tion, samples were left to cool to room temperature
before adding 2 ml hexane and 1.5 ml sodium bi-
carbonate. The sample was vortexed for 10 s and
centrifuged for 2 min at 1500 rpm at 4°C. The FA
methyl esters (FAMESs) in the upper layer were iso-
lated and evaporated under nitrogen. FAMEs were
re-suspended for a second time by adding 1.5 ml
hexane, evaporated to dryness and then transferred
to a gas chromatograph vial for analysis (Taipale et
al. 2016, Schram et al. 2018). FAs were processed for
analysis through a GC-MS (Model QP2020, Shi-
madzu; Schram et al. 2018).

2.3. SI analysis

In the laboratory, frozen Pyrosoma atlanticum colo-
nies (Ny.y = 51) were thawed and rinsed gently with
deionized water. Colonies were transferred to indi-
vidual weighing boats and placed in a drying oven at
55-60°C for 48 h. Optimal weight ranges, based on
313C:31°N values, were determined at the Oregon
State University Stable Isotope Laboratory in Corval-
lis, OR, USA. Nitrogen and carbon isotope composi-
tions were analyzed by continuous-flow isotope using
a Carlo Erba elemental analyzer connected to a
Thermo DeltaPlus ratio mass spectrometer. Carbon
isotope data were calibrated against Vienna Pee Dee
Belemnite (VPDB) using the international standard
USGS40 and an internal lab standard SIL Sucrose.
USGS40 and TAEA-N2 were used as standards for
nitrogen. An international standard, caffeine, was
used as check standard against VPDB and N,. Typi-
cal standard error is +0.1 for §!°C and 0.2 for §'°N.
Isotopic ratios are expressed as delta (8) values in
parts per thousand relative to international measure-
ment standards.

2.4. Statistical analysis

The relationship between pyrosome abundance
and distribution and environmental predictor vari-
ables in May 2017 (SST, salinity, fluorescence, and
DO) was assessed using a GAM, the non-parametric
equivalent of a general linear model, with the ‘mgcv’
package in R v.3.6.1 (Wood 2017, R Core Team
2019). Abundance and distribution graphics were
generated in MATLAB. FA comparisons were per-
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formed using routines in PRIMER v.6.1.13 (Clarke &
Gorley 2006) with the PERMANOVA+ v.1.0.3 add-
on (Anderson et al. 2008). Analysis of FA data in-
cluded a non-metric multidimensional scaling (nMDS,
using ‘metaMDS' in the ‘'vegan’' package in R; Oksa-
nen et al. 2019) technique to visualize the similari-
ties and differences between FA proportions and
temporal (cruise month) and spatial factors (cruise
month, distance off shelf, latitude); vectors represent
those FAs contributing to 21 % of identified FAs. For
distance-off-shelf comparisons, pyrosomes that had
been collected during the May cruise at stations with
a bottom depth <250 m were considered to have
been collected on the shelf, and pyrosomes collected
from stations with a bottom depth of 2250 m as off-
shelf. Latitudes at which samples were collected in
May were grouped into bins for distributional ana-
lysis (north: north of 44°N; middle: 43-44°N; south:
south of 43°N). Differences in FA proportions were
tested using a 1-way permutational multivariate
analyses of variance (PERMANOVA; a < 0.05, 22 FAs;
Table 1) comparing cruises (analysis includes sam-
ples collected on May and August cruises). Ad-
ditional 1-way PERMANOVAs were used to analyze
May cruise data to compare distance off-shelf,
latitude, and size (divided into 3 size bins represent-
ing small: 5-10 cm; medium: 11-17 cm; and large:
>18 cm). Comparisons of the May and August
2017 cruises were complicated by the different sam-
ple sizes and lack of spatial or temporal overlap.
Cruise comparisons were made using nMDS and
PERMANOVA to assess the appropriateness of
combining data sets. Despite the inability of the
present study to make comprehensive comparisons
with the May data, the August data were included
as a reference.

