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Oceanography

Environmental stressors, such as hypoxia and acidification, are increasing in intensity,
duration, and extent in coastal waters and estuaries. Environmental stressors are known to affect
a wide range of marine species, including zooplankton. Zooplankton are a critical link in marine
food webs, connecting phytoplankton to higher trophic levels such as economically important
fish, and are thought to be informative indicators of ecosystem change. For this reason, increased
attention has been paid to understanding the mechanisms shaping zooplankton populations.
Previous studies have shown that zooplankton exhibit both lethal and sublethal responses to

changes in dissolved oxygen and pH. However, there is a range of species-specific responses to



stressors. Different responses across species alter zooplankton community composition and
spatial distributions, directly impacting predator-prey interactions and the trophic dynamics in
coastal environments. This dissertation integrates laboratory experiments, in situ observations,
and field work to understand how environmental stressors affect coastal zooplankton populations
and nearshore food webs. In Chapter 1, I conducted laboratory experiments to investigate
whether the copepod, Calanus pacificus, showed behavioral responses to stressors, and whether
these responses lead to changes in vertical population distributions. Our laboratory experiments
demonstrated significant effects of bottom water hypoxia and acidification on behavioral
avoidance, swimming statistics, and apparent mortality rates in C. pacificus. In Chapter 2, I used
a remote camera system to quantify in situ behavioral responses of zooplankton to stressors,
using results from Chapter 1 to generate hypotheses about observations in the field. Our in situ
videos revealed that copepods in stressful conditions exhibited significantly slower swimming
speeds than copepods in non-stressful conditions, while amphipods showed significantly
decreased abundances within stressful conditions. Finally, in Chapter 3, I collected zooplankton
net tows in an intertidal estuary to investigate the transport of pelagic species into eelgrass beds
and the role of eelgrass beds as potential sinks of pelagic zooplankton over the tidal cycle,
potentially due to predation by juvenile fish. We found evidence of transport of pelagic species
into intertidal habitats and measured large spatial and temporal variability, highlighting the need
for sampling programs that can capture small-scale variability. This dissertation provides insight
into the mechanisms that link the effects of environmental stressors across individual responses
to population, community, and ecosystem level scales and suggests novel methodologies to help

advance our understanding of changing zooplankton dynamics.



Table of Contents

LSt OF FIGUIES ...ttt ettt ettt ettt et e et e e bt e eabeeseeenbeenseeenbeensaennseenseennns il
LLIST OF TADIES .. eeeeeeeieeeeeeeeeeeeeeeeeeee ettt ettt et e et e e et e e et et et e e e e e e eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees vi
TN OMUCTION ...ttt ettt ettt et ee e eeeeeea e e eaee et eeeseeeeeeeseeeeeeeseneeeneennnennnnn 1

Chapter 1: Effects of hypoxia and acidification on Calanus pacificus: behavioral changes in

response to Stressful ENVITONMENTS .......ccviiiiiiiiiiiieie et et eee 9
AADSTIACE ..ottt bbbt et h e bt et bt e h e et eh e e bt et sae e beenees 9
L INEEOAUCTION ...ttt ettt sttt et bt ettt sb et e et esae e 10
2. IMETROMS. .. et ettt ettt 13
B RESUIES ..t bttt et et b et naeenees 23
4. DISCUSSION ...ttt ettt ettt ettt ettt e s e sb et e ea e s bt et eate s bt et e eateebe et e eatesbeenbeentesbeenbeensenaeenee 27

Chapter 2: In situ observations of zooplankton show changes in abundance and swimming speed

in response to hypoxia and acidifiCatioN...........ccceeriiiiiiieriiieiie ettt et ens 51
ADSTIACE ..ottt bbbt et e h et e e s a e bt et e ehtenbeeteearens 51
L INEEOAUCTION ...ttt ettt st b et et sb e bt st sbe e b et esae e 52
2. IMETROMS. .. ettt et bbb et 55
B RESUIES ..ttt et et b et naeenees 62
4. DISCUSSION ...ttt ettt ettt e e et sb e et ea e s bt e bt eate s bt e bt eatesbe e bt estesb e et e eatesbeenbeennenaeenee 67

Chapter 3: Tidal exchange of zooplankton between intertidal eelgrass beds and pelagic waters 90

AADSTIACE ..ottt sttt e bbbt et e e e a e bt et eatenbe et eatens 90
L INEEOAUCTION ...ttt ettt sttt et et sb e b st sb et et esae e 91
2. IMETROMS. .. et ettt ettt 94
3 RESUIES ..ttt ettt sttt et b e eieen 101
4. DISCUSSION ...ttt ettt ettt ettt et ettt eat e s bt et e et e sb e et e eatesb e e bt eateebe et e entesbee bt eatesaeenbeenees 105
CONCIUSION ..ttt ettt st b et eb et e e e bt e bt e st e eb e et e et e e st e bt entesanenbeentesaeens 131
Appendix A: Chapter 1 Supplemental Materials ..........ccccoeeieriiiiieniiieiieceeeece e 135
Appendix B: Chapter 2 Supplemental Materials ..........ccceeeieriiiiieniiieieeieeeece e 159
Appendix C: Chapter 3 Supplemental Materials ..........ccceeouieriiiiieniiieiieceeeeee e 186



List of Figures

Figure 1. Map of Puget Sound, WA and stations where Calanus pacificus were collected over
the summers 0f 2019 and 2020. ........c..cceoiiiiniiiniiieeeee e 44
Figure 2. Experimental schematic highlighting the 0.1 x 0.1 x 1 m two-layer water columns,
front-facing cameras (observing motion X and Z directions), and Base Cameras
(observing motion in the X and Y directions). Allocation of treatment and control tanks
was randomized in every experiment. The same colors will be used in later figures for
COMEINUIEY . 1.vteutieiteetieeiteette ettt eteeeteeteeeeteeteessteesseessseenseesaseanseessseensaessseensaesnsesnsaensseenseannns 45
Figure 3. Number of “moribund” (immobilized or dead) (+/- SE) copepods in control (blue) and
treatment (red) tanks after 90 minutes (out of 20 copepods). (a) Visual “moribundity”
metric at the end of all 2019 and 2020 hypoxia experiments. Asterisks indicate significant
differences between treatments (p<0.0001). (b) Video-based “moribundity” metric from
2020 hypoxia experiments. Asterisk indicates a significant difference between treatments
(p=0.003). (¢) Video-based “moribundity” metric from 2020 acidification experiments.
There was no significant difference between treatments. ...........ccceecveriereriieneenennieneenn 46
Figure 4. Mean height above bottom (+/- SE) of copepods over 5-minute intervals from 2020 (a)
hypoxia and (b) acidification experiments. The blue line shows the mean height for
control tanks and the red line shows treatment tanks. Grey dashed line shows the location
of the halocline. The hypoxic treatment and control were significantly different from each
other (p<0.0001). The acidic treatment and control were not significantly different....... 47
Figure 5. Calculated swimming speeds from different camera views during the hypoxia
experiments. (a) Mean true horizontal speed (HSy) (mm/s) (+/- SE) observed by the Base
Camera during the 2020 hypoxia experiments. Treatment and control tanks were
significantly different from each other (p<0.0001). (b) Mean calculated total speed (TS)
(mm/s) (+/-SE) observed by the front-facing Bottom Camera (below the halocline and
above the base) and (¢) Surface Camera (above the halocline) during 2019 and 2020
hypoxia experiments. Swimming speeds significantly differed in the Surface Camera and
there was a significant treatment*collection site interaction in both the Bottom and
Surface Cameras. In all plots the blue line shows mean speed in control tanks and the red
line shows mean speed in treatment tanks. Note the difference of scale in plot (a). ........ 48
Figure 6. Calculated swimming speeds from different camera views during the acidification
experiments. (a) Mean true horizontal speed (HSy) (mm/s) (+/- SE) observed by the Base
Cameras. Treatment and control tanks were significantly different from each other
(p=0.007). (b) Mean calculated total speed (TS) (mm/s) (+/-SE) from front-facing
Bottom Camera (below the halocline and above the base) and (c¢) Surface Camera (above
the halocline) during pH experiments. There was a significant treatment*collection site
interaction for the Surface Camera. In all plots the blue line shows mean speed in control
tanks and the red line shows mean speed in treatment tanks. Note the difference of scale
101150) (o A ) OO TP PR RURTR 49
Figure 7. The difference (control — treatment) in the mean swimming speed (mm/s) (+/- pooled
SE) between control and treatment tanks among copepods collected from Hood Canal
(dark), Main Basin (medium), and South Sound (light). In hypoxia experiments, (a)
changes in mean total swimming speeds (TS) observed by the Bottom Camera (but not
including the base) was significantly slower in hypoxic tanks relative to control among



