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ARTICLE INFO ABSTRACT

Keywords: Coinciding with the marine heat wave in 2014 and a strong El Nifio in 2016, blooms of the tropical-temperate
Pyrosome pelagic colonial tunicate, Pyrosoma atlanticum, expanded into the Northern California Current (NCC). Given the
Tunicate high densities of P. atlanticum colonies observed in the NCC, and their potential for high grazing rates, we
Abundance

hypothesized that the species could have a substantial negative effect on the phytoplankton standing stock in the
Northeastern Pacific Ocean. In the late winter, spring and early autumn of 2018, we measured abundances and
length frequencies of P. atlanticum colonies off the coast of Oregon and estimated their spring grazing impact on
the local phytoplankton standing stock. Abundances of P. atlanticum peaked in late winter (0.7 colonies m ™),
dropped off in spring (0.42 colonies m™3), and declined to near-absent in early autumn (0.07 colonies m~%). We
observed a doubling in the median size of P. atlanticum colonies from late winter to spring, followed by a decline
in size in early autumn. With their high individual colony gut pigment contents and bloom densities, the overall
spring grazing impact of P. atlanticum was substantial, reaching a maximum of 22% of the available phyto-

Grazing impact
Northern California Current

plankton standing stock.

1. Introduction

The pyrosome, Pyrosoma atlanticum, is the most widespread and
common pelagic colonial tunicate in the Order Pyrosomida (class
Thaliacea), and is known to have a distribution range that has histori-
cally been limited to warm, tropical-temperate waters between 50° N
and 50° S (Van Soest 1981). In the California Current off the west coast
of North America, P. atlanticum is primarily found south of Point Con-
ception off Southern California (south of 34°N; Lavaniegos and Ohman
2003). However, beginning in the summer of 2014, this species was
observed in low density off Southern Oregon (42°N), and in following
years, the distribution range of P. atlanticum had expanded into the
Northern California Current (NCC) with as yet unknown consequences
(Brodeur et al., 2018; Miller et al., 2019; Sutherland et al., 2018). This
warm-water species first appeared in the NCC in high densities around
the occurrence of the ‘warm blob’ in 2014 and a strong El Nifio in 2016
(Brodeur et al., 2018; Sutherland et al., 2018). In 2017, a massive
bloom of P. atlanticum stretched from northern California to Alaska,
with densities reaching upwards of 60,000 kg km ™2 off the coast of
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Oregon (Brodeur et al. 2018). Dense blooms of P. atlanticum were again
observed in Oregon coastal waters from February to at least June of
2018 (Miller et al., 2019; Sutherland et al., 2018).

The colonies of P. atlanticum are made up of hundreds to thousands
of individuals known as zooids that are oriented in a common gelati-
nous tunic such that the oral siphon faces the outside of the colony and
the atrial siphon opens to the lumen of the colony (Madin and Deibel,
1998; Van Soest, 1981). Similar to other members of Thaliacea, P.
atlanticum are filter feeders, using a mucous mesh to capture and con-
sume phytoplankton (Madin and Deibel 1998). The stream of water
flowing from the oral to atrial siphons is continuous and allows for both
constant feeding and propulsion for extensive diel vertical migrations
(Andersen and Sardou, 1994; Madin and Deibel, 1998; Perissinotto
et al., 2007).

In general, tunicates exhibit extremely high clearance rates. For
example, the salp, Salpa thompsoni, has been shown to exert a sub-
stantial impact on the phytoplankton standing stock in the Southern
Ocean (Bernard et al., 2012; Loeb and Santora, 2012; Perissinotto and
Pakhomov, 1998). Pyrosomes are, however, among the most
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understudied planktonic consumers (Conley et al. 2018) and only two
published studies have investigated the grazing impact of P. atlanticum -
the first in the equatorial East Atlantic Ocean (Drits et al. 1992) and the
second in the South Indian Ocean (Perissinotto et al. 2007). In both
studies, P. atlanticum had high clearance rates and those in the South
Indian Ocean consistently favored particles > 10 um (Perissinotto
et al. 2007). High colony densities combined with high clearance rates
(~5.5Lh~? for ~ 55 mm colony) were estimated to remove up to 53%
of the phytoplankton standing stock per night in the equatorial East
Atlantic Ocean, with the potential to exert considerable control on local
phytoplankton standing stocks (Drits et al. 1992).

Given the high densities of pyrosome colonies observed in the NCC
in recent years (Brodeur et al., 2019; Miller et al., 2019; Sutherland
et al., 2018), it is feasible that P. atlanticum could have a significant
negative effect on the phytoplankton standing stock in the Northeastern
Pacific Ocean and, consequently, on the zooplankton grazers that also
rely on phytoplankton, including euphausiids (krill) and copepods. In-
deed, other tunicates have the potential, at bloom densities, to out-
compete krill for phytoplankton (Atkinson et al., 2004; Bernard et al.,
2012; Hereu et al., 2006; Loeb et al., 1997). Several studies linked a
long-term increase in biomass of salps in the Southern California Cur-
rent to a decline in total zooplankton biomass (Hereu et al., 2006;
Lavaniegos and Ohman, 2003), while declines in phytoplankton in the
Gulf of Alaska were observed during a large salp bloom in 2011 (Li
et al. 2016).

In upwelling areas such as the NCC, where carbon flow is primarily
transferred up the food chain through zooplankton such as krill and
copepods, high densities of tunicates are predicted to not only affect
these key zooplankton species, but also the connection between pri-
mary production and higher trophic level species (Hereu et al. 2006).
Important fishery species including salmonids (Oncorhynchus spp.) and
major forage species such as anchovies and smelts rely on krill and
copepods, which make up the majority of their diet (Miller et al., 2010).
The low concentration of lipids in pyrosomes (Perissinotto et al. 2007)
suggests that they are a sub-optimal prey item for other higher trophic
levels, though there have been accounts of some fishes, invertebrates,
and even marine mammals consuming them in the NCC (Archer et al.,
2018; Brodeur et al., 2018). If P. atlanticum becomes a dominant grazer
in the NCC and is not able to provide sufficient nutrients to key predator
species, the marine food web could be altered in the US Pacific
Northwest.