Univariate FA comparisons (parametric: {-test,
ANOVA; nonparametric: Welch's t-test) were used to
analyze the effect of distance offshore, latitude, and
size of May pyrosomes (Tables 1 & S1 in the Supple-

ment at www.int-res.com/articles/suppl/m651p097_
supp.pdf) on summary biomarkers after testing for
normality (Shapiro-Wilk test) and homoscedasticity
(Bartlett test); if data failed either test, nonparametric
equivalents for t-test (Welch's t-test) and 1-way
ANOVA (Welch's ANOVA) were used because they
are more robust when groups are heterogenous
regardless of data transformation (Lix et al. 1996).
Summary biomarkers applied in previous studies
were employed to evaluate pyrosome diets, includ-
ing the ratio of 18:109:18:1®w7 (an indicator of relative
carnivory), BAFAs (branched and odd chain FAs),
16:1w7 (e.g. diatoms), 18:2w6 (e.g. chlorophytes),
18:4w3 (e.g. prymnesiophytes), and 22:603 (e.g.
dinoflagellates) (Mayzaud et al. 2007, Richoux 2011).
These biomarkers are prevalent for these sources in
the NCC pelagic research context. Comparisons of
univariate FA biomarkers were run in R (R Core
Team 2019).

Statistical comparisons of Sl ratios of C and N were
made among the same latitudinal, onshore—offshore,
and size-related bins as the FA data using 1-way
ANOVA, or a Kruskal-Wallis 1-way ANOVA on
ranks when the assumption of normality or equal
variances was not met, followed by pairwise multi-
ple comparison procedures (Student-Newman-Keuls
method) to determine which levels were significantly
different.

3. RESULTS

3.1. Pyrosome abundance, distribution,
and environmental variables

Pyrosomes collected during the May 2017 research
cruise in the NCC reached densities up to 5 colonies
m~ (Fig. 1). Mean pyrosome length was 13.6 cm
(range: 6-78 cm) in May off northern California and
Oregon and 11.5 cm (range 2-24 cm) in August off

Table 1. Statistical comparisons used for pyrosome analysis, including sample sizes for distance (on- or off-shelf), latitude (north:
north of 44° N; middle: 43-44° N; south: south of 43° N), and size (small: 5-10 cm; medium: 11-17 cm; large: 218 cm) comparisons.

FA: fatty acid; SI: stable isotope; nMDS: non-metric multidimensional scaling

Comparisons Factors Sample size

Statistical comparisons

Cruise (May and Aug) FA May: 69, Aug: 22

Distance (May) FA On: 17, Off: 52
Latitude (May) FA North: 35, Middle: 11, South: 23
Size (May) FA  Small: 10, Medium: 37, Large: 22
Distance (May) SI On: 29, Off: 7

Latitude (May) SI North: 29, Middle: 7, South: 12

Size (May) SI

Small: 16, Medium: 27, Large: 5

nMDS, 1-way PERMANOVA

nMDS, 1-way PERMANOVA, t-test, Welch's t-test
nMDS, 1-way PERMANOVA, ANOVA, Welch's ANOVA
nMDS, 1-way PERMANOVA, ANOVA, Welch's ANOVA
nMDS, Mann-Whitney

nMDS, ANOVA/Kruskal-Wallis

nMDS, ANOVA/Kruskal-Wallis
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Fig. 1. Sampling locations from May 2017 (open squares)
and August 2017 (filled squares). Bubble size corresponds to
abundance of pyrosomes (colonies m~) at a given sampling
site during the May 2017 cruise. Abundance was not quan-
tified during the August 2017 cruise. Vertical lines highlight
stations included in May latitude comparisons (north, mid-
dle, and south). Light gray lines: 250 (used to delineate on-
shore vs. offshore groupings) and 1000 m contours. Labels
indicate traditional sampling lines: TH: Trinidad Head; CC:
Crescent City; RR: Rogue River; CB: Cape Blanco; HH: He-
ceta Head; NH: Newport Hydrographic; CM: Cape Meares

