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Abstract

Climate change is causing marine heat waves to become more common, leading to
increased stratification of the water column. This in turn causes hypoxic events and reduced
mixing between the surface layer and the deep ocean. Food webs rely on nutrients brought up
by this mixing, and marine heat waves can disrupt this process, impacting zooplankton
populations through bottom-up interactions with their main food source, phytoplankton. In the
Salish Sea, this nutrient rich water comes from the North Pacific through the Strait of Juan de
Fuca and up into the San Juan Channel. Zooplankton populations from 2007 — 2022 were
examined in the channel during the fall to determine whether a marine heat wave known as The
Blob affected zooplankton diversity and abundance. The Blob formed in the North Pacific in
2013 and lasted until 2016. It was followed by several years of abnormally high sea surface
temperatures (SST) lasting until the present day (2022). Years before The Blob reached the
Salish Sea (2007 — 2013) were compared with years after it arrived (2014 — 2022). After the
heat wave, zooplankton densities were lower at the Pelagic Ecosystem Functions’ North (p =
0.0079) and South (p = 0.0026) stations while diversity was unchanged (p > 0.05 at both
stations). This was driven mainly by patterns in copepod dominance. Zooplankton are vital to
commercially important fisheries in the Salish Sea, as well as for biogeochemical cycling. Future
marine heat waves could continue to affect zooplankton populations, potentially destabilizing the
ecosystem in the Salish Sea.

Introduction

Anthropogenic climate change has already made significant changes to the natural
environment around the world (IPCC 2022). As the human population grows, the activities that
contribute to climate change will continue to grow assuming a business-as-usual scenario. In
the 2022 IPCC report, Working Group 1 (WGI) found that in the years 2011-2020, global surface
temperatures have increased by 0.95 to 1.20°C above 1850-1900 temperatures. When
considering all five assessed scenarios, ranging from very low greenhouse gas emissions to
very high greenhouse gas emissions, WGI estimated that there is a greater than 50% chance of
global temperature increase to exceed 1.5°C by 2040. As the Earth continues to warm, so too
do the oceans (Levitus et al, 2012). Marine heat waves (MHW) have become more common
and more widespread. The area of the ocean experiencing strong (category Il) heat waves has
increased by 24% from 1983 to 2018 (Hobday et al, 2018). When the surface ocean is warmed
by the sun, the mixed layer becomes shallower and exchange between the surface and deep
ocean slows. This can lead to hypoxia because warmer water can hold less dissolved gas than
cold water and increased stratification prevents dissolved oxygen from reaching below the
mixed layer (Keeling et al, 2010). These effects are further compounded by biological processes
such as eutrophication (Carpenter, 2005; Stow et al, 2005) and increased levels of respiration,
both in prokaryotes (Smith et al, 2019) and eukaryotes (Harris et al, 2006). As of 2008, the
number of reported hypoxic locations had increased exponentially at a rate of 5.54% year over
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year since the early 1900s (Vaquer-Sunyer & Duarte, 2008). These changes are concerning in
part because low oxygen levels can directly cause large-scale mortality events in various taxa
(Vaquer-Sunyer & Duarte, 2008), which can have cascading effects throughout the food web.
Changes in mixed layer dynamics can also affect the timing of phytoplankton blooms, causing
average annual biomass to shift away from dominant species such as diatoms (Chiba et al,
2012; Hinder et al, 2012). This exerts a bottom-up pressure on higher trophic levels, and may
disrupt nutrient cycling.

The Salish Sea, where this time series was conducted, is a large estuary on the
Northwestern coast of North America. It comprises the Strait of Georgia to the North, the Strait
of Juan de Fuca to the West, and the Puget Sound to the South. The Strait of Juan de Fuca is
the main source of Pacific Ocean water to the Salish Sea. Tidal inflow averaged approximately
143 x 103 m® st in 2014, roughly 10-20 times larger than river inflow (Khangaonkar et al, 2019).
As such, the Salish Sea is mainly sensitive to changes in the properties of Pacific Ocean water.
This is relevant due to elevated sea surface temperatures in the North Pacific during the North
Pacific Marine Heat Wave (“The Blob”) which started forming in 2013, peaked in 2015, and after
which SST remained elevated until 2021 (Barkhordarian et al, 2022). Sea surface temperatures
are still above normal as of the time of this writing. Our study site is in the San Juan
Archipelago, a group of islands located between the Strait of Georgia and Strait of Juan de
Fuca. The San Juan Channel runs through the center of the archipelago and is characterized by
strong tidal inflow from the Strait of Juan de Fuca to the South which brings in Pacific Ocean
water.