In this paper, we measured the late-winter, spring, and early au-
tumn densities of P. atlanticum colonies off the coast of Oregon during
the high abundance year of 2018 and estimated their spring grazing
impact on the local phytoplankton standing stock. We also measured
seasonal changes in length frequencies of colonies to understand their
population dynamics in this productive coastal upwelling ecosystem.

2. Methods
2.1. Field collection and hydrographic sampling

Pyrosomes were collected during three NOAA fisheries surveys on
board the R/V Bell M. Shimada in late winter (February-March), spring
(early May), and early autumn (September) 2018 using a Bongo net
(60 cm diameter, 335 um mesh size) towed obliquely to a maximum
depth of 100 m (or just above the sea floor at shallower stations).
Collection occurred at sampling stations along the coast of Oregon,
spanning from 41.9 to 45.48°N and 124.40 and 128.77°W (Fig. 1).

At each station, a CTD (Sea Bird 911) profile was conducted to
collect hydrographic data and seawater samples from discrete depths to
be processed for chlorophyll-a (Chl-a) concentrations to estimate phy-
toplankton biomass following JGOFS (1994). Briefly, seawater samples
were immediately filtered through 25-mm glass-fiber filters and stored
at —20 °C. Chl-a was later extracted in the laboratory for 12 h in the
dark at —20 °C using 90% acetone as the solvent. Fluorescence was
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then measured with a Turner Designs™ 10-AU fluorometer (Turner
Designs, Sunnyvale, CA, USA). A Model II linear regression fitted to the
measured Chl-a concentrations and corresponding CTD fluorescence
measurements was used to convert CTD fluorescence measurements
(made at 1 m depth intervals throughout the water column) into Chl-a
equivalents.

2.2. Pyrosome densities and length frequencies

At stations where pyrosomes were collected, all colonies were
counted and measured for total length (cm) using a measuring stick.
During our surveys, catches were not large enough to necessitate sub-
sampling. Thus, pyrosome densities (colonies m %) were calculated as
total catch count divided by the volume of seawater sampled (de-
termined using a General Oceanics 2030 flowmeter attached to the
Bongo net) and multiplied by 100 such that densities are presented as
colonies per hundred cubic meters (col. 100 m~3). Length measure-
ments were used to determine length frequency distributions, which
were generated for each survey.

We suspect that the Bongo net, towed obliquely within the top
100 m of the water column, likely under sampled the highly patchy
pyrosomes, which tend to occur in discrete layers between 25 and 45 m,
based on video camera deployments (Brodeur, unpub. data).
Consequently, we have corrected our Bongo-derived abundance esti-
mates using pyrosome abundance data collected with a 12 X 12 m
demersal trawl net towed horizontally between 30 and 42 m in May of
2018 during a separate NOAA fisheries survey conducted within our
study region on board the R/V Bell M. Shimada (see Brodeur et al.,
2019 for details on sampling methodology). Volumes filtered by the
trawl net were calculated by multiplying the distance towed by the
effective mouth area of the trawl mesh that would retain the size of the
pyrosome colonies present at that time of the year. Miller et al. (2019)
found a mean P. atlanticum length of ~12.5 cm collected in trawls in
May of 2018, similar to the ~13 cm mean length found in the Bongo
tows during the same month. We ran a One-Way ANOVA on log-
transformed abundance data derived from the trawl and Bongo nets to
first determine whether there were significant differences in the cat-
ches. Since May abundance estimates were significantly higher for the
trawl net (mean = 0.4 colonies m~3; SE = 0.1 colonies m %) than the
Bongo net (mean = 0.05 colonies m~3; SE = 0.01 colonies m~3,
p = 0.016), we have used the ratio of trawl-derived to Bongo-derived
abundances (8:1) to correct the latter.

2.3. Pyrosome grazing

To determine the proportion of the NCC phytoplankton standing
stock removed daily by pyrosome grazing, we first estimated colony
ingestion rates using the gut fluorescence technique, originally de-
scribed by Conover et al. (1986) and Bamstedt et al. (2000), and
adapted by Durbin and Campbell (2007). The technique only allows for
estimation of ingestion of autotrophic organisms, and therefore does
not provide estimates of feeding on heterotrophic prey. Applying the
adapted gut fluorescence technique, ingestion rates (I, measured as pug
Chl-a per individual, or unit body mass, per hour) can be calculated
using the equation I = G X k; where G is instantaneous gut pigment
content (ug Chl-a per individual or unit body mass) and k is hourly gut
evacuation rate (hour™1).

We first measured the instantaneous gut pigment content (G, pug Chl-
a colony ™ ') of pyrosome colonies collected during the spring (May;
n = 235 colonies) and autumn (September; n = 5 colonies) 2018
surveys. Additional collections of pyrosomes for gut pigment content
were made in May using (i) a 0.5-m diameter vertical net (202 pm mesh
size) towed vertically to a maximum depth 100 m and (ii) a
1.5 X 0.5 m? neuston net towed at the surface for 5 min at ~1 m s~ .
Note that pyrosomes collected this way were not used for abundance
estimates. Pyrosome colonies were quickly removed from the plankton
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Fig. 1. Sampling station map for NOAA fisheries surveys in the Northern California Current with transect names. Dashed line is the 200 m isobath.

catch, measured for total colony length (cm) as described above, and
individually frozen at —80 °C for later fluorometric analysis of gut
pigment content using a calibrated Turner Designs Trilogy Fluorometer
(Turner Designs, Sunnyvale, CA, USA) in the laboratory.

