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ABSTRACT

The spatial distribution, abundance, and size variability
of two pelagic tunicate species, Thetys vagina and
Pyrosoma atlanticum, were examined from midwater trawl
surveys to assess the historical context and geographical
aspects of a major mass occurrence event throughout
the California Current Large Marine Ecosystem during
2012—19. Off central California, abundance of both
species were significantly greater in 2012—19 compared
to 1983-2001, and their recent persistent multiyear
abundance peaks were unprecedented. Coastwide
abundance and distribution of T. vagina during 2013—
19 was patchy, with no discernible shifts in distribution
or changes in mean length. From 2013-18, abundance
and distribution of P atlanticum demonstrated a temporal
trend of increasing abundance from south to north, and
in northern areas, average P atlanticum colony length
increased over time. In 2019, high abundances of P
atlanticum occurred south of Monterey Bay, but were
not found in the northern California Current. We discuss
how in situ and regional-scale environmental drivers
may have contributed to this recent multiyear gelatinous
mass occurrence, and potential consequences to forage
community structure and ecosystem function.

INTRODUCTION

Several notable mass occurrences of gelatinous pelagic
tunicates have been documented throughout the North-
east Pacific, including the California Current, since 2011
(Wells et al. 2013; Li et al. 2016; Brodeur et al. 2018;
Sutherland et al. 2018). Mass occurrences of pelagic tuni-
cates are similar to other high-profile gelatinous species,
including Scyphozoans, in that blooms have significant
impacts on marine ecosystem dynamics and human
activities, which result in trophic alteration of epipe-
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lagic and nearshore food webs (e.g., species diet and
interactions), reduction in efficiency of fisheries opera-
tions (e.g., damaged fishing nets), and clogging cooling
water intakes of coastal hydropower facilities (Brodeur et
al. 2018; Brodeur et al. 2019; Iguchi and Kidokoro 2006;
Gorman 2017; Eng 2012; Purcell et al. 2007; Graham
et al. 2014; Uye and Brodeur 2017). While the popula-
tion dynamics, spatial ecology, and environmental driv-
ers of pelagic tunicate mass occurrences are not well
understood, their rapid population increases are often
attributed to anomalous ocean conditions that favor
feeding and successful reproduction (Lavaniegos and
Ohman 2003; Licandro et al. 2006; Lucas and Daw-
son 2014). Likewise, it is unclear how pelagic tunicates
expand and contract within and beyond their range, or
whether extensive population occurrences are a signal
of increasing climate trends and variability.

There are numerous species of important, and often
understudied, pelagic tunicates of the class Thaliacea,
which include salps (family Salpidae) and pyrosomes
(e.g., Pyrosoma atlanticum). Thaliacean bodies are typi-
cally larger than other zooplankton, but are generally
lower in carbon relative to their mass, are often transpar-
ent, and buoyant to minimize predation risk and ener-
getic expenditures; consequently they tend to have low
caloric value relative to body size when compared to
crustaceans (Alldredge and Madin 1982; Henschke et al.
2016a). Complex life-history attributes include alternat-
ing asexual (solitary forms), sexual (aggregative forms)
and overlapping generations for salps; and zooid colo-
nial growth (asexual) and budding (sexual) for pyrosomes
(Bone1998; Henschke et al. 2016a). These reproductive
strategies enable pelagic thaliacean populations to per-
sist in the water column at low densities with mini-
mal reproduction during periods of low food supply, yet
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undergo exponential population growth and develop
spectacular mass occurrences during optimal environ-
mental conditions (Silver 1975; Perissinotto et al. 2007;
Loeb and Santora 2012; Henschke et al. 2016a). Dur-
ing periods of mass occurrence, thaliaceans can repre-
sent a substantial fraction of zooplankton biomass and
organic carbon which impacts energy flow and produc-
tivity in marine ecosystems (Silver 1975; Lavaniegos and
Ohman 2003; Henschke et al. 2016a), including high
filter-feeding rates on very small (10 p micron) phyto-
plankton and microzooplankton (Conley et al. 2018) and
carbon contributions to deep-sea benthos in the form of
fecal pellets and carcasses (Henschke et al. 2013; Smith
et al. 2014; Archer 2018).

In the California Current Large Marine Ecosystem
(CCLME), the occurrence and long-term variability
of pelagic tunicates have been characterized using col-
lections made by the California Cooperative Oceanic
Fisheries Investigations (CalCOFI) program (e.g., Ber-
ner 1967; Blackburn 1979). From CalCOFI observations,
Lavaniegos and Ohman (2003) found that despite rep-
resenting a substantial volume of the zooplankton vol-
ume, thaliaceans represented a more modest, but highly
variable, average fraction of total carbon; 5% off south-
ern California, 13% off central California (Lavaniegos
and Ohman 2003). Most of this carbon was attributed to
salps, as pyrosomes are known to have a more subtropical
distribution (their work documented both P atlanticum
and P, aherniosum) and were less frequently observed in
southern and central California waters. In fact, no pyro-
somes were documented in half of the years reported
in Lavaniegos and Ohman (2003), with a few of the
remaining years (5 to 10 years, depending on the region)
having either trace or modest numbers. Most years of
high pyrosome abundance included anomalously warm
events, such as the 1957-59 El Nifo, the 1983 El Nifo,
and the unusual warm/low productivity event in 2005 in
central California (Lavaniegos and Ohman 2007). Fur-
thermore, when previous abundance peaks of pyrosomes
occurred they lasted for only a year or two, suggesting
that environmental conditions were not favorable for
sustained multiyear population blooms and expansions.
Aside from Brodeur et al. (2018) and Sunderland et al.
(2018), who documented recent P atlanticum occurrence
in the North Pacific, previous reports that mention thali-
aceans oft California, Oregon, or Washington do not
explicitly document P atlanticum abundance.