This study focuses on the effects of MHWSs on zooplankton in the San Juan Channel.
Zooplankton are a good indicator of changes in the marine environment - they are ubiquitous,
abundant, and sensitive to environmental changes (Keister et al, 2022). They are also an
important link in the marine food web, serving as the primary grazers of phytoplankton in the
ocean (Strom et al, 2007; Richardson, 2008) and are preyed upon by animals spanning multiple
orders of magnitude, up to and including the largest organisms on earth, baleen whales
(Richardson, 2008). In the Salish Sea, they are a major food source for forage fish, particularly
the Pacific Sand Lance, Ammodytes personatus which feed primarily on zooplankton and are a
known food source for 97 species in the Salish Sea including commercially important and
endangered species (Sisson & Baker, 2017). Zooplankton are also an integral part of nutrient
cycling. Zooplankton respiration accounts for large amounts of dissolved inorganic carbon (DIC)
recycling (Hernandez-Ledn & Ikeda, 2005; Darnis & Fortier, 2012; Mayzaud & Pakhomov, 2014;
McKinnon et al, 2015), and their vertical migration may at times be responsible for greater
carbon export to deep water than is gravity (Darnis & Fortier, 2012). Their sloppy feeding habits,
excretions, and fecal pellets return dissolved and particulate organic carbon (Mgller et al, 2003;
Alcaraz et al, 2010), nitrogen (Alcaraz et al, 2010; Ikeda, 2014) and phosphorous (Alcaraz et al,
2010) to the water.

Methods
Study site and sampling dates

All samples were collected from the University of Washington’s Friday Harbor Labs
North (48.583°N, 123.043°W) and South (48.420°N, 122.943°W) stations (Fig. 1) aboard the
R/V Centennial, R/V Kittiwake, and R/V Rachel Carson. The years included in this study are
2007 — 2022 excluding 2017 and 2020 for which data was not available. Cruise dates varied



each year, but all fell within the period between late September and mid-November. Five to
eight cruises were undertaken each year, with variability due to weather conditions or
scheduling.

Zooplankton sampling and analysis

Zooplankton were collected by deploying a net with a 0.7 m diameter opening, and a 153
pgm mesh size cod end into the water to approximately 5 - 10 m above the seafloor which is at a
depth of approximately 120 m at North station and 80 m at South station before being raised to
the surface. From 2018 onwards, the net was equipped with a TSK flowmeter calibrated to the
diameter of the net opening; this allows the user to simply multiply the flowmeter reading by a
factor matched to the net opening diameter and thus determine the total volume of water
filtered. After being returned to the deck, nets were washed from the inside out using a seawater
hose to collect the sample in the cod end, and samples were placed in jars with varying
amounts and concentrations of borax-buffered formalin. One to three tow replicates were taken
at each station. When more than one tow was conducted, | report the average zooplankton
density.

The volume of water filtered was calculated by either multiplying the length of cable paid
out () by the area of the net opening:

V=mrxl
Or by multiplying the flowmeter reading by 0.755:
Volume Filtered (m®) = Flow ct = 0.0755

In the lab, the formalin was rinsed off the samples by pouring them through either a
sieve or several sieves of varying mesh sizes. In all cases, the final mesh size was no larger
than 118 uym. Large organisms were removed and counted individually on a lightbox. Aliquots
were either taken directly from the remaining sample using a Stempel pipette, or the sample
was split using a Folsom splitter until a desired density of individuals was reached, at which
point they were diluted to a known volume and an aliqguot was taken. Aliquots were placed in a
Bogorov tray and counted using a dissecting microscope. Counts were replicated between 1
and 3 times for each sampling event, depending on the year.

When large taxa were not removed before subsampling, zooplankton density was
calculated using the following formula:
_ N=xS§S
S V(fra)
where D = density (individuals m3), N = the count of all organisms in subsample, S = the split

volume in mL, f = the split dilution fraction, a = the aliquot volume in mL, and V = the total tow
volume of water in filtered (m).