For pyrosomes < 10 cm in length, the whole colony was used,
while for those > 10 cm in length a portion of the colony was used. In
the latter case, the wet weight of the whole colony and that of the
portion analyzed were recorded to extrapolate gut pigment content for
the whole colony. To determine the bias associated with measuring gut
pigment contents from a portion of a colony, 27 colonies (ranging in
size from 7.6 to 28.5 cm) were sub-divided into 2-3 equal sections
(depending on the size of the colony) and gut pigment contents were
determined as both an estimate of the gut pigment content for the
whole colony (calculated from each portion) as well as the actual gut
pigment content of the whole colony (the sum of the gut pigment of all
the portions of a given colony). The correlation between the estimated
and actual gut pigment was then calculated for comparison. The ratio
between estimated and actual gut pigment was close to 1:1
(y = 0.9756x; R*> = 0.995), which validated our use of sub-samples of
larger colonies to estimate gut pigment. Gut pigment content, G, was
then standardized by colony length (ug Chl-a cm™?!). All subsequent
mention of G is in standardized units.

To measure gut evacuation rate (k), two experiments were per-
formed on freshly caught, living pyrosomes aboard the R/V Sally Ride
in July 2018 from the Newport Hydrographic line. An additional ex-
periment was also performed aboard the F/V Frosti in June 2018.
However, the latter experiment and one of the two performed on the R/
V Sally Ride did not show a decline in gut pigment over time, suggesting
that the colonies were either no longer living or had ceased filtration of
the experimental water column. As a result, these two experiments were
deemed unsuccessful and have been excluded from further analysis.
Individual pyrosome colonies were dip-netted from the ocean surface
and placed into six 10-gallon coolers containing particle-free seawater
filtered through 0.2 um inline filter. A non-fluorescent charcoal powder
was added to the filtered water to keep the pyrosomes in constant
feeding conditions to aid in the digestion of previously ingested phy-
toplankton (Perissinotto & Pakhomov 1996). Temperature of seawater
in the coolers was monitored frequently and maintained at ~ 12°C in a

refrigerated room onboard the ship. Sub-samples of 2-3 pyrosomes
were removed at 10-minute intervals over a one-hour period, with the
first sub-sample removed at the start of the experiment, as soon after
the net was retrieved as possible (~15 min). Upon sampling, colonies
were quickly measured, and subsequently frozen at —80 °C for later
fluorometric analysis of gut pigment content, as described above. In
order to account for natural variability in gut pigment contents of co-
lonies, we pooled pyrosomes collected at each time point for fluores-
cence measurements. Further, to account for variability in colony size,
gut pigment contents used in the calculation of k were standardized by
colony length. Gut evacuation rate (k, hour ') was calculated as the
slope of the exponential regression of standardized gut pigments over
time. We note that substantial variability exists in zooplankton gut
evacuation rates, dependent upon food availability and seawater tem-
perature, among other factors (Dam and Peterson 1988). Consequently,
we have only used the k value obtained here to estimate pyrosome
ingestion rates for May when average SST was ~ 12 °C. In late-winter
(February-March), average SST was ~ 9.5 °C, while in early autumn
(September) it was ~ 13.5 °C.

Hourly ingestion rates (I, ug Chl-a cm , the product of G and
k) for May were then converted to daily values, taking into account
possible diel variability in gut pigment content of pyrosome colonies.
For logistical reasons, we were not able to keep station for 24 h in order
to assess diel variability in pyrosome gut pigment content. Therefore,
diel variability in gut pigment content was determined from pyrosomes
collected at different stations within the same latitudinal line in May.
We used an N-way Analysis of Variance on log-transformed May gut
pigment data to compare mean day (05:46 — 19:00) and night values
(19:01-05:45) of gut pigment contents for pyrosomes collected along
the CC (41.9°N), HH (44°N), and NH (44.65°N) transect lines. Only these
lines were used for this analysis since the other lines did not have both
day and night samples. We found no significant difference in mean gut
pigment content by line (p = 0.2448). Mean daytime values of G across
the three lines used in diel variability analysis were 0.16 pg Chl-a cm ™!
(£ 0.14 SD), while mean night values were 0.18 pg Chl-a cm™
( £ 0.15 SD). However, because other studies have shown that pyro-
somes do exhibit diel feeding patterns (Perissinotto et al. 2007) we
calculated daily ingestion rates (DIR, ug Chl-a cm ™! day ~ ') for May as

—1h-1

1
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follows. For pyrosomes collected during the day:
DIR = (I X Hg) + (I X (I/I) X Hy)

Where I is measured hourly ingestion rate, H, is number of daylight
hours (13.23 h), (I,/1;) is ratio of average nighttime I to average day-
time I, and H,, is number of nighttime hours (10.77 h). For pyrosomes
collected during the night, the equation was altered to:

DIR = (I X Hy) + (I/(I,/I3) x Hy)

Pyrosome community grazing rates (GR, pg Chl-a m ™2 day ~!) were
then calculated for May stations as:

M
GR = Y DIR; X D;
J

where M is the number of size categories (j, measured in 1 cm incre-
ments), DIR; is average daily ingestion rate of colonies in size j, and D; is
the density of colonies (colonies m~3) of size j at that location.

The spring grazing impact (GI) was then determined as the per-
centage of the phytoplankton standing stock (averaged over the water
column) removed daily by P. atlanticum at each station in May.