Lavaniegos and Ohman (2003, 2007) evaluated time
series of ten frequently occurring salp species (order Sal-
pida) in CalCOFI collections and found indications of
shifts in species composition between cool- and warm-
water species, and greater overall abundance in cen-
tral and southern California during cool years or time
periods. During 1961-64, Hubbard and Pearcy (1971)

95

conducted a study off Oregon and documented six com-
monly occurring salp species, also noting shifts between
the one warm year (e.g., 1963) and other cooler years.
Hubbard and Pearcy (1971) encountered Thetys vagina
in the spring of 1963, noting this species tended to be
a cosmopolitan but typically warm-water species. More
recently, Peterson and Keister (2002) documented high
densities of Salpa fusiformis off Oregon in April of 1999.
Li et al. (2016) also documented unusually high abun-
dance levels of several northern salp species, including
Salpa aspera in the Gulf of Alaska during 2011, an event
that may have contributed to the massive salp occurrence
that was encountered off central and southern Califor-
nia in 2012 (Wells et al. 2013; Smith et al. 2014; Sakuma
et al. 2016), for which Salpa aspera appears to have been
one of the most abundant species (SIO Pelagic Inverte-
brates Collection Database, accessed Oct. 2019, https://
oceaninformatics.ucsd.edu/zoodb/secure/login.php).

We investigate the spatiotemporal patterns of a recent
mass occurrence of Thetys vagina and Pyrosoma atlanticum
(hereafter referred to as Thetys and Pyrosoma) through-
out the CCLME using data from a midwater trawl sur-
vey conducted in late spring. These species are among
the largest pelagic tunicates that occur in the CCLME,
such that all but the smallest individuals (<9.5 mm) can
be sampled with a midwater trawl (Sakuma et al. 2016).
Our study examines the distribution, abundance, and
size variability of these species before, during, and after
the unprecedented large marine heat wave in the eastern
North Pacific Ocean of 2014—16 (Bond et al. 2015; Di
Lorenzo and Mantua 2016; Jacox et al. 2018).To evaluate
their spatio-temporal abundance trends, we enumerated
catches in central California from 19832001, and coast-
wide from 2013-19, allowing us to put in context the
relative abundance and distribution of the recent mass
occurrence to previous abundance levels. We derive a
length-to-weight relationship in order to convert recent
estimates of abundance and length composition (length
information was not collected on these species prior
to 2012) to biomass, and examined Thetys and Pyro-
soma length by year and region to evaluate trends in
size over space and time. We then discuss the ecosystem
and food-web implications of the bloom patterns and
offer possible explanations of oceanic transport mech-
anisms that may have allowed the Thetys and Pyrosoma
mass occurrence to expand and contract throughout the
entire CCLME.

METHODS

Study area

The CCLME is a temperate eastern boundary
upwelling ecosystem that is influenced by subarctic and
subtropical source water variability (Hickey 1979; King
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Figure 1.  Fixed stations and regions sampled by the RREAS and pre-recruit juvenile rockfish surveys. Depth
contours are 200 and 600 m. Table indicates the number of stations sampled for each year. Stations between
the dashed line are located in the core region.
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et al. 2011). Although the CCLME is highly dynamic,
the structure and variability of the pelagic food-web and
species assemblages are fairly well understood in terms of
biogeography and coastal geomorphology. During spring
and summer, southward transport of the California Cur-
rent increases and physical interactions with coastal
promontories influences coastal upwelling, mesoscale
ocean circulation, and retention patterns (Checkley and
Barth 2009). The primary geographic promontories asso-
ciated with strong upwelling centers and biogeographic
breaks in oceanographic conditions are Cape Blanco,
Cape Mendocino, and Point Conception (Checkley and
Barth 2009; Fenberg et al. 2015; Gottscho 2016; Fried-
man et al. 2018), with additional smaller promontories
such as Point Reyes and Point Arena in central Califor-
nia affecting regional oceanographic dynamics (fig. 1).
These capes and points are associated with upwelling
jets and influence the southward and offshore move-
ment of coastal surface waters. The area between Capes
Blanco and Mendocino generally exhibits the greatest
variability in offshore transport and turbulence. North of
Cape Blanco the continental shelf widens and the coast
is oriented straight north-south, the dominant direction
of wind, such that upwelling is more laminar. South
of Cape Mendocino the coast is oriented northeast-
southwest and the shelf is narrower, with an increased
incidence of coastal prominences resulting in the devel-
opment of several upwelling centers that also influence
meandering upwelling jets. South of Point Conception,
the California Current interacts with complex bathym-
etry (e.g., deep basins and banks) and is characterized by
ephemeral areas of upwelling and relaxation. We apply
these biogeographic breaks within the CCLME for esti-
mating regional spatiotemporal indicators of Thetys and
Pyrosoma abundance, distribution, and size.