copepods collected from the Main Basin (p = 0.008) or South Sound (p = 0.004), but not
Hood Canal. (b) In surface waters, the largest swimming speed differences were observed
among copepods from Hood Canal (p <0.0001). In acidification experiments, (c) there
was no significant difference in swimming speed responses among copepods from
different collection sites in bottom waters. (d) In surface waters, only copepods from
Hood Canal swam significantly slower in acidic tanks relative to control tanks (p =
0.002). 1ottt a ettt ettt aenae 50
Figure 1. Mean (£SE) copepod “cruising” speed between hypoxic and normoxic environments
for copepods 1-2, 2-3, 3-4, or >4 mm in length. There were significant differences
between environments (p < 0.0001) but not sizes. The number of recorded copepod paths
is printed above each bar. * indicates a significant (p < 0.05) difference in pairwise
comparisons between oxygen conditions within size bins. .........ccccecevveveriieneeneniieneenn. 82
Figure 2. Mean (£SE) frequency of copepod behaviors in hypoxic and normoxic environments
for copepods 1-2, 2-3, 3-4, or >4 mm in length. The number of recorded copepod paths
are the same in both plots and are printed above each bar in (a). (a) Copepod jumping
(>100 mm/s) frequency was significantly different between environments (F3151=12.12,
p = 0.0005) but not between sizes. (b) Copepod drifting (<5 mm/s) frequency was
significantly different between environments and size (F3,151 =6.88, p = 0.0001). *
indicates a significant (p < 0.05) difference in pairwise comparisons between oxygen
conditions Within the SIZ€ DIN. .........ccccciiiiiiiiiiiiiniiiiceeeee e 83
Figure 3. Mean (+SE) relative copepod abundances (copepods per frame) between hypoxic and
normoxic environments for copepods 1-2, 2-3, 3-4, or >4 mm in length. Differences were
significant between oxygen concentrations (p = 0.037) and sizes (p < 0.0001). * indicates
a significant (p < 0.05) difference in pairwise comparisons between oxygen conditions
WIthIn the SI1ZE DIN. ...cc.oouiiiiiiiiiiiic e 84
Figure 4. Markov chain probabilities for copepod transition probabilities between the three
predefined swimming states: “drifting,” “cruising,” and “jumping.” Transition
probabilities in hypoxic environments are listed in bold and transition probabilities in
normoxic environments are listed in italics. The percent change is listed underneath the
transition probabilities and is highlighted if the percent change between environments is
larger than 5%. A positive percent change means the transition was more likely to occur
in hypoxic environments; a negative percent change means the transition was less likely
t0 OCCUr IN hyPOXIC ENVITONIMENLS. ...eeuviieiiieiiieiieeiieeieeeieeteesiteettesteebeessaeenseessneeseesaeaens 85
Figure 5. Mean (+ SD) swimming speed for the three speed components determined by hidden
Markov models for copepods in hypoxic and normoxic environments and 1-2, 2-3, 3-4, or
>4 mm in length. The number of recorded copepod paths (same in all plots) are printed
AbOVE €ACh DAL 11 (Q). c.vviiiiiieeiiic ettt e e b e et e e eba e e e reeeeaae e 86
Figure 6. Mean (+SE) amphipod abundances (amphipods per frame) between hypoxic and
normoxic environments for amphipods 1-2, 2-3, 3-4, or >4 mm in length. There were
significant differences between oxygen environments (p < 0.0001) and size (p < 0.0001).
* indicates a significant (p < 0.05) difference in pairwise comparisons between oxygen
conditions within €ach SiZe DIN. ........c.ccecieiiiiiiiiiiiiiieceee 87
Figure 7. Markov chain for amphipod transition probabilities between the two predefined
swimming states: “hovering” and “darting.” Transition probabilities in hypoxic
environments are listed in bold and transition probabilities in normoxic environments are
listed in italics. The percent change is listed underneath the transition probabilities and is



highlighted if the percent change between environments is larger than 5%. A positive
percent change means the transition was more likely to occur in hypoxic environments; a
negative percent change means the transition was less likely to occur in hypoxic
ENVITOMIMIETIES. . ..euentiiiiieit ettt ettt ettt ettt st ettt e bt ettt e st e sa e eaeebeeatene et ennenennenaens 88
Figure 8. Mean (+ SD) swimming speeds for the two speed components determined by hidden
Markov models for amphipods in hypoxic and normoxic environments and 1-2, 2-3, 3-4,
or >4 mm in length. The number of recorded amphipod paths (same in both plots) are
printed above €ach Dar 1N (@)......c.eevieeiiiiiiieiieeie et 89
Figure 1. Map of Padilla Bay National Estuarine Research Reserve, Washington. Arrows
designate the two sampling transects where zooplankton samples were collected in June,
2023. The basemap and habitat layers (colors) were sourced from the Padilla Bay NERR
Geospatial Research Database. ...........coceviiiiiiiiiiniiiieeeeee e 122
Figure 2. Annotated time series of tidal height over the first day of sampling. This sampling
sequence was the same for all tidal replicates. Four samples were collected along the
Ploeg (red) and Bayview (orange) transects at three sampling locations (Deep, Channel,
and Eelgrass) during flooding and ebbing tides...........cceeueeiiienieiiiiinieeiieieeeeieens 123
Figure 3. Mean (+SE) (a) number of unique copepod species/lifestage combinations identified at
the deep stations and eelgrass stations and (b) length (mm) of copepods identified only at
the deep stations versus identified at both stations. * indicates a significant (p < 0.05)
difference between StatioNS. .........coverueeriiriiniiie et 124
Figure 4. The relative abundance of copepod species/lifestages at eelgrass stations and deep
stations (shown as log response ratio + 95% confidence intervals) versus average
copepod length (mm). Each point represents a copepod species/lifestage in either
Bayview (circle) or Ploeg (triangle). Log response ratios significantly > 0 indicate that
the relative abundance of copepods was higher at the eelgrass stations. Log response
ratios significantly < 0 indicate that the relative abundance of copepods was higher at the
deep stations. Species that were observed only at the deep station are colored in blue and
species that were observed at both the eelgrass and deep stations are colored in green. 125
Figure 5. Variability across tidal replicates in the total abundance of copepods grouped by
lifestage from samples collected from Bayview (top panel, green) and Ploeg (bottom
panel, blue) channel sites during ebbing (dark colors) and flooding (light colors) tides.
There were no significant differences between flooding and ebbing tides..................... 126
Figure 6. Nonmetric multidimensional scaling ordination of zooplankton species proportions in
samples collected from the a) channel stations and b) deep stations on different transects
(Bayview = green, Ploeg = blue). Zooplankton species/life stages that were significantly
correlated with an NMDS axis (p-value < 0.01) are plotted..........ccoovveveiienienieeniennnns 127
Figure 7. Average copepod abundance (individuals / m?) against turbidity (NTU). The
trendlines (solid line) and confidence intervals (dashed lines) show predicted abundances
at a) Bayview and b) Ploeg transects at temperatures of 14 (blue lines), 16 (green lines)
and 18 (yellow lines) °C from the best-fit generalized linear model...............c.cceenn.. 128
Figure 8. The relative abundance (log response ratio + 95% confidence intervals) of copepod
species/lifestages at channel stations during ebbing and flooding tides. Each point
represents a copepod species/lifestage in either Bayview (green) or Ploeg (blue). Log
response ratios significantly > 0 indicate that the relative abundance of copepods was
higher in ebbing tides. Log response ratios significantly < 0 indicate that the relative
abundance of copepods was higher in flooding tides. ..........ccceecveeiienieniiieniiniieiieee 129



Figure 9. The relative abundance (log response ratio = 95% confidence intervals) of non-
copepod species/lifestages at channel stations during ebbing tide and flooding tide. Each
point represents a non-copepod species/lifestage in either Bayview (green) or Ploeg
(BIUE). -ttt ettt 130



List of Tables

Table 1. Mean (+/- SE) realized conditions during 2019 and 2020 hypoxia experiments........... 42
Table 2. Mean (+/- SE) realized conditions during pH experiments for the two different bubbling
methods (Pre-mix= premixed CO2/air, Feedback=feedback control system).................. 42

Table 3. Summary of responses to hypoxic or acidic bottom waters. An asterisk (*) designates a
significant treatment effect and a dagger (1) designates a significant treatment*collection
STEE TNECTACTION. ..ottt ettt ettt ettt sb ettt e bt et e it e sbe e beeatesbee b e ennesaeenee 43

Table 1. Abundances (individuals / m*) (= SE) of copepod species recorded at the deep and
eelgrass stations on the two sampling transects. Abundances are in bold if there was a
significance difference (p > 0.05) between deep and eelgrass abundances on that transect.

Table 2. Abundances (individuals / m®) (= SE) of copepod species recorded at the channel
stations during flooding and ebbing tides on the two sampling transects. Abundances are
in bold if there was a significance (p-value < 0.05) difference between flooding and
ebbing tides on that tranSECt.........c..iiviiiiiieiieie e 121

vi



Acknowledgements

Thank you to my advisors, Julie Keister and Danny Griinbaum, for their encouragement
and support over the last 6 years. I came into graduate school knowing very little about
zooplankton and even less about coding. Thank you for taking me under your wings and
providing me with a range of different field, lab, and critical thinking tools. You gave me the
freedom to learn, make mistakes, and come out of graduate school feeling like, with the right
google search, I can do anything. I will carry so many aspects of your scientific approach and
mentorship style into the next steps of my career. Truely, thank you.

Thank you to my committee members (past and current), Alex Gagnon for all things
carbonate chemistry, Parker MacCready for all things estuarine circulation, and Jennifer Ruesink
for all things nearshore ecology.

Thank you to my mentors at the Padilla Bay National Estuary Research, Sylvia Yang,
Nicole Burnett, and Heath Bolhmann. Chapter 3 would not have been possible without the deep
knowledge of Padilla Bay that you shared with me. Thank you for all the hours you spent with
me in the field figuring out how to sample pelagic species in such a shallow system. My
experience working with you in the federal sector has helped shape my career ambitions.

A massive thank you to Captain Brian Bare and all the amazing crew I have sailed with
on the R/V Rachel Carson. Every single person on the Carson cares deeply about the research
they facilitate. Thank you for some of the most creative and fun problem-solving sessions. Brian,
you have been an unwavering source of support for me over the last six years and have helped
me navigate around more obstacles that I can count. I could not have finished Chapter 1 if you
hadn’t collected samples for me from your personal boat during the COVID lockdown. Being in
the field fills my cup and it has been a pleasure sailing with people who feel the same.

Thank you to Jan Newton for being the busiest person I know and still always finding the
time to offer me guidance when I was feeling a little lost. I was given advice early on in graduate
school to find mentors that aren’t your official mentor. You filled that role for me, and I
wouldn’t have gotten here without your support.

Thank you to all the other faculty and staff I have worked with who truly keep the School
of Oceanography running and who have made coming to work more fun. From the Keister lab,
Amanda, BethElLee, and Olga, I have learning everything I know about zooplankton taxonomy

from you. Thank you for all the hours you’ve spent helping me. For making my life easier

Vii



whenever you could, Loren, Kathy, Tor, Dave, Michelle, Taylor, Shannon, and Mikelle, you are
the real MVPs in my book.

To all my fellow graduate students!! We are trauma bonded forever and there aren’t
words to describe how essential you have been in my graduate experience. Thank you to my
amazing lab mates Anna, Sasha, Robert, and Haila for always popping in to talk about life or
research and showing up to my 3-hour long practice talks. Thank you to my friends and cohort
members Rita, Natalie, Evan, Zinka, Laura C., Laura M., Erin, Jade, and Susan. Second
Thursdays are some of my fondest graduate school memories. I have pulled so much inspiration
and motivation from all of you and I am so proud of what we have and will accomplish.