Washington and British Columbia. Pyrosomes were
distributed near shore and in shelf regions. The high-
est catches of pyrosomes were off the Rogue River
(RR), Heceta Head (HH), and Newport (NH), Oregon
in May (5 colonies m™3; Fig. 1). The GAM identified
SST and surface salinity as significant variables (p <
0.05) related to pyrosome densities in May 2017.
Pyrosome aggregations were concentrated at loca-
tions with warmer SST (12-14°C), moderate salinity
(31-33 PSU), and lower fluorescence at 5 m depth
(<2 mg I"%; Table 2, Fig. 2).

3.2. FA analysis

Of the 46 FAs identified, 22 contributed a mean of
>20.5% in the pyrosomes collected (Tables S2 & S3).
FAs from May and August cruises (Fig. 3A) were
significantly different (PERMANOVA, Pseudo-F =
19.08, df = 1, p = 0.001; Fig. 3A). The FAs that
contributed to 21 % of identified FAs included BAFAs
(branched and odd-number carbon chain lengths),
dinoflagellates (22:6®w3), and prymnesiophytes (18:
4m3), with the largest separation between samples
collected during the May cruise being driven by
BAFAs (19:1; Fig. 3A). The FAs of pyrosomes col-
lected on both cruises did not differ with respect to
distance from shore (on- vs. off-shelf; PERMANOVA,
Pseudo-F = 2.99. p = 0.03) or size (PERMANOVA,
Pseudo-F = 1.72, df = 2, p = 0.08). For the May sam-
ples (Fig. 3B), the FA profiles of pyrosomes dif-
fered by distance (on-shelf: bottom depth <250 m,
off-shelf: bottom depth 2250 m; PERMANOVA,
Pseudo-F = 2.99, p = 0.03) and latitude (north, mid-
dle, south; PERMANOVA, Pseudo-F =4.68, p < 0.001;
Fig. 3C).

There were fewer significant differences in sum-
mary biomarkers for comparisons of pyrosomes col-

Table 2. Generalized additive model results showing the
relationship between May pyrosome abundance and in situ
environmental variables including sea surface temperature
(SST), surface salinity, and fluorescence. (*) indicates signif-
icance (p < 0.05) of the covariate along with the associated p-
value. Relationships between the covariates and pyrosome
abundance are shown as increasing or not significant (NS)

Covariates related P Relationship
to Pyrosoma atlanticum

abundance (km™)

SST (°C; 5 m) <0.001* Increasing
Surface salinity (PSU) <0.05* Increasing
Fluorescence >0.05 NS
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Relationship between pyrosome abundance and environ-

mental parameters was examined with a generalized
additive model (Table 2)

lected on/off the shelf than for biomarkers from pyro-
somes affiliated with distance from shore (Fig. 4,
Table 3). The FA 18:4®3 (an indicator of prymnesio-
phytes) was higher for pyrosomes collected off-shelf
(mean + SD: 3.59 + 1.13) than on (3.16 + 1.23; Fig. 4A,
Table 3). The highest levels of 18:4w3 were observed
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Fig. 3. Non-metric multidimensional scaling (nMDS) plots of
Euclidean distances between the proportions of 46 fatty
acids (FAs) in pyrosomes collected on research cruises (A) in
May and August (n = 69 and 22, respectively), (B) on the
May cruise only, by distance offshore (on- or off-shelf; n = 17
and 52, respectively), and (C) May data grouped by pre-
determined latitude bins (north: north of 44°N; middle:
43-44°N; south: south of 43°N; n = 35, 11, and 23, respec-
tively) with vector overlays of the FAs that contributed > 5 %
of FAs identified. Each symbol represents one sample
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Fig. 4. Commonly used fatty acid (FA) biomarker indices including ratio of
18:109/18:1w7 (potential indicator of relative carnivory) and bacteria
(branched and odd chain FAs) and FAs previously used as biomarkers in
pyrosomes including 16:107 (e.g. diatoms), 18:2w6 (e.g. chlorophytes), 18:4®3
(e.g. prymnesiophytes), and 22:6w3 (e.g. dinoflagellates) for May collections
comparing (A) distance (on-shelf: depth < 250 m; off-shelf: depth 2250 m; n =
17 and 52, respectively) and (B) latitude (north: north of 44°N; middle:
43-44°N; south: south of 43°N; n = 35, 11, and 23, respectively). Solid hori-
zontal lines: median; lower and upper box boundaries: 25" and 75" quartiles;
whiskers: data range (no more than 1.5x the length of boxes); filled circles:
outliers. Significant comparisons (p < 0.05) are denoted with (*)