Ecosystem surveys

Micronekton catch data were derived from the com-
bined efforts of the National Oceanic and Atmospheric
Administration (NOAA) Rockfish Recruitment and
Ecosystem Assessment Survey (RREAS) operated by the
Southwest Fisheries Science Center (SWFSC) for Cali-
fornia waters, and the pre-recruit survey operated by the
Northwest Fisheries Science Center (NWFSC) in waters
off Oregon and Washington. The surveys occur annually
in May—July during the season of ocean upwelling and
increased southward transport. Since 1983, the RREAS
has conducted midwater trawls quantifying micronek-
ton species assemblages and regional hydrographic con-
ditions (Ralston et al. 2015; Sakuma et al. 2016; Santora
et al. 2017). The RREAS originally sampled the central
California coast (Monterey to Point Reyes; Region C
fig. 1) and expanded in 2004 to cover the entire Cali-
fornia coast. The pre-recruit survey, initiated in 2011
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off of Oregon and Washington, has the same objectives
and trawl methodology as the RREAS (Brodeur et al.
2019a), and data have been pooled for evaluating spatial
distribution and abundance patterns of juvenile rockfish
(Field et al. 2017) and epipelagic micronekton forage
communities (Friedman et al. 2018). The combination
of these surveys provides full spatial coverage of nearly
all of the US waters of the entire CCLME (excluding
the coastal areas off of Northwest Washington State) for
the 2013-19 time period (fig. 1).

Trawls were conducted at fixed sample stations (fig. 1)
using a modified Cobb midwater trawl with a target
headrope depth of 30 m and a tow speed of ~2 knots.
Most RREAS stations are sampled 1-3 times per year
(Sakuma et al. 2016), while the pre-recruit stations are
sampled once per year (Brodeur et al. 2019). Trawls are
typically 15 min in duration and conducted at night to
reduce net avoidance by visually-dependent agile organ-
isms and allow for the capture of organisms that exhibit
Type I diel vertical migration (i.e., up at night, down
during the day). For the RREAS, in instances where pre-
trawl visual observations indicate large numbers of jel-
lyfish or other gelatinous zooplankton a 5-minute trawl
is conducted and the catch are expanded based on an
expansion factor developed from an analysis of coupled
5- and 15-minute trawls (N. Grunloh and K. Sakuma
unpublished data). Under very high abundance levels of
gelatinous zooplankton, stations are abandoned entirely
to avoid significant damage to the sampling gear. Until
2012, either abandoning or reducing trawl durations was
done only in response to high abundance levels of scy-
phozoans (e.g., the Pacific sea nettle, Chrysaora fuscescens,
and the moon jellyfish, Aurelia spp.). However, in 2012
the extraordinarily high number of salps throughout the
survey area resulted in several trawls that substantially
damaged trawl nets, and a high proportion of the 2012
trawls were shortened to 5 minutes in order to minimize
gear damage throughout the survey. Salps and Pyrosoma
had previously been enumerated from the start of the
survey in 1983, with Thetys distinguished from all other
Salpidae (which were not identified to the species level),
and with improved and standardized subsampling meth-
ods standardized beginning in 1990 (Ralston et al. 2015;
Sakuma et al. 2016). Due to competing priorities and
time constraints, enumeration of salps and Pyrosoma was
halted in 2002, however, the increased abundance of salps
in 2012 led to a decision to return to the enumeration
of salps and Pyrosoma as part of the survey catch analysis.

The number of Thetys and Pyrosoma captured in
trawls are expressed as a standardized catch per unit
effort (CPUE), with standardized trawl being the unit
of effort. Within the long-term central California study
area (core area), the 1983-2001 and 2012-19 sampling
periods provided a total of 1,714 trawls averaged by 698
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Figure 2. Length-to-weight relationships for Thetys vagina and Pyrosoma atlanticum.

station-year observations. For the coastwide study, the
catches and lengths of Thetys and Pyrosoma were evalu-
ated for 2013—19 (with 2013 the first year of complete
coastwide coverage) using a total of 1,145 trawls aver-
aged by 776 station-year observations. Catches for trawls
aborted due to the high prevalence of Pyrosoma (2 trawls
in 2017) were included by assigning the maximum catch
recorded in a trawl for the respective taxa.