D

When large taxa were removed before subsampling, the number of individuals in a
sample was calculated using the following formula:

S*Vd)

Ind=W+<Vs*f



where Ind = individuals, W = the total number of large organisms removed, S = total individuals
in the subsample, Vd = total diluted volume of the split, Vs = volume of subsample used for
counting, and f = fraction of the whole sample that was counted. This number was then divided
by the total volume filtered during the tow to return density.

Marine heat wave severity determination

Marine heat wave severity was ranked on a 0 — IV scale, with 0 as normal conditions
and IV as an extreme heat wave. Data was taken from the Marine Heatwave Tracker,
http://www.marineheatwaves.org/tracker.html. Scores were given based on conditions in the
Pacific Ocean in the vicinity of the entrance to the Strait of Juan de Fuca and cross-referenced
with Suryan et al, 2021.

Data analysis

Datasheets were compiled and taxa were organized to the lowest possible
category without causing categories to overlap or to be excluded. Data was analyzed
using R version 4.2.2. Density was calculated for the total sample and copepods &
their nauplii. Two diversity indices were taken for each sampling date and each
station. The Shannon-Wiener diversity index describes the uncertainty in the
taxonomic identity of an unknown individual (Morris et al, 2014):

H' = —ZPiln (Pl)

and the inverse Simpson’s index for dominance. The original Simpson’s index is a
representation of the probability that two randomly chosen individuals belong to the
same group. However, this gives lower values for higher diversity, which is
counterintuitive. Therefore, the inverse is used, in which case higher values mean a
higher diversity (Morris et al, 2014). It is an indirect representation of the probability
that two randomly selected individuals belong to different groups. The formula is given

by:

D, = 1/zP
Where in both equations P; is the proportion of species belonging to species i.

Total density and copepod density as well as diversity indices were plotted for each year
and compared across MHW and non-MHW years. Additionally, relative densities were plotted
for each year.

ANOVA

Years pre- and post-MHW were grouped in two ways. First, the years were split into
groupings before and after The Blob (2007 — 2012, 2013 — 2022). Second, the years were split
into groupings before The Blob and including its first year (2007 — 2013) and the years after that
(2014 — 2022). This was done to determine if the effects of the first year of the MHW were
significant. One-way ANOVA tests were done on total densities and the diversity indices before
and after The Blob (2007 — 2012 vs 2013 — 2022 and 2007 — 2013 vs 2014 — 2022).



Results
Offset group (2007 — 2013 vs 2014 — 2022)

Zooplankton density was greater in years before the MHW and its first year (North mean
= 4135 ind m= 217; South mean = 5837 ind m* 397) than in the second year of the MHW to the
present (North mean = 2356 ind m=, + 515; South mean = 2966 ind m=, + 640). The ANOVA
comparing pre- and during-MHW densities returned significant results (North p = 0.0079, South
p = 0.0025). In the offset pre-MHW years, the average inverse Simpson’s index was 1.93 +
0.253 at North station and 1.67 + 0.221 at South Station. The Shannon indices for the same
years were 0.953 + 0.148 at North and 0.780 % 0.154 at South. After the MHW, the Simpson’s
indices were 1.82 + 0.163 at North and 1.60 £ 0.113 at South. The Shannon indices were 0.925
+ 0.119 at North and 0.758 + 0.108 at South. These results are summarized in table 1.

Non-offset group (2007 — 2012 vs 2013 — 2022)

The difference was smaller when comparing exclusively pre-MHW years, 2007 — 2012
(North mean = 4041 ind m= + 232; South mean = 5636 ind m= + 405) with post-MHW years,
2013 — 2022 (North mean = 2649 ind m + 534; South mean = 3475 ind m= + 753) and the
ANOVA results were not significant at North (p = 0.172) and significant at South (p = 0.0027). In
the non-offset grouping, pre-MHW (2007 — 2012) Simpson indices were 1.94 £+ 0.299 at North
and 1.74 1+ 0.248 at South, while Shannon’s indices were 0.973 + 0.173 at North and 0.832 +
0.172 at South. In post-MHW years (2013 — 2022) the Simpson’s indices were 1.83 £ 0.142 at
North and 1.55 + 0.111 at South. Shannon’s indices were 0.914 £ 0.104 at North and 0.722 +
0.100 at South. These results are summarized in table 2.