collected in the north and south lati-
tude bins, with values of FA biomark-
ers for the northern pyrosomes being
greater than FA biomarker values
collected in the south. Large pyro-
somes had a significantly greater ra-
tio of 18:109/18:1w7 than the medium
or small size classes (Table 3).

3.3. SI analysis

Values of §'3C and 3N were com-
pared for pyrosomes collected in May
associated with distance offshore, lat-
itude, and pyrosome length (Fig. 5,
Table 4). Despite a large amount of
overlap of pyrosomes collected across
distance and latitude ranges (Fig. 5),
the 8'C and §'°N of May collections
were significantly different in pyro-
somes collected offshore and across
May cruise latitudes. The §!3C values
of pyrosomes collected in the north
were significantly higher than either
the middle (43-44°N) or the southern
end of the sampling region (south of
43°N), while §®°N was higher in the
south than the north (Table 4). The
313C of pyrosomes collected onshore
was significantly higher than pyro-
somes collected offshore, whereas the
8!°N was significantly lower for shelf
pyrosomes than those &N values
collected offshore (Table 4). These
latter trends were also seen for the
Newport Line only (data not shown).
There were no differences in pyro-
some 8"C or 8N associated with
colony length (Table 4).

4. DISCUSSION

Pyrosome feeding ecology has not
been well studied in any part of their
typical range and has not been inves-

in the south latitude bin (Fig. 4B, Table 3). In con-
trast, there were significant differences in the FA of
pyrosomes collected across latitude for biomarkers
for ‘carnivory’, diatoms, chlorophytes, prymnesio-
phytes, and dinoflagellates (Fig. 4B, Table 3). The
most frequent differences were between pyrosomes

tigated in the NCC. We found pyrosome abundance
in May 2017 to be significantly associated with
warmer surface water, moderate salinity, and lower
fluorescence (Table 2). There were no differences in
FA or SI biomarkers that were associated with colony
size (Tables 3 & 4) but there were significant differ-
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Table 3. Comparisons (2 sample t-test or 1-way ANOVA) of fatty acid biomarkers quantified in pyrosomes that were collected
in May 2017 on (n = 17) and off (n = 52) the continental shelf (Distance), across latitude (Latitude; north: north of 44° N; middle:
43-44°N; south: south of 43°N; n = 35, 11, and 23, respectively), and size classes (small: 5-10 cm; medium: 11-17 cm; large:
>18 cm; n = 10, 37, and 22, respectively). Biomarkers are described in Section 2. Welch's t-tests or Welch's ANOVA were used
to test for differences in data that failed tests for normality or homoscedasticity. NS: no significant differences for the main
statistical test and/or pairwise comparisons; *p < 0.05