Length to biomass conversions of Thetys vagina
and Pyrosoma atlanticum

Estimates of Thetys and Pyrosoma biomass are presented
because length frequency and colony counts are highly
variable whereas biomass is comparable among survey
regions. For each trawl, length measurements (mm)
were taken for a random subset of up to 30 Thetys
and Pyrosoma. Both of these gelatinous species have
a sufficiently rigid body structure to allow for reliable
length measurements. For length analyses, stations that
were sampled once during the year and had a species
count of only one Thetys individual or Pyrosoma colony
were removed. Combined, both surveys measured lengths
of 6,790 Thetys (ranging 8-315 mm) and 13,170 Pyrosoma
(ranging 3-540 mm), resulting in a total of 419 and 559
positive station-year observations, respectively. We derived
a length-to-weight conversion from 30 Thetys samples
(lengths = 51-196 mm, wet weights = 4.2-95.8 g)
and 55 Pyrosoma samples (lengths = 5.6—262 mm, wet
weights = 0.1-109.3 g) during the 2016 and 2019 survey.
We applied the following allometric growth length-
to-weight equation to determine relationships: Thetys,
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Weight = 0.001Length”2.1538, and Pyrosoma, Weight
= 0.00036Length” 2.3201 (fig. 2). Relative biomass was
calculated by multiplying the average catch (CPUE) by
the average weight for each taxa by haul (in g wet weight).

Distribution of Thetys vagina and
Pyrosoma atlanticum

Catch data for Thetys and Pyrosoma were assessed for
spatial variability and presence of regional maxima (i.e.,
hot spots) for the core region (1983-2001;2012—19), and
coastwide (2013—19). Catches (core area) and standard-
ized relative biomass estimates (coastwide) were spatially
interpolated using kriging with inverse distance weight-
ing (Geostatistical Analyst toolbox in ArcMap 10.3; ESRI
2015). For kriging, a spatial neighborhood of five stations
was chosen due to the approximate number of stations
per survey transect (fig. 1), and interpolated surfaces were
buffered at approximately 40 km from each station. For
each year, we calculated the mean latitude of the coast-
wide biomass and denote the station with the maximum
catch. Off central California, mean catches for the early
years of the survey (1983-2001) were compared to the
later survey years (2012—19) using a paired samples t-test.
For the coastwide analysis, we calculated Moran’s I to
assess the relative spatial intensity (i.e., degree of spa-
tial clustering of accumulations), of Thetys and Pyrosoma
per year (Santora et al. 2011; Wells et al. 2017).To assess
interannual regional variability, CPUE and length data
were evaluated using ANOVA, and a post-hoc Tukey’s
HSD was used to determine mean differences within
each biogeographic region by year (R Core, 2018).
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Figure 3. Time series of the annual mean log-transformed catch, In(catch+1), for Pyrosoma atlanticum and
Thetys vagina within the core region for the years 1983-2001 and 2012-19.

RESULTS

Temporal variability off central California

The time series of annual mean catches (CPUE) from
1983-2019 within the core region showed a moder-
ate increase of Thetys during the 2012—19 time period,
while Pyrosoma catches in 2012—19 increased by several
orders of magnitude (fig. 3). Thetys abundance was vari-
able from 1983-2001, with large peaks in 1983, 1990,
2000, and moderate multiyear peak during 1985-87.The
average catch of Thetys during 1983-2001 compared
to 2012—-19 was significantly greater (0.608 £ 0.31 SD
and 1.31 * 0.70 SD, respectively; p < 0.0001; fig 3).
Particularly noteworthy is the significant difference, by
several orders of magnitude, of Pyrosoma catches during
the 1983-2001 and 2012-19 time periods (0.098 £ 0.07
SD and 2.94 * 1.37 SD, respectively; t-test p < 0.0001;
fig. 3). Although Pyrosoma catches had low abundances
during 1983-2001, they were present in 17 of 19 years,
with zero catches 1998 and 1999. Abundance peaks of
Pyrosoma occurred in 2012, 2014-16, and in 2019; the
sustained multiyear peaks in abundance. Comparison of
the spatial mean abundance during each time period
indicates a greater spatial intensity of catches of both
species (fig. 4). Despite the magnitude and variability of
catches during the different time periods, both Thetys
and Pyrosoma catches were greater offshore, with lower
abundance at inshore stations near Point Reyes, Gulf of
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Farallones, and southern Monterey Bay (fig. 4). Dur-
ing the later time period (2012-19) the offshore station
at 37.6°N had the regional maximum catches for both
Thetys and Pyrosoma (fig. 4).

Interannual spatial variability
within the CCLME

During 2013—-19, relative biomass estimates of Thetys
exhibited enhanced mesoscale variability throughout the
CCLME (fig. 5), with the highest catch rates (peaking at
58,729 grams wet weight per haul) from central Oregon
through northern-central California (44°=38°N) in 2013.
The catch data indicate reduced biomass coastwide in
2014, increasing but patchy coastwide biomass in 2015,
and during 2016 the greatest biomass was focused in
central California (between Cape Mendocino and Point
Conception; peaking at 37,330 grams wet weight per
haul; fig 5). Thetys biomass was lower in 2017 and 2018,
except for in southern California in 2018 (fig 6). The-
tys biomass in 2019 was reduced in all regions relative
to 2018, but biomass was only significantly lower in the
southern California region (Tukeys p-value < 0.001) (fig.
6). Stations with maximum Thetys biomass were located
in central California for four of the seven years evaluated.
Thetys maximum biomass in 2015 and 2016 occurred
offshore at 38.5°N, while in 2014 and 2017 the maxi-
mum biomass was offshore at 40.5°N. Moran’s I analy-
sis of Thetys coastwide biomass indicate significant and
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spatial mean catches (CPUE) of Thetys
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Figure 5. Thetys vagina biomass (grams of wet weight per haul) during the May-June period in the California Current Large Marine Ecosystem in 2013-19. The
solid line represents the latitude at which the coastwide biomass mean occurred for each year. The star represents the station with the maximum catch. The
Moran’s | and p-value are presented for each year, where Moran’s / value of 0-1 suggests spatial clustering, 0 spatial randomness, —1-0 suggests spatial dispersion.