I have loved mentoring several undergraduate students who have worked alongside me
and helped advance our research over the years. Thank you to Ricky, Dina, and Benny for
bringing joy and energy into the lab and helping me figure out how to be a good mentor. Thank
you to the UW CICOES program for funding their summer internships.

Thank you to my funders over the years: NSF, NOAA’s Margaret A. Davidson Graduate
Fellowship, Washington Ocean Acidification Center, and the Beatrice Crosby Booth Endowed
Fellowship.

Thank you to my family, Mom, Dad, and Kate. I was raised in a household that valued
education and curiosity above all else. Every morning as he left for work my dad would shout
“Ask good questions!!” Safe to say I took that a little too far. You have supported me through
every twist and turn of my life and I would never have made it to this point without you.

And last, but certainly not least, I would not have wanted to do any of this without the love and
constant support of my fiancé and partner in all things Robby. I'm thrilled that on our first date,
learning I was zero years into a six-year program didn’t scare you away. Thank you for helping
me code, run lab experiments, shuttle equipment around, and remember to do the one thing I hate
most in life, drink water. You have been my ultimate hype man these last six years, and I will

spend the rest of my life trying to repay the favor.

viii



Dedication

To Robby.

Sorry I never listed you as a co-author on anything, but hopefully this makes up for it. I couldn’t

have done any of this without you. Thank you.



Introduction

Fossil fuel combustion, deforestation, and changes in agricultural practices are altering
the chemistry of the oceans on a global scale (Doney 2010, IPCC 2021). Increases in
atmospheric carbon dioxide drive the acidification, warming, and deoxygenation of the oceans.
The oceans have absorbed approximately one third of anthropogenic carbon dioxide emissions,
altering the carbonate chemistry and increasing the acidity of seawater. Additionally, increases in
water temperature decrease the carrying capacity of dissolved oxygen while stratifying the water
column, inhibiting the ventilation of oxygen-depleted waters (Isensee et al. 2016). Coastal
systems are especially subject to chemical stresses, such as hypoxia (oxygen concentration less
than 2 mg L") and acidification (Breitburg et al. 2018). Coastal environments also increasingly
experience severe pulse events such as heat shock, desiccation, and increased turbidity (Orth et
al. 2000).

Environmental stressors are known to affect a wide range of marine species, including
fish and zooplankton. An important group of organisms impacted by environmental stressors is
copepods—crustaceous zooplankton that are ubiquitous in the world’s oceans and play major
roles in marine food webs and biogeochemical cycling (Verity & Smetacek 1996). Hypoxia
results in increased mortality rates for many species of copepods. While there is variation in
mortality among species, many copepods have a steep mortality threshold around 1 mg O2 L*!
(Auel & Verheye 2007, Grodzins et al. 2016). Adult copepods are thought to be robust to
moderate decreases in pH (Mayor et al. 2012, Weydmann et al. 2012). However, there is
increasing evidence that mortality rates vary across life stages, with nauplii showing the

strongest lethal responses to decreased pH (Cripps et al. 2014).



In addition to lethal responses, sub-lethal responses to hypoxia and acidification, such as
behavioral avoidance and changes in swimming speed, are also known to affect zooplankton
populations. Zooplankton exhibit a range of swimming behaviors to reposition themselves in the
water column, feed, find mates, and avoid predation (Van Duren & Videler 1996). An important
behavior for many species is diel vertical migration (DVM), in which animals most commonly
swim downwards during the day into darker water to avoid visual predation, and upwards at
night to feed on phytoplankton near the surface (Frost 1988). The ability of copepods to perform
DVM determines vertical population distributions and plays an important role in predator-prey
interactions. Changes in swimming speed also affect trophic interactions because predator-prey
encounter rates typically increase with speed (Frost 1972; Visser 2007). Because sub-lethal stress
responses have individual, population, and community level implications, changes in swimming
behavior are informative metrics for understanding ecosystem impacts of environmental change.

Species-specific responses to environmental stressors often alter zooplankton community
composition and spatial distributions. In general, decreased DO results in lower copepod
abundances and shifts the community composition toward smaller species (Roman et al. 1993,
Uye 1994, Elliot et al. 2012, Roman et al. 2019, Keister et al. 2020). Hypoxia also affects species
composition by altering mortality, growth, and reproduction differently between species. It is
thought that smaller species of copepods fare better in hypoxic environments because they have a
larger surface area to volume ratio, and therefore have more efficient gas exchange (Stalder &
Marcus 1997, Portner 2010, Roman et al. 2019). In situ measurements of copepod distributions
have shown that when stressful bottom waters are present, the distribution of copepod
populations shifts upwards. In Chesapeake Bay, the Gulf of Mexico, and the intermediate oxygen

minimum layer in the northern Benguela Current upwelling region, copepod abundances were



lower within hypoxic water, with distributions shifting upwards in the water column (Keister et
al. 2000, Auel & Verheye 2007, Roman et al. 2012).

Due to their trophic linkages, changes in the distribution and abundance of deep-water,
pelagic zooplankton communities likely affect nearshore systems. Throughout my dissertation, I
will refer to deeper stations within the Salish Sea but away from its coastline as “deep-water”
and the zooplankton associated with these waters as pelagic species. Additionally, I will refer to
the shallow subtidal and intertidal waters as “nearshore” and the organisms typically associated
with these waters as epibenthic or benthic. Nearshore environments, such as eelgrass beds, are
known to be important habitats, providing food and protection for juvenile fish and many other
marine species (Thayer et al. 1975, Adams 1976). Nearshore eelgrasses are connected to
neighboring deep-water environments through tides. Daily tides, which transport pelagic
zooplankton over the eelgrasses, may offer a significant feeding opportunity for small fish within
the beds.

Puget Sound, a deep, glacially carved fjord connected to the Pacific Ocean by the Strait
of Juan de Fuca, provides a useful study site to measure the effects of environmental stress on
zooplankton. Puget Sound is home to many ecologically important species of mammals, fish,
birds, and invertebrates which are vital in supporting local fisheries and coastal economies. The
four basins of Puget Sound (Whidbey Basin, Main Basin, South Sound, and Hood Canal) vary in
circulation patterns, deep water residence times, and flushing, resulting in a range of
environmental conditions experienced between the basins (Babson et al. 2006). Whidbey Basin,
Main Basin, and South Sound typically do not experience episodes of hypoxia and acidification,
whereas Hood Canal regularly experiences both. The duration and extent of hypoxia varies

annually, but parts of southern Hood Canal can be hypoxic for 2-6 months of the year (Newton et



al. 2007). In the summertime, the deep waters of Hood Canal are also highly acidic with pH
values ranging from 7.3 to 7.8, and pH less than 7.4 reaching as shallow as 50 m (Feely et al.
2010). Puget Sound is a variable and important ecosystem and understanding the impacts of
environmental stress on the system is a priority for both the scientific community and coastal
managers.

The overarching question of this dissertation work is: How do environmental changes
affect coastal zooplankton populations and the higher trophic levels that rely on them? I will
approach this question using a tiered framework, with chapters of my dissertation moving
through levels of ecological organization from individual to population, community, and
ecosystem level responses. In Chapter 1, I conducted laboratory experiments to investigate
whether zooplankton show behavioral responses to chemical stressors, and whether these
responses lead to changes in vertical population distributions. In Chapter 2, I used a remote
camera system to quantify in sifu behavioral responses of zooplankton to stressors, using results
from Chapter 1 to generate hypotheses about observations in the field. Finally, in Chapter 3, I
investigated the transport of pelagic species into eelgrass beds and the role of eelgrass beds as
potential sinks of pelagic zooplankton over the tidal cycle, potentially due to predation by
juvenile fish.

In each chapter of my dissertation, I attempt to identify the mechanistic drivers behind
observed responses to environment change, whether that be individual behavioral responses,
changes in regional community compositions, or tidally influenced interactions between
neighboring environments. To better understand and characterize these mechanisms, new
approaches to monitoring coastal ecosystems are required. An additional outcome of my

dissertation work includes the development of tools and methodologies that facilitate an



improved understanding of the critical role zooplankton play in supporting coastal ecosystems

and the resources they provide.
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Abstract

Copepods, which play major roles in marine food webs and biogeochemical cycling,
frequently undergo diel vertical migration (DVM) swimming downwards during the day to avoid
visual predation and upwards at night to feed. Natural water columns that are stratified with
chemical stressors, such as hypoxia and acidification, at depth are increasing with climate
change. Understanding behavioral responses of copepods to these stresses—in particular,
whether copepods alter their natural migration—is important to anticipating impacts of climate
change on marine ecosystems. We conducted laboratory experiments using stratified water
columns to measure the effects of bottom water hypoxia and pH on mortality, distribution, and
swimming behaviors of the calanoid copepod, Calanus pacificus. When exposed to hypoxic
(0.65 mg O, L!) bottom waters, the height of C. pacificus from the bottom increased 20% within
hypoxic columns, swimming speed decreased 46% at the bottom of hypoxic columns and
increased 12% above hypoxic waters. When exposed to low pH (7.48) bottom waters, swimming
speeds decreased by 8 and 9% at the base of the tanks and above acidic waters, respectively.
Additionally, we found a 118% increase in “moribund” (immobile on the bottom) copepods

when exposed to hypoxic, but not to acidic, bottom waters. Some swimming statistics differed



between copepods collected from sites with versus without historical hypoxia and acidity.
Observed responses suggest potential mechanisms underlying in situ changes in copepod

population distributions when exposed to chemical stressors at depth.

1. Introduction

Hypoxia (oxygen concentration less than 2 mg L) and acidification are two chemical
stressors that are increasing in duration and extent in many coastal waters. Hypoxia and
acidification can occur in productive coastal systems when excess organic matter sinks from the
surface and is respired at depth, drawing down O, and releasing CO> (Melzner et al. 2013,
Isensee et al. 2016, Breitburg et al. 2018, Doney 2019). Stratification of the water column due to
differences in temperature and salinity limits mixing of oxygen-poor, more acidic bottom waters
with surface waters, leading to stressful conditions that commonly occur at depth (Breitburg et
al. 2018). Hypoxia and acidification within deep coastal waters can also be caused by seasonal
upwelling of cold, dense, O2-poor, and CO»-rich waters (Feely et al. 2010). Hypoxia and
acidification have historically occurred in areas with high productivity and poor flushing, but can
be exacerbated by anthropogenic-influenced processes such as development of coastal areas and
increased nutrient runoff, as well as by increased atmospheric CO; and warmer surface waters
(Doney 2010).