Test Statistic df (num, denom) P Relationship
Distance 18:109:18:1w7 Welch's t-test 0.61 (1.00, 26.14) 0.44 NS
Bacteria Welch's t-test 0.44 (1.00, 33.16%) 0.51 NS
16:107 t-test 1.76 85 0.08 NS
18:206 t-test 0.69 85 0.49 NS
18:403 t-test 2.34 85 0.02* Aug > May
22:6m03 t-test -0.86 85 0.39 NS
Latitude 18:109:18:1w7 Welch's ANOVA 4.82 (2.00, 28.007) 0.02* North > south
Bacteria Welch's ANOVA 3.13 (2.00, 43.032) 0.054 NS
16:107 ANOVA 3.82 2 0.03* South > north
18:206 ANOVA 7.85 2 0.001* North > south
18:403 ANOVA 6.52 2 0.003* South > north, middle
22:6m03 Welch's ANOVA 7.13 (2.00, 37.544) 0.002* North > south
Size 18:109:18: 107 Welch's ANOVA 6.67 (2.00, 24.602) 0.005* Large > medium, small
Bacteria Welch's ANOVA 2.86 (2.00, 43.171) 0.07 NS
16:107 ANOVA 0.77 2 0.47 NS
18:206 ANOVA 0.51 2 0.61 NS
18:403 ANOVA 0.48 2 0.62 NS
22:6m03 ANOVA 1.75 2 0.18 NS
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Fig. 5. Pyrosome stable isotope (8!°N and §'*C) results from the May collection cruise associated with distance (on-shelf: depth
< 250 m; off-shelf: depth 2250 m; n = 29 and 7, respectively) and latitude (north: north of 44° N; middle: 43-44° N; south: south
of 43°N; n =29, 7, and 12, respectively)

ences in FA and SI based on distance offshore and
latitude at which pyrosomes were collected (Figs. 3 &
4), suggesting these factors may have the most influ-
ence on pyrosome diet and condition in the NCC.
Pyrosomes are one of the least studied pelagic tuni-
cates (Perissinotto et al. 2007), and had not been
recorded in the NCC off the Pacific Northwest coast
prior to 2014 (Brodeur et al. 2017). Between 2016 and
2018, there were aggregations along the entire west

coast of the USA but the largest densities of pyro-
somes were concentrated further north in the NCC
(42—-48°N) during the spring and summer (Miller et
al. 2019), leading to short- and potentially long-term
changes to the pelagic marine ecosystem (Brodeur et
al. 2017, Sutherland et al. 2018). This pyrosome range
expansion offers a unique opportunity to character-
ize the potential ecosystem effects of a newly arrived
consumer.
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Table 4. One-way ANOVA or nonparametric Kruskal-Wallis or Mann-
Whitney test results for comparisons of carbon and nitrogen stable isotope val-
ues of pyrosomes collected on the May 2017 cruise by distance offshore (on or
off the shelf, n = 29 and 7, respectively), latitude (north: north of 44° N; middle:
43-44°N; south: south of 43°N; n =29, 7, and 12, respectively), and size (small:
5-10 cm; medium: 11-17 cm; large: 218 cm; n = 16, 27, and 5, respectively).

*p <£0.05; NS: not significant

than larger nanoeukaryotes (Dadon-
Pilosof et al. 2019). A broad prey size
range with preference for smaller cells
may allow pyrosomes to thrive in rela-
tively low productivity zones. Weaker
upwelling periods may favor pyro-

somes in the NCC due to warmer
waters and lower nutrients, conditions

Factor  Isotope Test df P Relationship
Distance C Mann-Whitney 1 0.03* Shelf > offshore
N Mann-Whitney 1 0.02* Offshore > shelf
Latitude C Kruskal-Wallis 2 0.001* North > middle, south
N ANOVA 2 0.008*  South > north
Size C ANOVA 2 0.66 NS
N Kruskal-Wallis 2 0.70 NS

which are similar to tropical regions
where pyrosomes have typically been
concentrated.