greater spatial intensity (or clustering), in 2013, 2016,
2018, and 2019 (fig. 5). During those years, the mean
latitudinal biomass showed a sequentially increasing pat-
tern from north to south. Moran’s I values during 2014,
2015, and 2017 indicated less spatial intensity and consis-
tent with a randomly distributed pattern (fig. 5). Thetys
median lengths were between 100-150 mm and were
consistent among regions and years (fig. 7). In the Ore-
gon region, Thetys median lengths decreased from 135
mm in 2013 to 114 mm in 2018, but the trend over
time was not significant (p = 0.66). Lengths for Thetys
from southern California, central California and Blanco
regions had no discernible trend; however, median
lengths from the central California region were signifi-
cantly larger (p < 0.001) in 2016 and 2019 when com-
pared to the preceding years.

Pyrosoma relative biomass trends demonstrated a dis-
tinct temporal trend of increasing abundance within
the CCLME from south to the north during 2013-18,
while in 2019 abundance was vastly reduced in north-
ern regions and predominately located in the central
region (37°-35°N); (fig.6, fig. 8). Pyrosoma biomass in
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2013—14 had a patchy, southern distribution, and were
significantly less abundant (p < 0.0001) in the central
region, when compared to 2015. Pyrosoma biomass dur-
ing the 2015-16 marine heatwave were centered near
Monterey Bay in 2015 (mean latitude 36.7°N), while
in 2016 the mean latitude was centered in the Cape
Blanco region (41.3°N) with biomass abundant in both
the central region and the Oregon offshore stations.
In 2017 and 2018 Pyrosoma biomass was significantly
greater (p < 0.0001) in the Oregon and Blanco regions,
reaching peak relative abundance levels in the waters oft
of Washington, Oregon, and Northern California (fig. 6,
fig. 8). By 2019 only one small pyrosome (19 mm) was
found in the Oregon region, while Pyrosoma biomass was
greatest in the central region and notably the median
biomass was slightly larger in this region than it was
in 2015 (fig. 6). The stations with Pyrosoma maximum
catches were located in the Oregon region immediately
after the marine heat wave (catches peaking at 73,179
grams wet weight per haul in 2016, 1,655,032 in 2017
and 927,988 in 2018, respectively). The highest catch
rates for pyrosomes for both 2015 and 2019 were off-
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Figure 6. Boxplots of Thetys vagina and Pyrosoma atlanticum biomass by region and year in the California Current Large Marine Ecosystem during the May-June
period. Boxplots show the median, interquartile range (Q25, Q75), whiskers show highest or lowest value, dots represent extreme values.

shore waters of central California (35.7°N).Throughout
this time period of increasing abundance there was also
an increase in the spatial autocorrelation, or clustering, of
Pyrosoma which were significantly clustered during and
after the marine heat wave from 2015-19, with the high-
est Moran’s [ value observed in 2019 (0.32: p < 0.0001).

Coincident with the positive abundance trends were
increasing colony size in northern regions over time and
decreasing colony sizes in the SCB region (fig 7). In the
SCB region Pyrosoma median lengths trended smaller
from 2013-17, from 67 mm in 2013 to 19 mm with
a low variance (p < 0.012) in 2017; while in 2018-19
median lengths were larger (50 and 69 mm, respectively).
Off central California, median Pyrosoma lengths were
similar (53, 35, 45, and 38 mm) during the period from
2013 to 2016, while from 2017-19, lengths increased to
111,79 and 112 mm, respectively (p < 0.0001). In the
Blanco region, Pyrosoma lengths significantly increased
from a median of 49 mm in 2014 to 138 mm in 2018
(p < 0.0001), while in 2019 median lengths were slightly
smaller (113 mm). Off Oregon, Pyrosoma colony median
lengths increased by a factor of three, from 40 to 125
mm (p < 0.03) from 2014 to 2017.
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An unusual, rarely encountered Pyrosoma species in
the RREAS survey, was caught in 2019 off of Davenport,
California, (lat 37.0° N) with a station bottom depth of’
128 m. It was identified as Pyrosomella verticillata, based
on the keys in vanSoest 1981 and Bone 1998 (L. Sala,
Scripps Institution of Oceanography, pers. comm.).
Pyrosomella verticillata is known to occur in the warm
Indo-West Pacific waters (vanSoest 1981), however
in 2008 a colony was found in the southwest Atlantic
Ocean (Carvalho and Bonecker 2008) indicating the
potential for greater oceanic distribution.