Changes in bottom water chemistry are known to impact a range of marine species,
including fish and zooplankton (Wu 2002). An important group of organisms impacted by
changing bottom waters are copepods—crustaceous zooplankton that are ubiquitous in the
world’s oceans and play major roles in marine food webs and biogeochemical cycling (Verity &

Smetacek 1996). Hypoxia results in increased mortality rates for many species of copepods.
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Previous experiments have tested the mortality thresholds across a range of species and, while
there is variation among species, many copepods have a steep mortality threshold around 1 mg
O, L' (Auel & Verheye 2007, Grodzins et al. 2016). Adult copepods are thought to be fairly
robust to moderate decreases in pH (Mayor et al. 2012, Weydmann et al. 2012). However, there
is increasing evidence that mortality rates vary across life stages, with nauplii showing the
largest lethal responses to decreased pH (Cripps et al. 2014). Adult copepods may exhibit
sublethal responses to low pH, such as adverse effects on reproduction (Fitzer et al. 2012, Cripps
et al. 2014).

Copepods exhibit a range of swimming behaviors to reposition themselves in the water
column, feed, find mates, and avoid predation (Van Duren & Videler 1996). An important
behavior for many species is diel vertical migration (DVM), in which animals most commonly
swim downwards during the day into darker water to avoid visual predation, and upwards at
night to feed on phytoplankton near the surface (Frost 1988). The ability of copepods to perform
DVM determines vertical population distributions and plays an important role in predator-prey
interactions. However, in areas with stressful bottom waters, DVM can increase exposure to
stressful conditions, imposing a tradeoff between predation risk at the surface and adverse effects
of chemical stress at depth.

In situ measurements of copepod distributions have shown that when bottom waters are
stressful, the distributions of copepod populations often shift upwards. In Chesapeake Bay, the
Gulf of Mexico, and the intermediate oxygen minimum layer in the northern Benguela Current
upwelling region, copepod abundances are lower within hypoxic water, with distributions
shifting upwards (Keister et al. 2000, Auel & Verheye 2007, Roman et al. 2012). Two potential

mechanisms that could cause an upward shift in population distributions are increased mortality
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within stressful bottom waters, leading to an apparent upward shift, and behavioral avoidance of
stressful layers, leading to upward movement of individual animals. The extent to which
copepods modify their swimming behaviors to avoid stressful bottom waters is largely unknown.

Sub-lethal responses to chemical stress, such as behavioral avoidance, vary among
stressors, species, and populations. In one of the few laboratory studies quantifying behavior, the
copepod, Calanus euxinus, spent more time swimming as oxygen concentrations declined from
10 to 0.5 mg L"!, potentially to avoid sinking into anoxic bottom waters. (Svetlichny et al. 2000).
In pH-stratified experimental water columns, larval sand dollars reversed the direction and shape
of their swimming trajectory upon encountering the boundary between ambient and acidic water
(Maboloc et al. 2020). Historical exposure to chemical stressors can also result in different
behavioral responses between populations of the same species, through local adaptation or
behavioral plasticity. Individuals from the copepod species Acartia tonsa avoided artificial
hypoxic bottom waters when they were collected from an area that experiences hypoxia, but did
not when they were collected from a non-hypoxic area (Decker et al. 2003). Behavioral
avoidance has the potential to shift copepod distributions, but more work is needed to quantify its
importance under changing chemical conditions.

The goals of this study were to assess the relative impacts of mortality versus behavioral
avoidance in shaping vertical distributions of copepods when exposed to laboratory analogs of
habitats with chemically stressful bottom waters. Puget Sound, a deep, glacially carved fjord
connected to the Pacific Ocean by the Strait of Juan de Fuca, provides a useful region in which to
measure effects of chemical stressors on copepods. The four basins of Puget Sound (Whidbey
Basin, Main Basin, South Sound, and Hood Canal) vary in circulation patterns, deep water

residence times, and flushing, resulting in different chemical conditions across the basins.
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Whidbey Basin, Main Basin, and South Sound typically do not experience episodes of hypoxia
and acidification, whereas Hood Canal regularly experiences both. The duration and extent of
hypoxia varies annually, but parts of southern Hood Canal can be hypoxic for 2-6 months of the
year (Newton et al. 2014). In the summertime, the deep waters of Hood Canal are also highly
acidic, with pH values ranging from 7.3 to 7.8, and pH less than 7.4 reaching as shallow as 50 m
(Feely et al. 2010).

We hypothesized that, when exposed to stressful bottom waters, copepods would change
their behavior in one or both of two ways: 1) avoid the stressful bottom waters; or 2) descend
into the stressful waters, and over time show increased mortality or increasing signs of sub-lethal
stress such as changes in swimming speed. We hypothesized that copepods collected from areas
that regularly experience hypoxia and acidification (such as Hood Canal) would experience
lower rates of mortality and larger sub-lethal stress responses. Without a practical means of
observing copepod behaviors in the field, we tested these hypotheses using a laboratory study
that aimed to replicate some aspects of naturally occurring behaviors. We chose the calanoid
copepod C. pacificus as our study organism because the species is ubiquitous in the Northeast
Pacific and is an important food source for higher trophic levels due to their size and large lipid
reserves. We designed laboratory experiments to quantify behavioral responses of C. pacificus
collected from different basins of Puget Sound to bottom water hypoxia and acidification levels

relevant to many coastal estuaries.

2. Methods

2.1 Organism Collection and Handling
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Calanus pacificus were collected from within Puget Sound, Washington, USA between
June and October of 2019 and 2020 (Table S.1). Collection sites (Figure 1) were chosen for their
differences in chemical histories.

Samples were collected using either a 60-cm diameter, 200-um mesh ring net with a non-
filtering codend or a 60-cm diameter, 335-um mesh bongo net with non-filtering codends, lifted
vertically from 10 m off the seafloor. Samples were stored in a cooler and air-bubbled for <24
hours until actively—swimming adult female C. pacificus were manually sorted under a
microscope into 1-L jars filled with 200-um filtered seawater. 20 females were sorted into each
jar. A single sex was used to exclude mate-seeking behaviors (Van Duren & Videler 1996).
Copepods were kept at 14°C and fed a premade mixture of five marine microalgae (Isochrysis,
Pavlova, Tetraselmis, Thalassiosira weissflogii and Thalassiosira pseudonana) daily, for no
more than two weeks until they were used in a single laboratory experiment. C. pacificus
continued to produce fecal pellets and had visibly full guts throughout the culture period,

indicating they were feeding.

2.2 Laboratory Experiments/Experimental Design

C. pacificus behaviors and vertical distributions in response to either hypoxic or acidic
bottom waters were observed in an array of four replicate 0.1 x 0.1 x 1-m acrylic tanks, installed
in an environmental chamber set to 14°C (Figure 2). Stressful water layers (or non-stressful
controls) were placed at the bottoms of salinity-stratified tanks, modeled after conditions
experienced in the field. In preliminary daytime trial runs, we observed that C. pacificus
consistently swam downwards when introduced to the top of experimental tanks, confirming that

they continue behaviors consistent with natural DVM under these laboratory conditions. After
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being added to the top of the tanks, the first copepods reached the bottom in 2-5 minutes.
Because we manipulated only one chemical characteristic at a time, acidification experiments
were conducted after hypoxia experiments, and therefore used C. pacificus collected later in the
season.

Water treatments of two different salinities (29 and 31) were made using Instant Ocean
(~36 g L' and ~39 g L!) and verified with a YSI Pro 2030 salinity probe. Replicate two-layer
water columns with stable haloclines were created by pumping light (low salinity) water into the
bottom of the tanks using a peristaltic pump until the water level was 500 mm from the bottom.
Then, heavy (high salinity) water was pumped slowly to avoid mixing into the bottom,
displacing the light water upwards until the water columns were 780 mm deep with the
haloclines located 280 mm above the bottom.

In each set of experiments, two tanks were randomly selected to be treatment tanks and
the other two were control tanks. In the two treatment tanks, the “treatment bottom water” was
heavy artificial seawater (ASW) bubbled either with N> (hypoxia experiments) or CO»
(acidification experiments) (see water chemistry section below). In the two control tanks, the
“control bottom water” was heavy, non-bubbled ASW to control for potential behavioral
responses to the change in salinity across the halocline. The “surface water” in all four tanks was
light, non-bubbled ASW.

Before being added to the experimental array, 80 adult female C. pacificus were
acclimated overnight in light ASW, identical to the surface water in the experimental tanks. To
start each experiment, 20 animals were gently introduced to the top of each of the four tanks.
Swimming behavior was then observed for 90 minutes using 5-megapixel IR USB cameras.

Experiments were run during the day in the dark with the tanks backlit with IR LED strips
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behind and around the base of each tank. Two front-facing cameras (the “Bottom Camera” and
“Surface Camera”) recorded swimming in the X (left, right) and Z (up, down) directions,
observing true vertical motion and projected horizontal motion (see Section 2.4). An upwards-
facing “Base Camera” was added to each tank in 2020 to improve tracking and behavioral
analysis of copepods near the bottom. Base cameras recorded the bottom 2 cm of each tank in the
X (left, right) and Y (front, back) directions, and therefore observed true horizontal motion but

not vertical motion (Figure 2).

2.3 Water Chemistry

2.3.1 Hypoxia Experiments

To create the different oxygen conditions, bottom water was split into two buckets of
equal volume to use in treatment and control tanks. Treatment bottom water was then bubbled
with pure N> gas until dissolved oxygen was <0.2 mg L"!, as measured by a PreSens oxygen
dipping probe. Surface water and control bottom water were not bubbled, and were left at
ambient oxygen concentrations (~10 mg L!). At the end of each experiment, oxygen was
measured at the surface, upper halocline, lower halocline, and bottom of each tank by lowering

the oxygen probe slowly through the water column so as not to disrupt the halocline.