The base of the NCC food web is
characterized by seasonal and spatial
variability in cyanobacteria and phyto-
plankton communities. During upwel-

During May 2017, the highest abundances of pyro-
somes were in areas with warmer SSTs, between 12
and 15°C, which were above the typical average
temperatures for NCC shelf waters during the sum-
mer. Sampling occurred during the warm water Blob,
when regional SSTs were 2.5°C warmer than the
long-term average and were associated with reduced
nutrients and reduced phytoplankton productivity
(Peterson et al. 2017). In addition to a relationship
with temperature, results from GAM analysis of in
situ environmental variables showed higher pyro-
some abundance in moderate to high salinities
(Fig. 2, Table 2). In August 2017, pyrosome aggrega-
tions were patchier and concentrated further onshore
than the aggregations observed in May at more
southern latitudes. Results did not indicate a signifi-
cant relationship between pyrosome abundance and
fluorescence measured near the surface (5 m depth;
Table 2), which supports the idea that distributions
correspond to temperature, salinity, and possibly
food quality but not overall food availability.

Due to their efficient grazing on phytoplankton
(Perissinotto et al. 2007), pyrosomes have the poten-
tial to impact phytoplankton assemblages where
they form dense aggregations (Drits et al. 1992).
Pyrosomes filter a variety of planktonic microorgan-
isms, from diatoms and dinoflagellates larger than
10 pm (Perissinotto et al. 2007) to smaller diatoms
and coccolithophores of 3-5 pm (Drits et al. 1992).
Like other pelagic tunicates, pyrosomes may also be
able to filter pico-phytoplankton and bacteria-plank-
ton at the submicron scale (Sutherland 2010, Conley
et al. 2018), and recent work has shown that appen-
dicularians (Dadon-Pilosof et al. 2017) and salps
(Dadon-Pilosof et al. 2019) can select prey inde-
pendent of prey size. In salps, smaller picoeukary-
otes were retained at higher retention efficiency

ling events, the shelf is dominated by
large diatoms, whereas during non-upwelling, dia-
tom and dinoflagellate diversity and abundance are
low (Du & Peterson 2018). Synechococcus and photo-
synthetic picoeukaryotes have been shown to be low
in abundance on the shelf off the Oregon coast but
dominant offshore where chlorophyll concentrations
are low (Sherr et al. 2005). During warm anomalies in
the NCC, such as during the sampling period, diatom
abundance and diversity are low, whereas dinofla-
gellate abundance and diversity are high (Du &
Peterson 2018). Considering the different community
composition on and off the shelf, pyrosomes, which
feed at a low trophic level, might be expected to
reflect these spatial differences in phytoplankton.
Surprisingly, the analyses reflected little if any differ-
ences in onshore vs. offshore samples; instead, most
differences in biomarkers (especially FAs) were
based on latitude (Tables 3 & 4). During the sampling
period, latitudinal gradients in phytoplankton com-
munity composition off the Oregon coast may have
been heterogeneous due to bathymetry or transient
features such as river plumes (Kudela et al. 2008).
While there are published values of pyrosome
clearance rates (Perissinotto et al. 2007, Conley et al.
2018), less is known about their diet composition,
particularly in the NCC where they have not previ-
ously been observed. Informative diet FA biomarkers
in pyrosomes differed across latitude for 18:1®m9/
18:10w7 and 22:6m3 (carnivory and dinoflagellates,
respectively; greatest in the north), 16:107 (diatoms;
greatest in the middle and south), as well as 18:2w6
and 18:4m3 (chlorophytes and prymnesiophytes,
respectively; greatest in the south). Relative to dis-
tance comparisons, latitude differentiated pyrosome
diet more than distance offshore, for which the only
difference was for 18:4w3 (greater offshore; Fig. 4).
The relative carnivory index utilized here (ratio of
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18:109/18:1w7) (Fig. 4B) was at a slightly higher level
in the north latitudes in May than levels previously
reported in zooplankton inhabiting surface seawater
with temperatures greater than 11°C (Richoux 2011).
The ratios of 18:1w9/18:1®w7 for the middle and south
latitudes of the present study are comparable to lev-
els previously reported (Richoux 2011). FA analysis
of Pyrosoma atlanticum in the south Indian Ocean
pointed to a phytoplankton-based diet of diatoms
(20:5w3), dinoflagellates (22:6w3), prymnesiophytes,
coccolithophores (18:1®9), and chlorophytes (18:3®3)
(Perissinotto et al. 2007).