3. Results
3.1. Chlorophyll-a concentrations

Average water column Chl-a concentrations (ug L™Y) where P.
atlanticum colonies were present during the three surveys of our study
varied from a median of 0.1 pg L ™! (interquartile range, IQR = 0.03 pg
L™ Y) in late-winter (February-March), 0.1 pg L™ (IQR = 0.05 ug L™ 1)
in spring (May), and 0.11 pg L™! (IQR = 0.09 pg L™ 1) in autumn
(September) (Fig. 2). In late winter and early autumn, there were no
significant differences in Chl-a concentrations between stations where
pyrosomes were present and where they were absent (Kruskal-Wallis
test with Bonferroni adjustment; p > 0.0056; Fig. 2). However, in
spring, stations without pyrosomes had significantly higher Chl-a con-
centrations (0.13 pug L™%; IQR = 0.08 pug L™ ') than those with pyro-
somes (Kruskal-Wallis test with Bonferroni adjustment; p < 0.001;
Fig. 2). Median values for deep Chl-a maximum (DCM) were 0.18 pg
L' (IQR = 0.17 pg L™1), 0.19 pg L™ (IQR = 0.12 pug L™ 1), and
0.22 pug L™ (IQR = 0.17 ug L) in late-winter, spring and autumn,
respectively. With a similar trend to average water column Chl-a con-
centrations, DCM in spring was significantly higher (0.28 pg L™
IQR = 0.31 ug L™1) at stations without pyrosomes than at stations with
pyrosomes (Kruskal-Wallis test with Bonferroni adjustment;
p < 0.001; Fig. 2). Water column integrated Chl-a concentrations
ranged from a median of 62 mg Chl-am ™2 (IQR = 26.7 mg Chl-am™~?),
56.7 mg Chl-am ™2 (IQR = 28 mg Chl-a m~2), and 48.7 mg Chl-a m ™2
(IQR = 31 mg Chl-a m™~?) in late-winter, spring and autumn, respec-
tively. There were no significant differences in integrated Chl-a con-
centrations between stations with and without pyrosomes in late-winter
and early autumn, but stations without pyrosomes had significantly
higher median integrated Chl-a concentrations (74 mg Chl-a m~%
IQR = 32.3 mg Chl-a m™2) than those with pyrosomes (Kruskal-Wallis
test with Bonferroni adjustment; p = 0.0048; Fig. 2).

3.2. Pyrosome densities and colony size

Pyrosoma atlanticum colonies were recorded at 17 out of 50 stations
occupied in February-March, 30 out of 50 stations occupied in May, and
only 3 out of 50 stations occupied in September. At stations where
colonies were present, corrected densities (see Methods) were sig-
nificantly greater (Tukey’s HSD on log-transformed density data;
p = 0.048) in the February-March survey (Mean = 0.70 col. m~3,
SE = 0.15 col. m~3) than in the May survey (Mean = 0.42 col. m~3;

SE = 0.09 col. m™3). May pyrosome densities were, in turn,

Progress in Oceanography 188 (2020) 102424

;._: EF
=~ 08} * N
=
rlu 0.6 | ar
< + i
O 04t
c - ¥
3 0.2} é s + é
= == e -
Late-Winter Spring Early Autumn
+
2t ok
+
1.5} "

N =
0.5} + + EE
= - = -

Late-Winter

Chl-a Maximum (pg L)

Spring Early Autumn

200} + ok
150}

100

o5 2|7 &

Late-Winter

Integrated Chl-a (mg m?)
+
¢—D]—H++++ +

Spring Early Autumn

Fig. 2. Boxplots of Chlorophyll-a (Chl-a) concentrations (top panel), deep Chl-a
maximum (DCM; middle panel) and integrated Chl-a concentrations (bottom
panel) for late-winter (February-March), spring (May) and early autumn
(September) at stations without (blue) and with (pink) pyrosomes. The asterisk
denotes significant difference between median values for stations with and
without pyrosomes. Kruskal-Wallis tests were performed on data since the Chl-
a, DCM and integrated Chl-a data were not normally distributed.

significantly greater (Tukey’s HSD on log-transformed density data;
p = 0.028) than those recorded in September (Mean = 0.07 col. m ™3,
SE = 0.003 col. m ~%). Maximum densities of P. atlanticum occurred at
Newport Hydrographic Station 25 (NH25: 44.65°N; 124.65°'W) during
both the February-March and May surveys. Pyrosomes from the
September survey were only found along the southern-most transects in
our survey area: Crescent City (CC04: 41.9°N; 124.60°'W; and CCO5:
41.9°N; 124.70°W) and Heceta Head (HHO5: 44.0°N; 125°W).

In February-March, the P. atlanticum community was dominated by
colonies ~ 6 cm (Range 1.7 — 20.5 cm; SE = 0.3 c¢cm) in length (Fig. 2).
By May, the dominant size of colonies had increased significantly
(Tukey’s HSD; p < 0.001) to ~ 13.5 cm (Range 7 - 30.3 cm;
SE = 0.4 cm; Fig. 2). In September, pyrosome colonies were sig-
nificantly smaller than either February-March (Tukey’s HSD;
p = 0.035) or May (Tukey’s HSD; p < 0.001) with a dominant size
of ~ 2.6 cm (Range 2.4 — 4.2 cm; SE = 0.2 cm; Fig. 2).

3.3. Pyrosome grazing

The station average for gut pigment content of the colonies ranged
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Table 1

Pyrosoma atlanticum densities (D, col. m ™) corrected for under sampling by the
Bongo net and averaged by transect line for stations where colonies were pre-
sent in late-winter (February-March), spring (May) and early autumn
(September) of 2018. Standard error is in parenthesis and number of stations
with pyrosomes (n) is provided in relation to number of stations in a transect
(N). Transects lines are CM = Cape Mears; NH = Newport Hydroline;
HH = Heceta Head; FM = Coos Bay; RR = Rogue River; CC = Crescent City.