DISCUSSION

Our study described the spatial and temporal aspects of
the extraordinarily large mass occurrence of two pelagic
thaliacean taxa, T vagina and P atlanticum throughout
the CCLME. As observed in our long-term monitor-
ing area off central California, both species had signifi-
cantly greater catches during 2012—-19 compared to the
1983-2001 time period. Although T vagina displayed 3
strong abundance peaks during 1983-2001, they were
largely ephemeral, but their abundance persisted and
increased in frequency during 2012-19. On the other
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Figure 7. Boxplots of Thetys vagina and Pyrosoma atlanticum lengths (mm) in the California Current Large Marine Ecosystem by region and year during the

May-June period. Boxplots show the median, interquartile range (Q25, Q75), whiskers show highest or lowest value, dots represent extreme values.

hand, P atlanticum displayed no peaks until 2012 and
were then persistent for 8 years. Although oceanographic
variables were not formally evaluated in this study, these
strong interdecadal differences suggest that ocean condi-
tions played some role in facilitating the recent multiyear
persistent blooms of these species. Ocean and climate
conditions within the central-northern California Cur-
rent during 1983-2001 were characterized by several
strong ENSO events and largely considered a positive
(warm) phase of the Pacific Decadal Oscillation, which
generally leads to above average ocean temperatures in
the California Current and Northeastern Pacific ocean
(Peterson and Schwing 2003; Checkley and Barth 2009).
Ocean conditions during 2012—19 were variable, hav-
ing a mixture of both strong upwelling conditions and
sustained warming events (Wells et al. 2013; Bond et al.
2015; Di Lorenzo and Mantua 2016; Thompson et al.
2018), suggesting that temperature alone is likely not
responsible for driving mass occurrence. Given the pas-
sive movement and nature of these organisms, it seems
more likely that anomalous ocean current transport,
combined with food availability (e.g., phytoplankton
species and particle size), may have supported and sus-
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tained the persistent multiyear blooms (Lavaniegos and
Ohman 2003; Henschke et al. 2016).

Our study provides novel insight on the extent of
the sustained mass occurrence event across the extent
of a large marine ecosystem. Coastwide catch patterns
from 2013—19 generally demonstrate a patchy distribu-
tion for Thetys and an increase in northward distribu-
tion, abundance, and significant clustering for Pyrosoma.
There were notable latitudinal clines in size observed
for Pyrosoma over space and time, with no such pat-
terns in size observed for Thetys. Oceanographic condi-
tions varied substantially within the California Current
during 2013-19, ranging from one of the strongest
upwelling years on record (2013), a multiyear marine
heat wave (2014-16), a strong El Nifo (2016), and a
return to near average upwelling conditions (2017-19),
but with pronounced differences in sea temperature
and upwelling between northern and southern regions
(Wells et al. 2013; Thompson et al. 2018). The northward
and onshore expansion of biomass and size variability
of’ Pyrosoma may be in response to the large marine
heatwave of 2015-16 (Brodeur et al. 2019a). Impor-
tantly, other species of salps appeared in unprecedented
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numbers throughout the northeast Pacific Ocean since
2011 (Wells et al. 2013; Smith et al. 2014; Li et al. 2016;
Thompson et al. 2018), therefore the mass occurrence
of pelagic thaliaceans were clearly not limited to these
two taxa alone throughout this time period.

The persistent multiyear high abundance of several
taxa of gelatinous zooplankton within the CCLME
during this seven year period is unusual. There is
limited information on what conditions promote mass
occurrence of pelagic tunicates in the CCLME, which
tend to exhibit episodic population peaks between
longer time periods of lower abundance. Other pelagic
tunicate blooms around the world have episodic duration
and timing over days (Deibel 1985), months (Boero et al.
2013), or years (Lavaniegos and Ohman 2007; Loeb and
Santora 2012), and such blooms could be indicators of
the prevailing oceanographic conditions. Although both
Thetys and Pyrosoma blooms appear to have preceded
the 2014—16 marine heat wave in the Northeast Pacific
Ocean, which was one of the strongest and most
prolonged events on record (Hobday et al. 2018), the
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question of what effect the marine heat wave may
have had in enhancing or extending the ongoing mass
occurrence is worthy of consideration. For example, it is
likely that some of the salps described in the 2012 bloom
oft California (Wells et al. 2013) originated from the
2011 mass occurrence described in the Gulf of Alaska
(Li et al 2016). Similarly, the tremendous abundance and
apparently historically unprecedented spatial expansion
of Pyrosoma were largely concurrent with the onset of
the large marine heat wave, which could have facilitated
the northward expansion of these organisms. By 2017,
Brodeur et al. (2018) reported Pyrosoma in anomalously
high abundance throughout the Northeast Pacific,
including the west coast of Vancouver Island and into
the northern Gulf of Alaska. Pyrosoma are thought to be
associated with advection of offshore warm water into
coastal waters (Brodeur et al. 2018; 2019, Sutherland et
al. 2018). Due to the consistency of our sampling, we
were able to track this northward expansion first into
northern California and eventually up to the northern
end of our sampling area (i.e., southern Washington),
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with concurrent decreases in populations off central and
southern California.