2.3.2 Acidification Experiments

To manipulate pH conditions, bottom water was split into two buckets of equal volume to
use in treatment and control tanks. Treatment bottom water was bubbled with CO; until it
reached the desired pH. In the first 5 pH experiments, treatment bottom water was bubbled with

2000 ppm COz-air mixture for approximately 40 minutes. The final pH in this treatment was
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approximately 7.6, as measured by a Star A221 pH meter with a Ross ultra gel pH/ATC
electrode that was calibrated daily prior. In the last 5 experiments, treatment bottom water was
made using a feedback-control system that supplied mixed lab air and pure CO- gas at 3000 ppm
at 4.1 liters per minute through an airstone. pH was measured with a Sunburst AFT (assumed
constant salinity of 31) during bubbling, to ensure a pH of 7.4 was maintained. The acidification
method was altered halfway through experiments because 2000 ppm CO»-air mixture refills
became unavailable in 2020 due to supply chain shortages. At that time, the CO> concentration
was also altered to more closely match conditions experienced in conjunction with hypoxia in
situ. Control bottom water and surface water were not bubbled and were left at ambient CO>
concentrations.

At the end of each experiment, pH was measured above the halocline by dipping the pH
probe into the top of each tank to measure the pH of the light ASW. The pH of the bottom water
was measured by filling scintillation vials from ports at the bottom of each tank, and measuring
the pH of the water sample with the pH probe. Additionally, bottle samples were collected for
laboratory analysis, first from the top port of one randomly selected control tank and one
randomly selected treatment tank, then from the bottom port of all four tanks. Bottle samples
were poisoned with mercuric chloride and stored for less than 6 months before analysis.
Dissolved inorganic carbon (DIC) and alkalinity were measured from the bottle samples using a
DIC VINDTA system with an electrochemical cell UIC Coulometer for DIC as well as a
Dickson Total Alkalinity Titrator for alkalinity. Samples from all the experimental trials were
run in random order over the course of 5 days. An internal standard was run at the beginning and
end of each day to check for accuracy and drift throughout the day. A replicate DIC

measurement was taken for every other sample. Only one alkalinity measurement was taken for
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each sample. Three samples of laboratory seawater were analyzed each day to check instrument

precision.

2.4 Video Processing and Movement Analysis

Videos were processed with the software Fosica (Wallingford Imaging, WA, USA) to
distinguish moving copepods from stationary background and noise, and to extract copepod pixel
coordinates. Pixel coordinates were converted into physical space units, and then assembled into
individual swimming paths using the Matlab software package Tracker3D (Chan & Griinbaum
2010), neglecting parallax in the camera field of view (an example output is provided in Figure
S.1). A smoothing spline was applied to remove features changing faster than 6 Hz, which were
dominated by frame rate noise. X and Z (or, for the Base Cameras, X and Y) pixel coordinates
for each object and the total projected speed and velocities were calculated at every frame for
each swimming path. Swimming paths included only animals actively moving in the tank,
excluding motionless (moribund) animals at the bottom of the tank.

Copepod swimming paths were used to calculate the mean height from the bottom of the
tank, mean number of copepod localizations per frame, and mean swimming speeds. The Surface
Camera and Bottom Camera recorded velocity in the X and Z directions, and therefore observed
true vertical movement components (V) but only projected horizontal movement components
(HSproj), 1.€., horizontal movement in the X-Z plane but not in the X-Y plane. We assumed
anisotropic swimming (no preferred direction) in the horizontal direction, implying true
horizontal speeds (HS;-) were on average proportional to projected horizontal speeds (HSyro;). We
calculated the constant of proportionality using Equation 1, where HS; is measured and HS is

inferred from the equation.
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(1)  HSproj = HStr x (1/2m) x [" |cos(x)|dx = HStr x (2/m0)
Using the mean HS, and the measured mean VS;., we estimated the mean total speed (7S) using

Equation 2.

(2) TS = \/(HStr)? + (VStr)?
Raw vertical and projected horizontal speeds are provided in Figures S.2 and S.3.

Base Cameras recorded speed in the X and Y directions, observing true horizontal speed
(HS#), near the bottom of the tank. To ensure that copepod pixel coordinates were not double
counted in both the Bottom Camera and the Base Cameras, we determined the height above the
bottom in the Bottom Camera (Z direction) at which copepods came into view in the Base
Cameras, which was 26 mm. Any copepod coordinates in the Bottom Camera below 26 mm
were dropped from the analysis, so that those points were only stitched into swimming paths in
the Base Camera analysis. The total copepod counts from the Surface, Bottom, and Base
Cameras were calculated for a subset of frames and experiments to ensure that we were able to
continually track individuals in each tank throughout the duration of the experiment.

Our video system could not distinguish between individuals that were dead and those that
were lying immobilized on the bottom for extended periods (a behavior leading, at least in
hypoxia, to a high likelihood of eventual mortality). Therefore, for 2020 experiments, we
developed a video-based metric using the Base Cameras to classify copepods at the bottom of
tanks that were “moribund.” Remaining motionless on the bottom of the tank is an uncommon
behavior for C. pacificus, and we conservatively estimated that copepods motionless for a two-
minute threshold were in a “moribund” or stressed state. To quantify moribundity, we calculated
the mean brightness values for each pixel from frames in each of the last 1-min sections (89" and

90™ minutes). Because the videos were recorded in dark field with IR back-lighting, copepods
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appeared as bright spots in the videos. The brightness of pixels representing a copepod in these
I-min means was a direct function of the number of frames in which it remained stationary. We
then used a brightness threshold to classify copepods as moribund if pixel brightness indicated
they had not moved during the last two minutes of video observations.

In both 2019 and 2020 hypoxia experiments, the positions of living copepods were
visually counted above the halocline, below the halocline but above the base, and at the base of
each tank at the end of the 90-minute runs. A visual count of the number of moribund animals on
the bottom of each tank was made. No visual counts were done for the acidification experiments
because we assessed the video metric to be as good as or better than visual counts during the

hypoxia experiments.

2.5 Statistics

Metrics from the processed videos were analyzed to test hypotheses about distribution
changes and behavioral responses of C. pacificus when exposed to stressful bottom waters. From
preliminarily analysis, it was determined that copepod vertical position and behaviors
approached a steady state within 30 minutes of being added to the experimental tanks. Therefore,
to optimize processing time, only the first 30-minutes of video were analyzed. In 10 of the 23
experiments conducted in 2020, one of the four Base Cameras malfunctioned (for an equal
number of experimental and control tanks across the 10 runs). In statistical analyses that required
Base Camera video, those individual tanks were dropped. A single batch of zooplankton
collected from South Sound in 2020, used in 3 hypoxia experiments, behaved differently from all
other experimental replicates: this one batch of copepods did not swim downwards when added

to the top of the experimental tanks, did not interact with the sub-halocline hypoxic water, and
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therefore did not test our set of hypotheses. Those three experiments were dropped from all
further analysis. The two bubbling methods used for making acidified water (premixed CO2/air
and a feedback control system) differed in their final pH value. However, results from the two
sets of experiments were not significantly different from each other, so they were pooled for all
analyses. There was only one pH experiment using copepods collected from South Sound, so for
pH experiments only, South Sound was dropped as a collection site in post-hoc statistical
analysis due to the insufficient replication for that site. All statistics were generated using the

software R (version 4.2.0).

2.5.1 Moribund Counts

To test for treatment effects on the video-based moribund counts from 2020, a 2-way
ANOVA was performed to compare the effect of treatment, collection site, and a
treatment*collection site interaction. Visual inspection of residual plots, Shapiro-Wilk, and
Levene’s test did not reveal any deviations from normality or homoscedasticity. Visual counts of
moribund copepods from 2019 and 2020 were pooled. Visual counts did not meet the
assumptions of normality or homoscedasticity, so a negative binomial regression was used to test
for treatment and collection site effects using the MASS package (version 7.3-57) (Venables &

Ripley 2002).

2.5.2 Mean Height
The mean height above the bottom of copepod swimming tracks was calculated over 5-
minute intervals for the first 30 minutes of each experiment. Copepods observed by the Base

Camera during this time interval were included in the mean height metric by assigning counts
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from the Base Camera a height of 0 mm. To test for treatment effects on the mean height, mixed-
effects models were generated using the /me4 package (version 1.1-29) (Bates et al. 2015).
Nested models were generated using different combinations of treatment, experimental time
(linear and quadratic term) and copepod collection site as main effects. Experiment was included
as a random effect to account for differences between copepod collections and batches. The best
model was identified using AIC values (see Tables S.2 and S.3). A visual inspection of the Q-Q
plots of model residuals and model residuals against the fitted values plots did not reveal any

deviations from normality or homoscedasticity.

2.5.3 Swimming Speeds

Calculated mean total swimming speeds (75) observed by the Surface Camera and
Bottom Camera in 2019 and 2020 were pooled for analysis. True horizontal speed (HS:) at the
bottom of the tanks was observed by the Base Cameras only in 2020. Mixed-effects models were
generated using the /me4 package in R. Nested models were generated using different
combinations of treatment, experimental time (linear and quadratic term) and copepod collection
site as main effects and experiment as a random effect. The best models were identified using
AIC values (see tables S.4 - S.9). A visual inspection of residual plots did not reveal any

deviations from normality or homoscedasticity.

2.5.4 Differences Among Collection Sites

Additional post-hoc analyses were used to evaluate the effect of collection site on total
swimming speed (7). A Tukey pairwise comparison of treatment and collection site was

generated using the emmeans package in R (version 1.7.3) (Lenth 2021). To visualize the effect
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of treatment among different collection sites, the mean 7'S from control tanks was subtracted
from the mean 7S from the treatment tanks, and a pooled standard error was calculated, for each

collection site, time interval, and camera view combination.

3. Results

3.1 Water Chemistry

In the twenty hypoxia experiments conducted, mean dissolved oxygen (DO)
concentration and standard error (SE) was 0.65 + 0.03 mg L™! in the treatment bottom water
compared to 10.2 + 0.04 mg L' in control bottom water (Table 1).