Transect Winter Spring Autumn
CM 0.31 (0.2) n=00ofN=5
n=20fN=6
NH 0.87 (0.19) 0.65 (0.19) n=00ofN =23
n=120of N = 15 n =130of N = 16
HH 0.33 (0.07) 0.20 (0.05) 0.07
n=30fN=5 n=50fN=6 n=10ofN=5
FM 0.06 n=00ofN=5
n=1ofN=5
RR 0.27 (0.12) 0.25 (0.07) n=00ofN=7
n=20fN=6 n=30fN=7
cC n=00ofN=3 0.26 (0.1) 0.07 (0.01)
n=60ofN=12 n=20fN =12
Table 2

Pyrosoma atlanticum lengths (L, cm), gut pigment contents (G, pg Chl-a cm ™),
ingestion rates (I, ug Chl-a cm~' day ™ '), clearance rate (F, L h~') and sample
sizes (n) of colonies collected at stations (Stn.) occupied during NOAA fisheries
surveys off the coast of Oregon in May and September 2018. Note that ingestion
rates were not calculated for September.

Date Stn. Time L G I F n
May 04  CCO1 — 20.7 (2.1) 0.05 (0.02) 0.02(0.01) 224 3
May 04 CCO3 9:00 30.3 0.11 1.12 (0) 641 1
May 04  CC04 17:00 25 0.06 0.65 (0) 455 1
May 04  CCO5 18:30 18.9 (2.7) 0.22 (0.01) 2.25(1.01) 4.37 10
May 04  CC06 20:00 14.1(1.9) 0.44 (0.32) 3.67 (2.66) 7.20 5
May 04  CCO07 22:10 21 0.21 1.76 (0) 591 1
May 05 CC10 2:57 20.5 0.17 1.44 (0) 450 1
May 05 CC150 11:50 14.1 (3.3) 0.13 (0.03) 1.3 (0.34) 489 4
May 05 RRO7 21:30 19.7 (4.0) 0.22 (0.05) 1.83(0.4) 580 6
May 05 RRO6 22:45 16.1 (3.5) 0.14 (0.10) 1.19 (0.8) 267 3
May 06  RRO5 00:00 21.6 0.06 0.51 (0) 299 1
May 06 FMO6 20:30  20.6 (5.2) 0.24 (0.149) 197 (1.14) 233 7
May 07  HHO7 2:15 15.5 (4.3) 0.15 (0.08) 1.26 (0.7) 1.70 17
May 07  HHO5 4:00 12.1 (1.6) 0.11 (0.07) 0.95(0.59) 1.29 2
May 07 HHO04 5:45 17 (7.1) 0.11 (0.05) 0.94 (0.4) 0.62 10
May 07 HHO3 7:00 23.3 (6.0) 0.12 (0.12 1.19(1.22) 1.67 2
May 07  HHO2 9:00 19.9 (8.0) 0.07 (0.02) 0.73(0.22) 1.81 5
May 07 NH10 23:15 14.4(1.5) 0.11 (0.05) 0.95(0.39) 213 5
May 08 NH15 00:45 15.5(5.7) 0.12 (0.06) 1.01(0.48) 3.28 4
May 08  NH20 1:45 8.5 0.20 1.67 (0) 518 1

May 08  NH25 3:30 12.9 (4.2) 0.13 (0.11) 1.1 (0.88) 492 40
May 08  NH35 11:30 149 (4.3) 0.12 (0.08) 1.28(0.81) 4.29 25
May 08  NH45 13:30 13.1 (24 0.11 (0.07) 1.42(1.05) 3.65 4
May 08  NH65 17:00 13.1 (2.9) 0.32 (0.31) 3.29(3.19) 3.40 5
May 08  NH85 20:00 12.4(3.3) 0.26 (0.18) 2.2 (1.5) 397 17
May 08 NH105 23:00 16.0 (5.3) 0.22 (0.20) 1.84(1.68) 3.73 16
May 09 NH125 2:00 16.0 (4.5) 0.15 (0.06) 1.24(0.54) 3.75 11
May 09 NH150 5:15 16.1 (2.3) 0.25 (0.07) 2.07 (0.61) 5.15 10
May 09 NH175 8:30 13.3 (1.7) 0.30 (0.13) 3.05(1.37) 1.81 6
May 09 NH200 13:30 24 (2) 0.06 (0.03) 0.62(0.33) 1.13 3
May 10 CM25 8:30 14.6 (6.6) 0.07 (0.04) 0.71 (0.4) 224 3
May 10 CM20 9:45 13.7 (3.3) 0.04 (0.03) 0.37 (0.27) 6.41 6
Sept. 23 HHO5 — 2.6 0.54 — 1.20 1
Sept. 25 CC04 — 3.23 (0.85) 0.06 (0.03) — 0.14 3
Sept. 25  CCO5 — 3.1 0.02 — 0.03 1

from 0.02 pg Chl-a em™?! to 0.54 pg Chl-a cm™! (Tables 1 and 2).
Lowest average gut pigment contents were found in colonies from CC05
while highest average gut pigment contents were found in colonies
from HHOS. The gut evacuation experiment resulted in a k value of
0.385 h ™! (95% confidence bounds: —1.041, 0.272) and a gut turnover
time (1/k) of 2.6 h (Fig. 3). Daily ingestion rates (DIR) in spring
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Fig. 3. Pyrosoma atlanticum colony length frequencies collected on NOAA
fisheries surveys in late-winter (February-March), spring (May) and early au-
tumn (September) 2018.
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Fig. 4. Estimation of gut evacuation rate (k) for Pyrosoma atlanticum.

averaged 1.47 ug Chl-a cm ™! dayf1 (SE = 0.14; Table 2). Clearance
rates averaged 3.58 L h™' (SE = 0.31 L h™!; Table 2).Fig. 4.
Spring grazing rates (GR) for P. atlanticum in the NCC averaged
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Table 3

Chlorophyll-a concentrations (SS, ug L™ '), Pyrosoma atlanticum corrected den-
sities (D, col. 100 m~ %), grazing rates (GR, pg Chl-a m ~3), and grazing impacts
(GI, %) for stations (Stn.) containing pyrosome colonies collected during a
NOAA fisheries survey off the coast of Oregon in May 2018.