FA profiles of P. atlanticum collected from the
Southern Ocean showed the presence of 18:2w6, a
biomarker for chlorophytes or cyanobacteria (Ri-
choux 2011). In Southern Ocean pyrosomes, 18:206
differed from north to south and may have resulted
from relative differences in 18:2w6 in particulate
organic material (Richoux 2011). We report similar
levels of this chlorophyte/cyanobacteria marker, but
these levels did not differ with distance offshore
(on/off-shelf) or size (Table 3). BAFAs across samples
that were similar to those levels previously reported
for pyrosomes were observed (Perissinotto et al. 2007,
Richoux 2011). August samples had higher levels of
BAFAs than May samples (Fig. 4A). The most abun-
dant FA was docosahexanoic acid (DHA; 22:603)
which, in pelagic systems, is a reasonable biomarker
for dinoflagellates. Although there were slight differ-
ences between FA proportions by latitude, they were
not statistically significant, suggesting that pyro-
somes exhibit similar feeding habits in spring and
later summer and over a broad latitudinal range
(Fig. 3B, Table 3).

Based upon the mean §'°N values (7.2 and 7.5 from
shelf and offshore collections, respectively), P. atlan-
ticum appears to feed at a relatively low trophic level
compared to other zooplankton groups in the NCC
region. For example, (Miller et al. 2010) reported that
other crustacean zooplankton such as copepods,
decapod larvae, and euphausiids had mean &N
values between 9.1 and 10.1 %o for the same general
region in summer. Miller et al. (2010) also noted that
the particulate organic matter (POM) baseline was
between 5.7 and 6.5%. for the slope and shelf,
respectively. Although baseline POM isotopes were
not measured in the present study, if similar POM
values to the Miller et al. (2010) study were assumed,
pyrosomes would represent a trophic position of
around 1.5, compared to around 2.0 for most crus-
tacean zooplankton in this region (Miller et al. 2010).
However, as Décima et al. (2013) showed off South-
ern California, there can be a substantial (~2%o)

enrichment of baseline N values during warm and
low productivity years so the exact trophic position
of pyrosomes in the present study is uncertain. In
another study from the Subtropical Convergence
Zone off South Africa, Richoux & Froneman (2009)
found similar (mean 6.8%.) 8N values north of
the convergence zone (nutrient-poor Indian Ocean
waters) but far lower (2.1 %0) values south of the zone
in Southern Ocean waters. Similarly, Décima et al.
(2019) reported that another pyrosome, Pyrostremma
spinosum, from the Eastern Tropical Pacific had
extremely low (mean &8N values of 4.5-5.1%o),
which were well below other zooplankton groups
and just above the POM baseline. In contrast, Gauns
et al. (2015) reported 8'°N values of 7.43%. for this
same species in the Arabian Sea, almost identical to
the offshore levels observed. Thus, it is challenging
to consider pelagic tunicates as surrogates for base-
line production in most ecosystems without complete
knowledge of the phytoplankton community avail-
able to them. Indeed, Pakhomov et al. (2019) sug-
gested instead that they may represent part of the
microbial food web.