In the ten acidification experiments conducted, treatment bottom water made using
premixed CO»/air had a mean pH and SE of 7.58 + 0.01 and treatment bottom water made using
a feedback control system had a mean pH and SE of 7.39 £ 0.01. Control bottom water had a
mean pH and SE of 8.06 + 0.02 and 8.03 + 0.03 during experiments using the premixed CO»/air

and feedback control system methods, respectively (Table 2).

3.2 Moribundity

The number of moribund animals was significantly higher in hypoxic tanks than in
control tanks after 90 minutes, using both visual (NB reg; p = 0.001) (Figure 3a) and video
(ANOVA; F =10.4, p=0.003) (Figure 3b) metrics. A 118% increase in moribund individuals
was observed using the video-based metric.

The number of moribund animals was not significantly different between acidic tanks

versus controls using the video-based metric (ANOVA; Treatment: F = 0.088, p = 0.77; Site: F =
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0.703, p =0.5). At the end of each experiment, a mean and SE of 3.4 + 0.56 and 3.2 + 0.39

moribund animals were counted in acidic and control tanks, respectively (Figure 3c).

3.3 Mean Height

Swimming animals were significantly higher in the water column in hypoxic tanks
compared to control tanks (Figure 4a). Mixed effects model results indicated that treatment and
time had significant effects on mean height (treatment: p < 0.0001, time: p < 0.0001, time?: p <
0.0001). Over the full 30 minutes, the mean height and SE of animals in hypoxic tanks was 36 +
8.7 mm higher in the water column than animals in control tanks, a 20% increase. In the last 5
minutes only (25-30 minutes), animals in hypoxic tanks were 59 + 39.9 mm higher in the water
column than animals in control tanks, a 25% increase. The mean position of copepods in hypoxic
tanks during the last 5 minutes was only 10 mm below the estimated halocline (280 mm),
whereas copepods in control tanks were 70 mm below. Including experiment as a random effect
explained significant variability in the model.

There was no difference between the mean height of copepods in acidic versus control
tanks. The mean height of copepods in each tank decreased with time (time: p < 0.0001, time?: p
<0.0001). During the last 5 minutes (25-30 minutes), the mean height and SE of copepods was
84.6 £ 11.1 mm in control tanks and 93.0 + 14.7 mm in acidic tanks, both well below the

halocline height (Figure 4b).

3.4 Swimming Speed

Across all hypoxia experiments in 2019 and 2020, there was a general trend that animals

exposed to hypoxic bottom waters swam slower in bottom and base waters but faster in surface
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waters than animals in control tanks (Figure 5). Over the first 30 minutes of video, the mean
horizontal speed (HS:) from copepod swimming paths at the base of the tanks (observed by Base
Cameras during the 2020 experiments) varied with time and treatment (time: p < 0.0001,
treatment: p < 0.0001, time?: p = 0.0004). At the final time point the mean and SE true horizontal
speed (HS») was 0.04 £ 0.007 mm s™! slower at the base of hypoxic tanks, a 58% decrease
relative to copepods at the base of control tanks (Figure 5a). Within the bottom waters (observed
by the Bottom Camera and not including the base of the tanks) in 2019 and 2020, there was an
8% decrease in the mean total swimming speeds (715) from the first 30 minutes of video recorded
in hypoxic tanks relative to controls, with a significant collection site effect (Figure 5b). Within
the surface waters (observed by the Surface Camera), mean total swimming speed (75) increased
gradually with time (p = 0.002) and there was a significant interaction between treatment and
collection site (p = 0.0002) (Figure 5c). Copepods in the surface water of hypoxic tanks showed
a 12% increase in swimming speed, moving 0.60 + 0.10 mm s™! faster than copepods in control
tanks (p < 0.0001). The copepod counts per frame for each camera view can be found in Figure
S.4, which approximates the number of swimming paths included in the above speed statistics.
Overall, copepods exposed to acidic bottom waters swam slower in surface waters and at
the base of tanks compared to copepods in control tanks, with some significant differences in the
swimming speeds of copepods from different collection sites (Figure 6). At the base of the tanks,
the mean horizontal speed (HS:) and SE was 0.006 + 0.002 mm s*!' slower in acidic tanks than in
control tanks, an 8% decrease, with speeds decreasing over time (time: p < 0.0001, treatment: p
=0.007) (Figure 6a). A majority of the total copepod counts were observed by the Base Cameras
(see Figure S.5). Within the bottom water (but above the base), total swimming speed (7) varied

with time, with no significant difference between treatments (time: p = 0.003, time?: p = 0.002)
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(Figure 6b). Within surface waters, total swimming speed (75) significantly varied with
treatment (but not time) with a significant treatment by collection site interaction (treatment: p =

0.0003, treatment*site: p = 0.02) (Figure 6c).

3.5 Differences Among Collection Sites

Changes in swimming speed in both bottom and surface waters in response to hypoxia,
and in surface waters in response to acidification, varied depending on collection site (Figure 7).
In hypoxia experiments, mean total swimming speed (7S) within the bottom water was
significantly slower in hypoxic tanks relative to controls for copepods collected from the Main
Basin (p = 0.008) and South Sound (p = 0.004), but not from Hood Canal (Figure 7a). Mean total
swimming speed (7S) within surface waters was significantly faster in hypoxic tanks relative to
controls for copepods from Hood Canal (p < 0.0001) and to a lesser extent South Sound (p =
0.054) but not Main Basin (Figure 7b).

In acidification experiments, there were no differences in swimming speeds among
copepods from different collection sites within the bottom waters (Figure 7c). However, in
surface waters, the mean speed and SE of copepods from Hood Canal was 0.51 +£0.14 mm s™!
slower in acidic tanks than in control tanks (p = 0.002), but copepods collected from Main Basin
did not exhibit differences (Figure 7d).

Changes in moribundity, mean height, and swimming speed at the base of the tanks
(observed by the Base Cameras) did not vary among collection sites in response to either

hypoxia or acidification.
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4. Discussion

Due to a combination of natural conditions, climate change, and increased development
in coastal areas, the oceans are predicted to experience widespread oxygen deficiency and
acidification by the end of the century (Doney 2010, Melzner et al. 2013, Breitburg et al. 2018).
Our laboratory experiments demonstrated significant effects of bottom water hypoxia and
acidification on behavioral avoidance, swimming statistics, and apparent mortality rates in the
copepod, Calanus pacificus (summarized in Table 3). Copepods showed strong responses to
hypoxia, and weaker but significant responses to acidification. When exposed to hypoxic (0.65
mg O, L) bottom waters, C. pacificus were higher in the water column, exhibited slower
swimming speeds within bottom waters, faster swimming speeds within non-stressful surface
waters, and had higher apparent mortality rates relative to controls. When exposed to acidic (7.48
pH) bottom waters, C. pacificus swam slower but did not show changes in apparent mortality or
vertical position. Interestingly, for a subset of our swimming speed measurements, we observed a
significant effect of collection site on the magnitude of differences between treatment and
control tanks. These may suggest an evolved or learned difference in response to historical

presence or absence of chemical stressors between animals from different locations.

4.1 Changes in Moribundity

We interpret the moribundity metric to imply a high likelihood of impairment or
impending mortality, because lying immobilized on the bottom of the tank is not a normal
behavior for C. pacificus, and because oxygen levels of 0.65 mg L' have been shown to cause
100% mortality in C. pacificus within 60 minutes (Grodzins et al. 2016). Increased moribundity

in our experiments suggests potential increases in mortality under analogous natural conditions,

27



which are increasingly encountered by copepods in eastern Pacific habitats. Oxygen conditions
in our experiments resulted in 25% mortality after 90 minutes—a 118% increase relative to
controls, but still low compared to Grodzins et al. (2016). A possible interpretation for the
difference is that, in our experiments, a subset of C. pacificus periodically sought refuge in
normoxic waters above the halocline. In the absence of avoidance, hypoxia experienced in situ in
present-day Hood Canal and other coastal areas, is likely to result in even higher mortality than
observed in our 90-minute experiments.

Consistent with previous findings that copepods are generally robust to the low pH
conditions they encounter in situ (Mayor et al. 2012, Weydmann et al. 2012), we found no
significant difference in moribundity between control and treatment tanks during acidification
experiments. In many coastal and upwelling systems, where hypoxia and acidification occur in
conjunction, our results imply that oxygen stress will have a larger impact on copepod mortality
in situ relative to acidification. Overall moribundity was higher in acidification experiments, with
an average of 1.2 more moribund copepods in the control tanks during acidification experiments
than in control tanks during hypoxia experiments. However, we hypothesize that copepods
collected later in the season for acidification experiments than for hypoxia experiments were in a
different physiological state, possibly due to seasonal changes in food availability. We speculate
that the later collection date may have resulted in marginally increased moribundity rates in both

treatment and control tanks.

4.2 Changes in Depth Distributions

Our laboratory observations suggest that avoidance may be an important mechanism

contributing to observed in situ shifts in copepod vertical distributions when stressful bottom
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waters are present. A majority of copepods, whose normal downward swimming behavior would
have kept them within quickly lethal concentrations of dissolved oxygen, survived the duration
of the 90-minute experiment. Our interpretation is that individual copepods periodically sought
refuge in normoxic surface waters. The upwards shift in vertical position in hypoxic tanks, the
ongoing presence of swimming paths within lethally stressful bottom waters, and low
moribundity together suggest that copepods attempted to continue their normal downward
swimming, but when hypoxic bottom waters were present, periodically reversed that behavior to
move above the hypoxic layer.

There are important differences between laboratory and field conditions to consider when
translating results to the field. Notably for our experiments, downward migrations in the field
occur over much larger water columns across broader chemical gradients (typically on the order
of meters versus millimeters). As a result, copepods in the laboratory may be more likely to
sense changes in water chemistry as they experience steeper gradients and more rapid changes
with depth. This difference suggests tank experiments might overestimate some behavioral
responses relative to in situ water columns. Conversely, swimming across broader natural
gradients would provide more time for physiological effects to induce behavioral responses, such
as up-swimming to escape stressful bottom layers, before full impacts of stressors become
incapacitating. In that case, tank experiments might overestimate in situ behavioral responses.
Despite the unclear implications of these limitations, recording copepod swimming paths in the
laboratory yielded new insights into specific mechanisms leading to the apparent upwards shift
in population distributions above stressful waters observed in many natural systems.