Date Stn. SS(ugChlaL™) D(col. m~3) GR (ug Chl-a GI (%)
m~%)
May 04 CCO3  0.41 0.08 1.76 0.4
May 04 CCO4  0.26 0.08 3.2 1.2
May 04 CCO5  0.27 0.64 18.88 7.0
May 04 CCO6  0.31 0.16 5.2 1.7
May 05 CC10  0.22 0.08 3.04 1.4
May 05 CC150 0.21 0.4 11.92 5.7
May 05 RRO7  0.22 0.32 7.6 35
May 05 RR0O6  0.23 0.32 8.64 3.8
May 05 RRO5  0.28 0.08 3.12 1.1
May 06 FM06  0.39 0.08 2 0.5
May 07 HHO7  0.23 0.16 2.64 1.1
May 07 HHO5  0.25 0.08 1.12 0.4
May 07 HHO4  0.46 0.4 7.52 1.6
May 07 HHO3  0.58 0.24 4.32 0.7
May 07 HHO2  1.25 0.24 4.48 0.4
May 07 NHIO  0.63 0.4 10.08 1.6
May 08 NH15  0.69 0.16 4.8 0.7
May 08 NH20  0.43 0.24 5.28 1.2
May 08 NH25  0.32 2.48 62.48 19.5
May 08 NH35  0.21 1.76 45.92 21.9
May 08 NH45  0.22 0.4 10.4 4.7
May 08 NH65  0.23 0.24 5.68 2.5
May 08 NH85  0.26 0.32 7.28 2.8
May 08 NH105 0.3 0.8 19.6 6.5
May 09 NH125 0.27 0.56 14.4 5.3
May 09 NH150 0.27 0.56 13.52 5.0
May 09 NH175 0.28 0.4 10.08 3.6
May 09 NH200 0.19 0.32 7.52 4.0
May 10 CM25 0.23 0.08 0.8 0.3
May 10 CM20  0.27 0.48 3.52 1.3

10.24 pg Chl-a m~3 day ™! (SE = 2.4 ug Chl-a m~> day ). Highest
spring GR were observed for the southern-most line off Crescent City,
and off Newport. Spring grazing impact (GI) was low throughout our
study area, with pyrosomes removing an average of 3.68%
(SE = 0.88%) of the available phytoplankton standing stock per day.
Highest spring grazing impacts of 20 and 22% were observed off
Newport at NH25 and NH35, respectively (Table 3).

4. Discussion
4.1. Range expansion by Pyrosoma atlanticum into the NCC

Pyrosoma atlanticum have undergone a recent range expansion in the
California Current (Sutherland et al. 2018). As early as 2014, P. atlan-
ticum densities increased in the NCC, and from 2015 to 2016 they
moved northward from tropical-temperate waters into the NCC
(Brodeur et al., 2019; Miller et al., 2019; Sutherland et al., 2018).
Range expansion of this pyrosome species is thought to have been en-
abled by the marine heatwave event referred to as the ‘warm blog’, an
abnormally warm stable water mass that occurred in the NE Pacific for
several years starting in 2014 (Di Lorenzo & Mantua, 2016), followed
by a strong El Nifno in 2016 (Brodeur et al., 2019). It is possible that
during this time P. atlanticum encountered favorable environmental
conditions, including warmer temperatures and increased food supply,
needed for their growth and development.

We observed high densities of P. atlanticum off the Oregon Coast
during late-winter and spring of 2018. However, abundances dropped
off to near-absent towards the early autumn of 2018. Our analysis of
pyrosome length frequencies revealed that a doubling in average colony
length occurred between collections in late-winter and spring. Age
determination of gelatinous zooplankton is difficult (Gordon et al.
2004). Generally, for invertebrate species that undergo continuous
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growth, age is estimated by body size (Choe and Deibel 2009). Age
determination of P. atlanticum is conducted in a similar manner, with
length inferring the age of a colony (longer colonies being older than
shorter colonies) (Andersen and Sardou 1994). Though body size may
not always be a precise method of age determination due to shrinking in
response to poor environmental conditions (Choe and Deibel, 2009;
Deason and Smayda, 1982; Hamner, 1974; Kremer, 1976), the doubling
of average colony length recorded in our study suggests that P. atlan-
ticum in the NCC were able to grow rapidly over a period of 1-2 months
between late-winter and spring of 2018. Our results suggest that during
this time P. atlanticum may have found a suitable habitat in which they
could grow. Interestingly, the average length of P. atlanticum decreased
from ~ 13 cm in spring to ~ 3 cm in early autumn. This could indicate
that, towards the end of summer, P. atlanticum colonies were either (i)
producing new colonies, with the older (larger) colonies dying off, or
(ii) shrinking and dying off, due to unfavorable environmental condi-
tions (Choe and Deibel, 2009; Deason and Smayda, 1982; Hamner,
1974; Kremer, 1976).