Summary

Diversity did not differ significantly when compared across MHW and non-MHW years,
neither in the offset nor in the non-offset groupings. Density differences between years were
greater at South Station than at North Station in both the offset and non-offset grouping. The
density difference in the offset grouping was greater than in the non-offset grouping.

Copepods & their nauplii

Copepod density was higher in 2007 — 2013 than in 2014 — 2022 for both North and
South stations, while nauplii density did not differ significantly. The average copepod density at
North station from 2007 — 2013 was = 2298 ind m + 250 and from 2014 — 2022 it was = 1391
ind m2 £ 238 (p = 0.0222). In the same years, nauplii density was = 928 + 218 and = 746 + 266
respectively (p = 0.53). At South Station, copepod density from 2007 — 2013 was = 3577 ind m3
+ 458 and nauplii density was = 928 ind m= + 182. In 2014 — 2022, copepod density was = 1846
ind m= £ 354 (p = 0.0113) and nauplii density was = 484 ind m= + 148 (p = 0.179). These
results are summarized in table 3.

Discussion

In heat wave years, the bulk of the anomalous temperatures were in the Northern Pacific
Ocean rather than in the Salish Sea itself. This water enters the Salish Sea through the Strait of
Juan de Fuca due to tidal forces but fails to leave the same way due to the sills present
throughout the estuary trapping dense, saltier ocean water. While warmer water is typically less



dense than colder water, freshwater influx from the various rivers draining into the Salish Sea
forms the main bulk of water leaving the Sea, causing the abnormally warm but still salty water
from the Pacific Ocean to remain trapped in the estuary. The sheltered nature of the San Juan
Channel and the sill present at Cattle Pass may prevent part of the warm water mass from
reaching the North station, while the South station is more exposed to oceanic conditions. This
may explain why populations at the Southern station decreased more in post-MHW years
relative to the North station (Tables 1 and 2; figures 2 — 6). The presence of abnormally warm
water decreases mixing between the surface layer and the deep layer (Keeling et al, 2010),
which may be the root of the changes seen during MHW years.

Zooplankton populations are impacted by MHW events, with populations at both North
and South stations being significantly lower when comparing the years pre-MHW and including
the first year of the MHW to years post-MHW (Figures 2 — 6). This could indicate one of two
things. First, there may be a delay in the effects of oceanic heating on zooplankton populations.
Second, in 2013, the year The Blob began to take shape, the magnitude of the heating was
relatively moderate compared to later years. This may not have been enough to cross the
threshold at which zooplankton populations begin to react. Zooplankton generally have a life
cycle shorter than one year, suggesting that the reason for the delay in zooplankton population
reaction was that a certain threshold was not crossed until sometime after the 2013 PEF
session. Previous studies have shown that interannual climate variations impact zooplankton
(Molinero et al, 2018), potentially through bottom-up interactions with phytoplankton which show
changes in both community composition in response to interannual climate variations (Chiba et
al, 2012; Hinder et al, 2012) and phenology in response to seasonal temperature differences
(Chiba et al, 2012). In particular, Chiba et al found that changes in phytoplankton spring bloom
timing could shift biomass away from diatoms. This was likely driven by mixed layer dynamics &
how they influence nutrients and light availability for phytoplankton.

Interannual diversity was not affected by The Blob. Intra-annually, the Shannon’s and
Simpson’s diversity indices generally followed the same pattern (Figures 7 — 11), indicating that
when diversity was higher, it was due to the dominant taxon densities being lower, which in this
study were copepods. When copepod dominance was lower, it was generally the result of larger
numbers of tunicates (Figures 17 — 21). There were two years during which this pattern was
broken. In 2008 there was a dinoflagellate bloom early in the season (Figure 17) which was
followed by lower zooplankton densities (Figure 2). In 2016 the density of crustacean larvae was
abnormally high, as was the total zooplankton density. However, increasing numbers of adult
copepods were not seen in the following weeks, suggesting that there were large numbers of
non-copepod larvae in the water. Overall diversity trends may be driven by the success of
copepods, although the driving force behind this remains unclear and should be further
examined. In warmer waters, zooplankton communities are characterized by smaller members
of similar taxa than in colder waters (Stempniewicz et al, 2007), which the PEF density data
would not capture. Further investigation during future MHWSs should examine the size
composition of zooplankton populations. If this is the case in the Salish Sea then prolonged
marine heat waves may result in zooplankton populations that are both less dense and
comprise smaller individuals. The two effects may synergize and impact higher trophic levels
more than either effect alone which may impact commercial fisheries. Copepods comprise a
large part of the diet for juvenile salmon (Armstrong et al, 2008) and shifts in their population are
correlated to juvenile salmon survival (Keister et al, 2022) which implies that if zooplankton
communities are disrupted by future MHWSs, those fisheries may be disrupted as well.