We provide an assessment of size-related life-history
characteristics for Thetys and Pyrosoma throughout the
CCLME (from 32° to 46°N). While Thetys lengths
were generally similar in space and time throughout
the CCLME, their lengths were significantly larger
within the central California region in 2016. This was
towards the end of the marine heat wave which had the
highest Thetys catches within central California, possibly
indicating favorable ocean conditions suited for Thetys
reproduction and growth. Pyrosoma sizes off southern
California became progressively smaller from 2013-17,
perhaps indicating that ocean conditions were ideal for
reproductive sexual budding and seeding in these areas.
On the other hand, north of central California, Pyrosoma
lengths increased during the 2015—18 mass occurrence,
possibly indicating that sufficient food resources allowed
for zooid colonial growth (asexual). For example, although
Pyrosoma lengths in the northern California Current
were of literature-based estimates of sexual reproductive
size (e.g., >40 mm; van Soest 1981), the variance of the
lengths in 2016—18 were not below 40 mm, possibly
indicating younger, newly seeded Pyrosoma were not
as prevalent. While it is unknown what the life span of
Pyrosoma colonies are or whether colony size is related to
age, Henshke et al. (2019) reported that food availability
contributes to the sustained growth and development of
Pyrosoma mass occurrences. These species have particular
filter feeding efficiencies, and although phytoplankton
size and composition is not available with this data set, the
species composition and size structure of phytoplankton
and zooplankton communities could be influencing the
population dynamics of these species.

Other unknowns are whether the catch, lengths, and
lifecycle stage of these taxa differ throughout the water
column, and specifically whether trawl sampling at night
(target depth layer 30 m) was optimal for collecting
these taxa. Pyrosoma are known to undertake large diel
vertical migrations of up to 1,000 m (Henschke et al.
2019), with the depth and timing of migration related to
colony size (Andersen and Sardou 1994). Daytime video
observations oft Oregon show that Pyrosoma was most
abundant at a depth of between 25 and 35 m during the
day but this species is known to migrate closer to the
surface at night (Sutherland et al. 2018; Blondheim et al.
unpublished data). Although the survey trawls fished near
the surface during the short recovery period, we believe
that the majority of catches were made at the target
depth layer, and the trawls may have missed a substantial
part of the biomass (and other size classes) of both Thetys
and Pyrosoma at other depth layers. While this analysis is
the largest spatial scale of Thetys catches on the US West
Coast that we are aware of, the lifecycle stage of Thetys

105

were not identified as solitary or aggregate forms. Not
distinguishing between the reproduction forms could be
a contributing factor as to why no discernible patterns
were found for Thetys biomass and lengths.

An important next step in quantifying the determinants
of coastwide variability and potential interactions of
thaliaceans within the forage assemblage is to identify the
connection between source water variability and their
occurrence and distribution (Schroeder et al. 2019). There
is some regional work to provide a foundation for this
endeavor. Lavaniegos and Ohman (2007) showed that the
decline in thaliaceans inferred from CalCOFI observations
was associated with an increase in water column density
stratification, supporting the need to look more closely at
source waters and transport trends to resolve abundance
and seeding/distribution patterns relative to oceanographic
drivers.To further support the oceanographic connectivity
between the southern and central California sectors of
the CCLME, Lavaniegos and Ohman (2007) noted that a
large fraction of the interannual variability of zooplankton
is shared between sectors. However, the CalCOFI data
for most years cannot be used for trends in fine scale
distribution or patchiness for either central or southern
California, as station-specific zooplankton are pooled
into a single large grouping, enumerated and aggregated
(Lavaniegos and Ohman 2003).

Given the magnitude of the recent thaliacean mass
occurrence compared to past abundance trends, it is
likely that during the 2012—19 time period, thaliaceans
represented a far greater percentage of total productivity
and standing carbon than the 5%—8% that was previously
estimated by Lavaniegos and Ohman (2007) for the
southern and central sectors of the CCLME. For example,
Thetys vagina is poorly sampled in typical plankton
sampling gear; the species was identified only twice (1955
and 1964) in the CalCOFI time series through 2003,
despite being encountered at relatively high abundances
during the years 1983, 1990, and 1999 within midwater
trawls reported in this study. Other previous studies
of Thetys vagina occurrences have been based on data
collected from larger sampling devices, such as other
midwater trawl (10 meter diameter otter trawls) surveys
(Iguchi and Kidokoro 2006) or larger (1 m?) plankton net
surveys (Henschke et al. 2016b). Although our results are
informative regarding the relative abundance and spatial
distribution patterns of Thetys and Pyrosoma from 2013—
19 throughout the CCLME, some type of analysis or
calibration to enable robust estimates of abundance per
unit area (e.g., cubic meters sampled or square meters of
water column) will be necessary to evaluate the potential
impact of these mass occurrences quantitatively, and to
compare our abundance estimates to those available from
other time series. Such estimates could not be developed
in this analysis, for despite the fact that there are estimates
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of net opening and area swept by our gear, it is highly
unlikely that these low motility pelagic tunicates are fully
selected by the total mouth opening of the trawl. Rather,
the selectivity of the gear is likely to vary substantially with
the size of the target organism, as net mesh sizes are fairly
large (15.2 cm, or 6 inches) at the net opening, and are
reduced to 6.7 cm (3 inches) and 3.8 cm (1.5 inches) as the
net tapers to the fine (0.95 cm, 3/8 inch) cod-end liner.
Thus, as with many other micronekton, the selectivity of
the target species will vary by size, presumably to a much
greater extent for the highly variable (by size) Pyrosoma
colonies relative to Thetys, which generally have a more
limited size range. Consequently, future efforts to estimate
the absolute (rather than relative) biomass of thaliaceans
over time and space using trawl survey data will require
careful evaluation of selectivity and catchability patterns,
which may require calibration with survey gear that is
more typically used for sampling gelatinous zooplankton
(Kwong et al. 2018).