4.2. Gut evacuation rates, diel variability, and ingestion rates

Tunicates play a major role as grazers throughout the world’s oceans
(Conley et al., 2018; Drits et al., 1992; Madin and Deibel, 1998; Zeldis
et al., 1995). As mucous-mesh feeders, tunicates can achieve consumer-
prey size ratios of over 10,000:1, enabling them to shorten the trophic
chain and allowing more efficient energy transfer between trophic le-
vels (Boero et al., 2008; Conley et al., 2018; Henschke et al., 2016). In
addition, tunicates are known to exhibit extremely high grazing rates
and species like the salp, Salpa thompsonii, have been identified as
among the most important large filter feeders in terms of their filtration
by wet mass (Andersen, 1998; Atkinson et al., 2004; Perissinotto et al.,
1997). Salps have the capacity to remove anywhere between 10 to over
100% of the daily primary production in a given region and, at high
densities, could control the phytoplankton standing stock, thereby af-
fecting other zooplankton grazers via competition for food resources
(Bernard et al., 2012; Dubischar and Bathmann, 1997; Perissinotto and
Pakhomov, 1998). While there has been less research on pyrosomes,
pyrosome species also exhibit high grazing rates, and species such as
Pyrostremma spinosum have been shown to remove up to 17.5% of the
phytoplankton standing stock in the Eastern Tropical Pacific (Décima
et al. 2018). Studies conducted on P. atlanticum indicate that, during
colony blooms, up to 53% of the phytoplankton standing stock could be
removed in 10 h (Drits et al. 1992).

We measured grazing rates of P. atlanticum in the NCC using their
gut fluorescence at capture. Our estimates of gut pigment content for P.
atlanticum, obtained from colonies sampled in spring (May) of 2018, fell
within the range of those reported in the literature, though our max-
imum values were substantially higher than previous observations
(Drits et al., 1992; Perissinotto et al., 2007). Drits et al. (1992) found
gut pigment contents of 2.6 to 3.9 ug Chl-a col ™! for small colonies of
5-6 cm in length. By comparison, our gut pigment values for similarly
sized colonies ranged from 0.5 to 5.2 pg Chl-a col . For 11 to 20 cm
colonies, Perissinotto et al. (2007) reported gut pigment values between
0.8 and 1.6 ug Chl-a col ", while our measured gut pigment values for
similarly sized colonies were between 0.2 and 9.2 pg Chl-a col "%,

The gut evacuation rate we obtained during our study yielded a k
value of 0.385 h™! and a gut turnover time (1/k) of 2.6 h. Only one
previous study has estimated the gut evacuation rate of P. atlanticum,
and reported a k value of 0.699 h~?! (Perissinotto et al. 2007). While
seawater temperature for the Perissinotto et al. (2007) gut evacuation
rate experiment was not provided in their manuscript, other experi-
ments conducted during their study were at temperatures ranging be-
tween 13.7 and 17.8 °C. Our gut evacuation rate experiment was con-
ducted at 12 °C, so it is possible that the difference between our values
and that of Perissinotto et al. (2007) was driven by differences in
temperature. Warmer seawater temperatures would increase metabolic
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processes and thus gut evacuation rate (Dam and Peterson 1988). Since
seawater temperatures during our spring (May) survey averaged 12 °C,
our measured k value is appropriate for calculating ingestion rate of
pyrosomes collected in that survey. As no gut evacuation rate experi-
ments were performed in early autumn (September) and average SST
was higher (~13.5 °C) than that used in our gut evacuation rate ex-
periments, we did not calculate ingestion rates for the few pyrosomes
collected on that survey.

Whole-colony ingestion rates, averaged by station, in May were
highly variable ranging between 0.1 pg Chl-a cm ™" day ' (equivalent
to ~ 7.33 pg Chl-a col.”! day™!) and 0.17 pg Chl-a ecm™! day~*!
(equivalent to ~ 40 pg Chl-a col. ! day ~ '), with an average of 0.06 pg
Chl-a cm ™! day ™! (equivalent to ~ 20 pg Chl-a col. ! day~'). These
values are within the low end of the range of those reported for P.
atlanticum in the Indian Ocean (15.15 — 69.91 g Chl-a col.~* day 1)
(Perissinotto et al. 2007), and are substantially lower than that reported
for the Atlantic Ocean (98.4 ug Chl-a col. ! day ') (Drits et al. 1992).
Given corresponding phytoplankton standing stocks, our observed in-
gestion rates equate to filtration rates of 0.6 to 7.2 L colony ~*h ™, with
an average of 3.6 L colony 'h™!. Our upper range is comparable to
filtration rates reported for P. atlanticum in the Atlantic Ocean, 5.5 L
colony ~*h ™! (Drits et al. 1992) and on the low range of those reported
for P. atlanticum in the Indian Ocean where values ranged from 3.8 to
14.4 L colony " *h ™ (Perissinotto et al. 2007).

4.3. Graging rates and grazing impact

Pyrosomes have been shown to play an important role in pelagic
ecosystems through their ability to form dense blooms and their high
grazing rates (Décima et al., 2018; Drits et al., 1992; Perissinotto et al.,
2007). In our study, P. atlanticum grazing rates averaged 10.24 ug Chl-a
m~2d~!, with a maximum value of 62.48 pg Chl-a m~3 d~?, corre-
sponding to grazing impacts of 4% of available phytoplankton standing
stock on average and 22% maximum. This is higher than grazing im-
pacts reported for the Indian Sector of the Southern Ocean where values
were typically < 1%, with the exception of one station where pyro-
some grazing impact averaged 5% (Perissinotto et al. 2007). In other
oceans where pyrosomes have been recorded in dense blooms, grazing
impacts have been similarly high to those that we observed. For in-
stance, at a single station in the Atlantic Ocean where pyrosomes were
at bloom densities (e.g. 9.5 col. m~ 2 concentrated in the top 10 m of the
water column), daily grazing impact was estimated to be 53% of
available phytoplankton biomass in 10 h (Drits et al. 1992). In the
Eastern Tropical Pacific, Pyrostremma spinosum communities were
capable of removing as much as 17.5% of the phytoplankton standing
stock daily (Décima et al. 2018).