Interference with DVM into deep waters and a resultant congregation of copepods near

the oxycline could have profound influences on predator-prey interactions. Hypoxic bottom
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waters can compress available habitat and shift copepod distributions upwards (Pierson et al.
2009, Keister et al. 2000, Roman et at. 2012, Elliot et al. 2013, Keister & Tuttle, 2013). In Hood
Canal, the oxycline separating oxygen-rich surface waters and hypoxic bottom waters can be as
shallow as 15 m in a 120 m water column (ORCA 2022), apparently compressing available
habitat by as much as 88%. Our laboratory results suggest that in situ congregations of copepods
observed near the halocline could be due to copepods attempting their normal downward
migration but periodically ascending to recover from exposure to hypoxic conditions (Ludsin et
al. 2009, Zhang et al. 2009). Encounter rates and foraging efficiency of both visual and non-
visual predators are likely to increase if copepods aggregate near the oxycline during the day
(Craig, 2012), with commensurate increases in copepod mortality.

Suppression of downward migration may also impact carbon transport to depth. In
shallower systems, such as hypoxic estuaries, a large percentage of the carbon flux to depth is the
direct sinking of organic matter from the surface, which in summer, is primarily composed of
fixed carbon associated with phytoplankton blooms (Baker et al. 1985, Turner 2002, Svensen et
al. 2006). Zooplankton mediate the flux of fixed carbon through grazing on phytoplankton
(Lorenzen et al. 1981). When bottom waters are not stressful, zooplankton may transport carbon
into deeper waters during DVM. However, when downward migration is suppressed, fecal
pellets produced in surface waters will likely be recycled through consumption and bacterial
decomposition before sinking to the seafloor (Kierboe 1997, Turner 2002). This shallow
remineralization may act to retain nutrients in the surface waters, reducing the carbon flux to
depth, acting as a negative feedback on hypoxia.

Finally, shallower migrations could increase population losses from estuaries and

upwelling regions, where net transport of surface water is typically oceanward (Peterson et al.
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1979, Falkenhaug et al. 1997, Giddings & MacCready 2017). In the absence of hypoxic bottom
waters, migrating copepods spend part of the day in deeper waters where net flow is landward,
acting to retain them in coastal environments (Hill 1991, Falkenhaug et al. 1997, Batchelder et
al. 2002, Tommasi et al. 2013). The extent to which shallower copepods are advected offshore is
location- and time-specific, mediated by bathymetry and local climatic and oceanographic

conditions such as freshwater runoff, tidal currents, and wind patterns (Falkenhaug et al. 1997).

4.3 Changes in Swimming Speed

We observed significant changes in swimming speeds when C. pacificus were exposed to
either hypoxic or acidic bottom waters. Copepods in hypoxic tanks swam slower below the
halocline and faster above the halocline relative to controls. We hypothesize that this observed
change in swimming speed indicates a behavioral avoidance mechanism used to regulate and
ultimately survive exposure to hypoxic bottom waters. A reduction in swimming speed within
the hypoxic bottom layer could prolong the time copepods can tolerate metabolic stress.
Conversely, an increase in swimming speed may reflect behavior used to swim out of the
stressful layer. In acidification experiments, copepods in tanks with acidic bottom waters swam
significantly slower than those in control tanks both at the base of the tanks (observed by the
Base Cameras) and above the halocline (observed by the Surface Camera). To our knowledge
this laboratory study is the first to report a significant behavioral response of a calanoid copepod
to changes in pH, potentially indicating a sub-lethal stress response to acidic waters that may be
observable in the field.

While potentially important in avoiding chemical stress, significant increases in

swimming speed increase copepods’ metabolic demands. The total metabolism of C. euxinus is
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2-4 times higher at maximal locomotion compared to basal metabolism (Svetlichny et al. 2000).
An organism's metabolism is also influenced by environmental variables such as temperature and
dissolved oxygen. While temperature was constant in our experimental tanks, temperatures in
situ are typically warmer in surface waters, exacerbating the metabolic costs of increased
swimming above the halocline (Roman et al. 2019, Svetlichny et al. 2000). However, the
potential for increased feeding on phytoplankton near the surface may be able to offset some of
the increased metabolic costs associated with exposure to chemical stress.

Changes in swimming speed also affect trophic interactions by directly influencing
encounter rates between predators and prey (Visser 2007). Many calanoid copepods are cruise
feeders, using their mouth appendages to propel them through the water while also bringing food
particles towards them (Van Duen & Videler 1996). The encounter rate of cruise feeders is
determined by prey density and swimming speed, with encounter rates increasing with speed
(Frost 1972). Additionally, rheotactic predators that consume copepods detect their prey through
fluid signals, making faster swimming prey easier to detect (Kiorboe et al. 2014). We
hypothesize that stress-induced increases in swimming speed will increase predation on
copepods, because of increased encounters and increased detection by rheotactic predators (Lima
& Dill 1990, Visser 2007).

With hypoxia and acidification typically occurring in conjunction in natural systems, it
will be important to understand how encountering the two stressors simultaneously may affect
swimming speed. Tomasetti et al. (2018) observed additive negative effects of low pH combined
with moderately low DO on larval crustacean survival. In both our hypoxia and acidification
experiments, C. pacificus showed significant changes in swimming speed above the halocline,

but the direction and magnitude of change differed. In addition, in situ surface waters are
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typically warmer than deep waters, which may further impact copepod responses to stressful
bottom waters. Although constraints on our experimental design prevented us from assessing
interactions, understanding co-occurring stressor effects on swimming speed is a priority for

future research.

4.4 Differences among Collection Sites — Evidence for Local Adaptation?

In our experiments, copepods from Hood Canal (which regularly experiences both
hypoxia and acidification) showed significantly different responses in swimming speed to both
hypoxia and pH compared to copepods from Main Basin (and South Sound, during hypoxia
experiments). Copepods from the different sub-basins of Puget Sound are genetically distinct and
differ in population structuring across basin-wide spatial scales (Nuwer 2008). We hypothesize
that these behavioral differences reflect local adaptation of a subpopulation of C. pacificus from
Hood Canal, driven by the site’s historical chemical conditions.

Localized, potentially adaptive behavioral variations have been previously observed in
copepods. Acartia tonsa from areas historically exposed to low oxygen move vertically to avoid
hypoxic bottom waters, while A. tonsa from high oxygen areas do not (Decker et al. 2003).
Similarly, respiration rates after exposure to elevated pCO: differ between populations of
Pseudocalanus acuspes from areas differing in natural fluctuations of pCO> (Thor & Oliva
2015).

The specific mechanisms enabling local adaptation could include physiological
adaptations such as enhanced ventilatory capability, large surfaces, short diffusion distances, and
respiratory proteins with high oxygen affinity (Childress & Seibel 1998)—or behavioral

adaptations in responses to a sensory input (Dam 2013). In our experiments, increased swimming
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speeds above hypoxic waters, paired with maintained swimming speeds within hypoxic waters
may reflect adaptive behavior in a subpopulation of copepods to escape lethal bottom waters
common in Hood Canal. If so, local adaptation merits further study as a potential indicator of

long-term resilience of copepods to increasing chemical stress.

4.5 Conclusions

With coastal systems continuing to change, our observations in stratified laboratory water
columns are important for understanding ecosystems currently stressed by hypoxia and
acidification, and for predicting future ecosystem responses. Our experimental results indicated
changes in depth and swimming speed when exposed to hypoxic bottom waters, and in
swimming speed when exposed to acidic bottom waters. These sublethal effects have
implications for the distribution and abundance of copepods, predator-prey interactions, and
biogeochemical cycling. These behavioral changes may have contributed to observed mortality
estimates, which were much lower than expected under prolonged exposure to hypoxia. Sub-
lethal effects of hypoxic and especially acidic conditions on copepods are only just starting to be
explored in the literature. With advances in ocean technology and the improving ability to
observe individual organisms in the field, our results suggest metrics for in situ swimming
characteristics, such as changes in swimming speed, that could prove a useful tool for monitoring

ecosystems impacted by climate and anthropogenic changes.
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Tables

Table 1. Mean (+/- SE) realized conditions during 2019 and 2020 hypoxia experiments.

Treatment n Temp Salinity Density DO Percent
CO) (ppt) (o1) (mg L))  Saturation
Surface - control 40 14 29.0 21.6 10.1 £0.05 117+£0.6
Surface - treatment 40 14 29.0 21.6 10.0 £0.05 116 £ 0.6
Bottom - control 40 14 31.0 23.1 10.2 £ 0.04 119+0.5
Bottom - treatment 40 14 31.0 23.1 0.65+0.03 7.7+09

Table 2. Mean (+/- SE) realized conditions during pH experiments for the two different bubbling

methods (Pre-mix= premixed CO2/air, Feedback=feedback control system).