Marine heat waves may also disrupt the complex network of processes that drive
biogeochemical cycling in the Salish Sea. Zooplankton populations may remain low when
MHWSs happen repeatedly over the course of relatively short periods, as has been seen in the
Salish Sea in the years since The Blob. With that decrease comes a decrease in total
respiration done in the water column and smaller amounts of nutrients being released through
their excretions, fecal pellets, and sloppy feeding. Of special importance is nitrogen. In the
Salish Sea, phytoplankton populations are dominated by diatoms which form the bulk of annual
phytoplankton biomass (Del Bel Belluz et al, 2021) and whose growth tends to be nitrogen
limited (Khangaonkar et al, 2018). When zooplankton populations decrease, this return of
nutrients slows and may limit diatom growth, which creates a positive feedback loop in which
zooplankton which graze on diatoms have less food available. This potential feedback loop
suggests that decreasing zooplankton populations in response to MHW and oceanic heating in
general may drive decreasing carbon export to the deep ocean, thereby exacerbating climate
change.
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Tables

Pre MHW (2007 - 2013)

Average
) . Average Average
Station Density SE , SE , , SE
. 3 Shannon's Simpson's
(ind/m?)

North 4135 217 0.953 0.148 1.932 0.2530
South 5837 397 0.780 0.154 1.668 0.221
Post MHW (2014 - 2022)

Average
, . Average Average
Station ~ Density SE ' SE _ , SE
) 3 Shannon's Simpson's
(ind/m?)
k%
North 236 s15. 092> 9319 18200 4463
p =0.0079 p=0.886 p=0.715
k%
south 296 6a0 0758 o108 199 gq1g
p =0.0025 p=0.907 p=0.777

Table 1: Summary of offset grouping statistics. Asterisks indicate levels of statistical significance
between pre- and post-years within each grouping.



Pre MHW (2007 - 2012)

Average A A
Station  Density SE Verage: , Verag?j SE
. 3 Shannon's Simpson's
(ind/m?)

North 4041 187 0.972 0.173 1.94 0.299
South 5636 479 0.832 0.172 1.74 0.248
Post MHW (2013 - 2022)

Average
. . Average Average
Station ~ Density SE , . ,
. 3 Shannon's Simpson's
(ind/m?)
North 2649 659 0914 5104 183 gaa
p = 0.0544 p=0.764 p=0.732
*
South 3473 631 0.722 0.1 155 11
p=0.041 p =0.569 p =0.475

Table 1: Summary of non-offset grouping statistics. Asterisks indicate levels of statistical

significance between pre- and post-years within each grouping.




Pre MHW

2007 - 2013 2007 - 2012
Station Copepod Naup?lu SE Station Copepod Nauplu SE
Densty Density Densty Density
North 2298 250 967 218 North 2207 276 789 149
South 3577 458 928 182 South 3622 839 712 166
Post MHW
2014 - 2022 2013 -2022
Station Copepod Nauplu SE Station Copepod Nauplu SE
Densty Density Densty Density
E3
North 1391 238 746 266 North 1272 275 930 291
p=0.0222 p=053 p=0.137 p=0.689
* *
south 1846 354 484 148 | south 20?8 357 633 195
p=0.0113 p=0.179 p=0.0247 p=0.767

Table 3: Statistics on the density of copepods and copepod nauplii. Asterisks represent the
degree of statistical significance.
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Figure 1: Map showing the north and south stations.
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Figure 2: Weekly zooplankton density at north and south stations for 2007 — 2009.
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Figure 3: Weekly zooplankton density at north and south stations for 2010 — 2011.



Weekly Zooplankton Density 2013 - 2015
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Figure 4: Weekly zooplankton density at north and south stations for 2013 — 2015. “I” indicates
mild MHW conditions in the Pacific Ocean, “II” indicates moderate MHW conditions in the
Pacific Ocean, and “llI” indicates severe MHW conditions in the Pacific Ocean.