Ecosystem implications of the gelatinous
pelagic tunicate mass occurrence

Pelagic tunicate mass occurrence are known to alter
macro-zooplankton communities and functioning of
marine food webs (Alldredge and Madin 1982, Drits
et al. 1992; Perissinotto et al. 2007). Pyrosoma are aggre-
gate filter feeders with each zooid rapidly consuming
pico- and microplankton. Areas with high Pyrosoma
biomass have been demonstrated to cause the deple-
tion of chlorophyll-a standing stocks (Drits et al. 1992;
Perissinotto et al. 2007, Décima et al. 2019). However,
these studies were generally conducted in oceanic, low
productivity regions, therefore the impact of Pyrosoma
grazing in highly productive regions like the California
Current is not well known. Similarly, there is limited
information on feeding in Thetys populations. Based on
a small sample size of individuals collected in the Japan
Sea, Iguchi and Kidokoro (2006) determined that The-
tys feed mainly on small phytoplankton and tintinnids,
but also consumed a small number of copepods. Over-
all, large salp blooms have been shown to have negative
effects on lower trophic level productivity in many eco-
systems (Alldredge and Madin 1982; Perissinotto and
Pakhomov 1998; Henschke et al. 2016b).

Due to their large individual size and relatively low
energy content, persistent thaliacean mass occurrence
may have major implications for mid- and higher-
trophic level predators in marine food webs, as these
gelatinous organisms may not be appropriate prey
items for mobile predators that require high lipid or
high caloric values (e.g., salmon, seabirds, and marine
mammals). However, they may be suitable for many
other predators, such as leatherback turtles (Dermochelys
coriacea; Hays et al. 2009; Jones et al. 2012) and many
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species of rockfish (Sebastes spp.; Adams 1987; Lee and
Sampson 2009; Chiu 2018). For example, both Adams
(1987) and Lee and Sampson (2009) found that widow
rockfish (S. entomelas) off California and Oregon preyed
heavily on salps, which represented from 30% to >90%
of diet volume in those studies depending on year and
season. Lee and Sampson (2009) found that yellowtail
rockfish (S. flavidus) also preyed heavily on gelatinous
zooplankton off Oregon, and Chiu (2018) found the
same for yellowtail rockfish in central California during
2013 and 2014. The Chiu (2018) study was the only
study known to the authors to include substantial
rockfish predation on Pyrosoma as well as salps, which
comprised >5% of the diet by number and nearly 8%
by weight, as might be expected given the relative
rarity of Pyrosoma prior to the recent mass occurrence.
Several small pelagic fishes such as northern anchovies
(Engraulis mordax), Pacific sardines (Sardinops sagax),
and Pacific herring (Clupea pallasi) consumed a mainly
gelatinous diet during the recent marine heat wave,
relative to their normal diet of mostly crustaceans
during cooler year (Brodeur et al. 2019b). Zuercher and
Galloway (2019) demonstrated that pelagic tunicates
and other offshore macrozooplankton represent
important energetic subsidies to nearshore kelp forests.
Given these findings, it seems likely that thaliaceans
represent a fairly important source of forage for many
rockfish and other predators during periods of high
abundance.

A substantial fraction of the carbon associated with
thaliacean mass occurrence is likely to be exported to
other food webs to be used by non-pelagic, benthic
predators (Lebrato and Jones 2009; Archer et al.
2018; Brodeur et al. 2018). Specifically, Smith et al.
(2014) showed that the 2012 salp mass occurrence,
and subsequent die-off in Monterey Bay was an
unprecedented event with respect to carbon export
to deep water benthic habitats. It has also been noted
that that the fecal pellets and carcasses of larger salps
(such as Thetys) and Pyrosoma tend to sink considerably
faster than those of smaller species or individuals (Smith
et al. 2014; Henschke et al. 2016a; Henschke et al.
2016b). Pelagic tunicates also provide shelter for species
during certain life stages, including juvenile medusa
fish (Icichthys lockington), juvenile small-eye squaretail
(Tetragonurus cuvieri), hyperiid amphipods (Phronima),
and tuberculate octopus (Ocythoe tuberculata) (Love 2011,
and as observed on RREAS survey). Thus, the role of
these gelatinous organisms with respect to both their
position in the food web, in the overall carbon cycle and
community structure warrants continued investigation
into both the oceanographic drivers and consequences
of their distribution and population dynamics through
effective monitoring efforts. Given the projections
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of increased warming and expectations of larger and
more sustained marine heat waves in the California
Current and the global ocean in general (Joh and Di
Lorenzo 2017; Frolicher and Laufkétter 2018), we may
anticipate that these mass occurrences may continue and
perhaps intensify in the coming decades, with unknown
consequences.
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