Many primary producers exhibit distinctive §°C
signatures in different marine habitats, which may
make potential carbon sources easier to distinguish.
For the NCC, Miller et al. (2008) reported a decreasing
trend in §!°C with distance offshore, with significantly
lower values off than on the shelf. Similar results are
reported with the offshore values observed in the
present study (mean: -23.75%o) being significantly
lower than those values collected on the shelf
(-23.54 %0), suggesting some incorporation of more
nearshore carbon into the pyrosome tissues. However,
the shelf vs. slope *C differences reported by Miller
et al. (2008) were higher for both POM (A2.47 %) and
copepods (A1-3 %) than the '*C differences for the py-
rosomes reported here. The Miller et al. (2008) study
took place during 2000 and 2002, both relatively
strong upwelling years with high productivity on the
shelf compared to 2017. Since these authors found a
strong relationship between productivity (measured
as chl a) and §'®C, this relationship may explain the
higher overall §'3C values as well as the greater cross-
shelf differences. The residence time of P. atlanticum
on the shelf is not known, and pyrosomes may have
undertaken much of their food assimilation in offshore
waters and before being transported onto the shelf
prior to capture. Another factor confounding these re-
sults is that latitudinal differences in 8'3C (higher val-
ues to the north) were also observed, but there were
significant differences when applying only the New-
port Line data, which had the greatest cross-shelf rep-
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resentation (Fig. 1). Thus, the location of capture may
influence the relative trophic position and source pro-
duction for P. atlanticum in the present study. Whole
colonies were analyzed for isotope samples, and al-
though no size-related trends were found in either
isotope, there may be isotopic differences among the
different zooids depending on their age and where
they fed during their development. Like many other
gelatinous zooplankton (see Pitt et al. 2008), informa-
tion on turnover rates of C is lacking, which limits the
ability to determine where isotopic signatures origi-
nate; however, based on this analysis, the population
off Oregon likely came from a source farther offshore
and south of the study area.

The northward expansion of P. atlanticum into the
NCC may not be a temporary phenomenon and thus
could lead to long-term changes in the marine
pelagic food web (Sutherland et al. 2018). The bio-
mass of P. atlanticum was extremely high off Oregon
during the spring and summer of 2017 and again in
2018 before declining in this region but still main-
taining high biomass off California in 2019 following
the cessation of the marine heatwave (Miller et al.
2019). As ocean temperatures continue to rise glob-
ally, new marine heatwaves will probably develop
and become more intense in the North Pacific (Oliver
et al. 2019), which will provide suitable habitat for
warm-water invaders such as P. atlanticum to be-
come established in this temperate ecosystem.

The dense P. atlanticum aggregations in this study
(up to 5 colonies m™ at some locations) and high
clearance rates may allow them to impact phyto-
plankton assemblages and alter energy transfer. The
biomarker analysis in the present study suggests that
pyrosomes feed on a broad range of planktonic
microorganisms and that the highest proportions
were markers for essential FAs including eicosapen-
taenoic acid and DHA. Although P. atlanticum ap-
pears to feed at a lower trophic level than many
of the crustacean plankton such as copepods and
euphausiids that normally have dominated the NCC
pelagic food web, we do not know how much the
removal of these microorganisms affects other com-
ponents of the ecosystem. The biomasses of both
copepods (Peterson et al. 2017) and euphausiids
(Brodeur et al. 2019a, authors’' unpubl. data in 2017)
were orders of magnitude lower during the marine
heatwave compared with normal years on the shelf
off Oregon, but it is unknown whether this shift in
available prey is an indirect effect of food limitation
due to competition from the extremely high pyro-
some biomass that year. More research into pyro-
some feeding ecology is needed to better understand

their trophic niche and implications for the pelagic
food web should they become established in temper-
ate ocean regions. Similar to other thaliaceans, the
role of pyrosomes as consumers and prey sources are
underappreciated (Henschke et al. 2019). Although
numerous fish taxa and even marine mammals were
shown to be feeding on pyrosomes during the 2017
bloom (Brodeur et al. 2019b), their contribution to the
pelagic food web is likely much lower than most
crustacean zooplankton. Consequently, much of the
biomass represented in this bloom may have settled
to the bottom, where pyrosome tissues decomposed
or became food for the benthos, as documented in
the NCC and other ecosystems (Lebrato & Jones
2009, Archer et al. 2018). As pyrosomes continue to
be a dominant presence in the California Current,
additional research into the environmental drivers
causing their range expansion will add clarity to their
role in this productive pelagic ecosystem.
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