Weekly Zooplankton Density 2016 - 2019
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Figure 5: Weekly zooplankton density at north and south stations for 2016 — 2019. “I” indicates
mild MHW conditions in the Pacific Ocean and “II” indicates moderate MHW conditions in the
Pacific Ocean.



Weekly Zooplankton Density 2021 - 2022
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Figure 6: Weekly zooplankton density at north and south stations for 2021 and 2022. “II”
indicates moderate MHW conditions in the Pacific Ocean.
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Figure 7: Weekly zooplankton diversity indices at North and South stations, 2007 — 2009.



Weekly Zooplankton Diversity 2010 - 2012
2010 2011 2012

North

-

value

o o

South

N

-

39 40 41 42 43 44 45 46 47 39 40 41 42 43 44 45 46 47 39 40 41 42 43 44 45 46 47
Week

Figure 8: Weekly zooplankton diversity indices at North and South stations, 2007 — 2009.
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Figure 9: Weekly zooplankton diversity indices at north and south stations for 2013 — 2015.

indicates mild MHW conditions in the Pacific Ocean, “II” indicates moderate MHW conditions in

the Pacific Ocean, and “llI” indicates severe MHW conditions in the Pacific Ocean.
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Figure 10: Weekly zooplankton diversity indices at north and south stations for 2016 — 2019. “I”
indicates mild MHW conditions in the Pacific Ocean and “II” indicates moderate MHW conditions
in the Pacific Ocean.
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Figure 11: Weekly zooplankton diversity indices at north and south stations for 2021 and 2022.
“II” indicates moderate MHW conditions in the Pacific Ocean. Note the scale has changed to
accommodate high diversity on weeks 41 and 42 in 2022, South station.
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Figure 12: Weekly copepod & nauplii density at north and south stations for 2007 — 2009.
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Figure 13: Weekly copepod & nauplii density at north and south stations for 2010 — 2011.
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Figure 14: Weekly copepod & nauplii density at north and south stations for 2013 — 2015. “I”
indicates mild MHW conditions in the Pacific Ocean, “II” indicates moderate MHW conditions in
the Pacific Ocean, and “llI” indicates severe MHW conditions in the Pacific Ocean.
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Figure 15: Weekly copepod & nauplii density at north and south stations for 2016 — 2019. “I”
indicates mild MHW conditions in the Pacific Ocean and “lI” indicates moderate MHW conditions
in the Pacific Ocean. Note that copepod nauplii were not counted in 2019.
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Figure 16: Weekly copepod & nauplii density at north and south stations for 2021 and 2022. “II”
indicates moderate MHW conditions in the Pacific Ocean.
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Figure 17: Weekly relative abundances of zooplankton at North and South stations from 2007 —

2009.
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Figure 18: Weekly relative abundances of zooplankton at North and South stations from 2010 —
2012.
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Figure 19: Weekly relative abundances of zooplankton at North and South stations from 2013 —
2015. “I” represents mild MHW conditions, “II” represents moderate MHW conditions, and “[II”
represents severe MHW conditions.
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Figure 20: Weekly relative abundances of zooplankton at North and South stations from 2016 —
2019. “I” represents mild MHW conditions and “II” represents moderate MHW conditions.



Weekly Relative Abundance of Zooplankton 2021 - 2022
2021 2022

| - -
| - . I
0.75
Taxa
Amphipod
090 North M Barnacle
—-— B Bivalve
_— — B Bryozoan Cyphonaut
025 B —— o B Cactognath
= = |- - B Cephalopod
z — . I Cnidarian
g 0.00 - Copepod
al. Crustacean Larva
u>; 1.00 4 42 ﬁ 44 4_5 ﬁ 41 42 43 44 45 46 Echinoderm Larva
s - || N | ] = Eggh iid
T uphausii
& - = Gastropod
Microzooplankton
ore Other
Other Crustacean
B Polychaete
0.50 South [l Pteropod
Trochophore
. B Tunicate
0.25 —
=" =pn
0.00
41 42 43 44 45 46 41 42 43 44 45 46

Week

Figure 21: Weekly relative abundances of zooplankton at North and South stations in 2021 and
2022. “II” represents moderate MHW conditions.