Our results indicate that, at bloom densities, it is possible for
pyrosomes to exert considerable control on phytoplankton standing
stocks. Indeed, during our spring survey (May 2018), Chl-a con-
centrations, deep Chl-a maximum (DCM) and integrated Chl-a con-
centrations were significantly higher at stations where pyrosomes were
absent than where they were present. While P. atlanticum could have
been avoiding areas of elevated phytoplankton biomass, we suggest a
more plausible reason is that grazing rates of the pyrosome colonies
were sufficient to control phytoplankton standing stock at stations
where they were present. This could have significant implications for
key crustacean zooplankton grazers.

4.4. Implications

Rising temperature, an effect closely associated with climate
change, has paved the way for range expansion of both terrestrial and
marine species (Hoegh-Guldberg and Bruno, 2010; Parmesan, 2006).
Temperature increases may facilitate range expansion in marine taxa
through the alteration of ocean circulation patterns (Meehl et al. 2007)
and the timing/duration of seasonal events, such as phytoplankton
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blooms (Edwards and Richardson 2004) and coastal upwelling (Bograd
et al. 2009). From phytoplankton (Neukermans et al. 2018) and reef
corals (Yamano et al. 2011) to macroinvertebrates and fish (Johnson
et al.,, 2011; Perry et al., 2005; Stewart et al., 2012), a multitude of
marine species have experienced changes in their distribution range as
a result of long-term warming (Pinsky et al. 2013). Indeed, numerous
examples of both invertebrate and vertebrate taxa exhibiting sub-
stantial northward distribution shifts and range extensions have been
documented for this recent North Pacific marine heatwave (Cavole
et al., 2016; Sanford et al., 2019). Species that have successfully es-
tablished themselves in previously unavailable habitats, such as the
invasive lionfishes, Pterois volitans and P. miles, have had detrimental
impacts on native marine ecosystems and are a threat to biodiversity in
these regions (Grieve et al., 2016; Sorte et al., 2010). Poleward range
expansions in all oceanic regions have been observed with an average
rate of 72 * 13 km per decade (Poloczanska et al., 2013, 2016). Ocean
warming is expected to progress as greenhouse gas emissions from
anthropogenic activity continues, enabling exacerbated range expan-
sion and causing concern for the health of marine ecosystems
throughout the world’s oceans (Grieve et al. 2016).

Jellyfish, a loose term encompassing schyphozoans, ctenophores,
and chordates (i.e. salps, pyrosomes, and appendicularians), have ex-
perienced population increases in coastal ecosystems over the past
several decades (Brotz et al., 2012; Condon et al., 2013). Pelagic or-
ganisms are experiencing range expansion at a much faster rate than the
global average, with invertebrate zooplankton expanding at a rate of
142 + 28 km per decade (Poloczanska et al., 2013, 2016). More
specifically, tunicates appear to be undergoing range expansions
throughout all oceanic regions. In the California Current, changes in the
biomass of pelagic tunicates have been linked to the decline of total
zooplankton biomass (Lavaniegos and Ohman 2003). Through their
short generation times and rapid growth rates, pelagic tunicates can
experience massive population increases in response to favorable en-
vironmental conditions, including changes induced by anomalous
events like El Nifio Southern Oscillation (ENSO) cycles (Andersen,
1998; Atkinson et al., 2014; Hereu et al., 2006; Lavaniegos and Ohman,
2003)

The ability of tunicates to form blooms in response to changes in the
environment can prove detrimental to other zooplankton species and
may affect food web dynamics (Andersen, 1998; Dubischar et al., 2006;
Lavaniegos and Ohman, 2003; Ross et al., 2014). Salpa thompsonii, a
salp species inhabiting the region between the Subtropical Convergence
and the Antarctic sea ice edge have moved to more southern regions in
increasing frequency (Kawamura, 1986, 1987). Dense blooms of S.
thompsonii have been observed at abundances upwards of 650 ind. m ™2
in the Southern Ocean while the krill species Euphausia superba has
experienced a concomitant decline (Atkinson et al., 2004; Bernard
et al., 2012). If temperatures continue to increase, S. thompsonii and
other tunicate species could pose a serious threat to krill and other
zooplankton grazers (Bernard et al. 2012). For instance, abundance of
krill, especially the nearshore dominant species Thysanoessa spinifera,
declined dramatically off Oregon following the arrival on the shelf of
the recent marine heatwave, concurrent with the substantial increase in
pyrosomes (Brodeur et al., 2019; Peterson et al., 2017). Should pelagic
tunicates outcompete key crustacean grazers such as krill and copepods
for phytoplankton, it is unclear how this would affect higher trophic
levels that rely krill and copepods as a primary food source. Also, since
pelagic tunicates are non-selective filter-feeders it is possible that, at
bloom densities, their high ingestion rates could account for reduced
biomass of smaller zooplankton taxa through direct predation. How-
ever, according to a recent study in the Eastern Tropical Pacific that
used stable isotope analysis to infer trophic position, the pyrosome
Pyrostremma spinosum is purely herbivorous (Décima et al. 2018). We
were not able to assess the degree of carnivory in P. atlanticum during
the present study.
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5. Conclusions

Warming of the Northern California Current (NCC) off the coast of
Oregon has resulted in episodic range expansion by the pyrosome,
Pyrosoma atlanticum. Range expansion of exotic species has the poten-
tial to affect entire ecosystems and may be detrimental to ecosystem
functioning. The purpose of this study was to determine the grazing
impact of P. atlanticum on the phytoplankton standing stock of the NCC,
specifically off the coast of Oregon. We found that even at the tail-end
of the multi-year pyrosome “explosion” off the Oregon Coast, the
grazing impact of colonies of P. atlanticum on the phytoplankton
standing stock of the NCC was substantial, reaching 22% of the total
available phytoplankton.
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