Bubbling Treatment n  Temp Salinity  Alkalinity DIC pCO: pH
Method (°C) (ppt)  (umol kg!) (umolkg')  (uatm) (total
scale)
Pre-mix Surface - control 5 14 29.0 3081 +24.7 2777 £ 386 £24.5 8.18
33.0 0.02
Surface - 5 14 29.0 3008 +29.9 2703 + 367 +22.2 8.19 +
treatment 34.1 0.02
Bottom - control 10 14 31.0 3085 +£40.1 2840 + 537 +£29.7 8.06 =
26.5 0.02
Bottom - 10 14 31.0 3266 +20.7 3239 + 1889 + 7.58 +
treatment 19.8 38.4 0.01
Feedback Surface - control 5 14 29.0 3035 +£40.0 2735+ 378 +£15.9 8.18 £
42.1 0.01
Surface - 5 14 29.0 2985 +36.4 2684 + 365+ 14.8 8.19 +
treatment 37.8 0.01
Bottom - control 10 14 31.0 3035 £ 53.7 2735 £ 559 +£40.2 8.03 +
36.6 0.03
Bottom - 10 14 31.0 3236 +28.6 3284 + 2936 + 7.39 +
treatment 27.8 42.9 0.01
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Table 3. Summary of responses to hypoxic or acidic bottom waters. An asterisk (*) designates a

significant treatment effect and a dagger (1) designates a significant treatment*collection site

interaction.
Stressor Metric Camera View Change relative to
control

Hypoxia Moribundity Base Camera Increase *
Mean Height All cameras Increase *
Calculated Total Speed (7S) Surface Camera Increase *,1
Calculated Total Speed (7S) Bottom Camera Decrease T
True horizontal speed (HS;)  Base Camera Decrease *

Acidification Moribundity Base Camera No change
Mean Height All cameras No change
Calculated Total Speed (7S) Surface Camera Decrease *,t
Calculated Total Speed (7S) Bottom Camera No change
True horizontal speed (HS;-) Base Camera Decrease *
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Figure 1. Map of Puget Sound, WA and stations where Calanus pacificus were collected over

the summers of 2019 and 2020.
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Treatment Tanks Control Tanks

“Surface Camera”

—

Front-facing

cameras Halocline

“Bottom Camera”

“Base Cameras”

Figure 2. Experimental schematic highlighting the 0.1 x 0.1 x 1 m two-layer water columns,
front-facing cameras (observing motion X and Z directions), and Base Cameras (observing
motion in the X and Y directions). Allocation of treatment and control tanks was randomized in

every experiment. The same colors will be used in later figures for continuity.
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a) Hypoxic - Visual b) Hypoxic — Video-based c) Acidic — Video-based
81 81

Mean Moribund Count
S

control hypoxic ’ control Teatment hypoxic control acidic
Figure 3. Number of “moribund” (immobilized or dead) (+/- SE) copepods in control (blue) and
treatment (red) tanks after 90 minutes (out of 20 copepods). (a) Visual “moribundity” metric at
the end of all 2019 and 2020 hypoxia experiments. Asterisks indicate significant differences
between treatments (p<0.0001). (b) Video-based “moribundity” metric from 2020 hypoxia
experiments. Asterisk indicates a significant difference between treatments (p=0.003). (¢) Video-
based “moribundity” metric from 2020 acidification experiments. There was no significant

difference between treatments.
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Figure 4. Mean height above bottom (+/- SE) of copepods over 5-minute intervals from 2020
(a) hypoxia and (b) acidification experiments. The blue line shows the mean height for control
tanks and the red line shows treatment tanks. Grey dashed line shows the location of the
halocline. The hypoxic treatment and control were significantly different from each other

(p<0.0001). The acidic treatment and control were not significantly different.
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a) Base Camera: True Horizontal Speed b) Bottom Camera: Calculated Total Speed  c¢) Surface Camera: Calculated Total Speed
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Figure 5. Calculated swimming speeds from different camera views during the hypoxia
experiments. (a) Mean true horizontal speed (HSy) (mm/s) (+/- SE) observed by the Base
Camera during the 2020 hypoxia experiments. Treatment and control tanks were significantly
different from each other (p<0.0001). (b) Mean calculated total speed (TS) (mm/s) (+/-SE)
observed by the front-facing Bottom Camera (below the halocline and above the base) and (c¢)
Surface Camera (above the halocline) during 2019 and 2020 hypoxia experiments. Swimming
speeds significantly differed in the Surface Camera and there was a significant
treatment*collection site interaction in both the Bottom and Surface Cameras. In all plots the
blue line shows mean speed in control tanks and the red line shows mean speed in treatment

tanks. Note the difference of scale in plot (a).
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Figure 6. Calculated swimming speeds from different camera views during the acidification
experiments. (a) Mean true horizontal speed (HSy) (mm/s) (+/- SE) observed by the Base
Cameras. Treatment and control tanks were significantly different from each other (p=0.007). (b)
Mean calculated total speed (TS) (mm/s) (+/-SE) from front-facing Bottom Camera (below the
halocline and above the base) and (¢) Surface Camera (above the halocline) during pH
experiments. There was a significant treatment*collection site interaction for the Surface
Camera. In all plots the blue line shows mean speed in control tanks and the red line shows mean

speed in treatment tanks. Note the difference of scale in plot (a).

49



a) Hypoxic - Bottom Camera b) Hypoxic - Surface Camera

Ly 7T

=]
o

'S

w
E Main Basin
£ -2 South Sound
<
?
2 5-10 10-15 15-20 20-25 25-30 5-10 10-15 15-20 20-25 25-30
":’ c) Acidic - Bottom Camera d) Acidic - Surface Camera
[
(%]
c
5
£ 03
o 1
0
0.3
0.6
5-10 10-15 15-20 20-25 25-30 5-10 10-15 15-20 20-25 25-30
Time (mins)

Figure 7. The difference (control — treatment) in the mean swimming speed (mm/s) (+/- pooled
SE) between control and treatment tanks among copepods collected from Hood Canal (dark),
Main Basin (medium), and South Sound (light). In hypoxia experiments, (a) changes in mean
total swimming speeds (TS) observed by the Bottom Camera (but not including the base) was
significantly slower in hypoxic tanks relative to control among copepods collected from the
Main Basin (p = 0.008) or South Sound (p = 0.004), but not Hood Canal. (b) In surface waters,
the largest swimming speed differences were observed among copepods from Hood Canal (p <
0.0001). In acidification experiments, (c) there was no significant difference in swimming speed
responses among copepods from different collection sites in bottom waters. (d) In surface
waters, only copepods from Hood Canal swam significantly slower in acidic tanks relative to

control tanks (p = 0.002).
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Chapter 2: In situ observations of zooplankton show changes in
abundance and swimming speed in response to hypoxia and
acidification

This manuscript was previously published as: Wyeth, A.C., Griinbaum D., Keister J.E., Crouser,
D., Roberts, P. (2024). In situ observations of zooplankton show changes in abundance and
swimming speed in response to hypoxia and acidification. Limnology and Oceanography, 9999:

1-11. https://doi.org/10.1002/In0.12668

Abstract

Zooplankton exhibit diverse swimming behaviors to reposition themselves in the water
column, feed, find mates, and avoid predation. Environmental stressors that modify behavior can
have cascading effects on population distributions and predator-prey interactions. Understanding
zooplankton population dynamics is challenging, largely because traditional methods for
quantifying zooplankton distributions are costly, limited in scope, and require extended analysis
by trained analysts. We developed a novel methodology that combined remotely deployed
camera systems, machine learning-based identification of zooplankton, and video-based tracking
technology to quantify copepod and amphipod in situ swimming behavior in Hood Canal, WA,
USA, a seasonally hypoxic and acidified fjord. Behavioral analysis showed copepods of all sizes
swam on average 24% slower in stressful (hypoxic and acidified) waters relative to non-stressful
waters. Copepods exhibited less frequent escape responses in stressful waters, with a 68%
decrease in the amount of time spent “jumping” for copepods 1-2 mm in length. Interestingly,
abundances of small copepods increased in stressful waters, with 56% more 1-2 mm long

copepods in stressful versus non-stressful conditions. In contrast, amphipods' average “darting”
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speeds did not differ between environmental conditions, but the abundance of amphipods
significantly decreased in stressful waters relative to non-stressful waters, suggesting avoidance
of stressful conditions. Changes in swimming behavior are informative metrics in understanding
ecosystem impacts of environmental stress because swimming speed has individual, population,
and community level implications. Our results suggest that, among copepods, in situ behaviors

may be useful proxies in monitoring impacts of climate change on coastal ecosystems.

1. Introduction

Coastal systems are increasingly subject to chemical stresses such as hypoxia (oxygen
concentration less than 2 mg/L) and acidification (Breitburg et al. 2018). Increases in
atmospheric carbon dioxide, changes in agriculture, and climate change drive the acidification
and deoxygenation of the oceans (Doney 2010; IPCC 2023). In addition to changes driven by
increases in anthropogenic COz, coastal hypoxia and acidification are also the result of bacterial
respiration of organic matter at depth which draws down O and releases CO., leading to
stressful conditions that commonly occur at depth (Doney 2010; Melzner et al. 2013; Breitburg
et al. 2018). Because of the overlap in processes that drive them, coastal hypoxia and
acidification, frequently occur in conjunction.

Sub-lethal responses to hypoxia and acidification, such as behavioral avoidance and
changes in swimming speed, are known to affect zooplankton under laboratory conditions. In
one study, the fraction of time that the copepod Calanus euxinus spent swimming increased as
the oxygen concentration declined from 10 to 0.5 mg/L, potentially as a behavioral response to
avoid sinking into anoxic bottom waters (Svetlichny et al. 2000). In pH-stratified experimental
water columns, larval sand dollars Dendraster excentricus reversed the direction and shape of

their swimming trajectories upon encountering the boundary between ambient and acidified
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water (Maboloc et al. 2020). In the laboratory, copepods of the species Calanus pacificus
partially avoided hypoxic bottom waters, but not acidified waters (Wyeth et al. 2022).
Individuals that entered hypoxic (dissolved O2 0.65 mg/L) or acidified (pH 7.48) water showed
significant decreases in swimming speed. Low pH waters also altered the proportion of some
swimming behaviors, such as shelter use, in a laboratory experiment using the gammarid
amphipod Gondogeneia antarctica (Park et al. 2020). However, these studies, and laboratory
experiments in general, do not resolve how zooplankton behaviors change in response to
environmental stressors in situ, or the consequences of behavioral changes for population
distributions.

In situ observations are essential to understanding the effects of co-occurring stressors,
and new technologies provide new methods for conducting these observations. Traditional
methods for sampling in situ zooplankton populations include ship-board net tows, combined
with taxonomic analysis of samples by trained analysts in the laboratory. These methods are
typically costly, limited in duration and scope, and biased against certain groups of zooplankton,
such as strong swimmers that can avoid the nets and gelatinous species that are damaged by nets
(Ohman et al. 2019). Additionally, net tows typically integrate plankton data over space and do
not permit the fine-scale study of individuals or their behaviors. A combination of three rapidly-
developing technologies offer solutions to the limitations of traditional net tows: remotely
deployed camera systems (Cowen and Guigand 2008; Ohman et al. 2019; Campbell et al. 2020;
Orenstein et al. 2020), machine learning-based identification of individual zooplankton from in
situ imaging (Ellen et al. 2019; Li et al. 2021), and video-based tracking technologies (Chan and

Griinbaum 2010; Lard et al. 2010; Wyeth et al. 2022). To our knowledge, our study is the first to
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combine these three technologies to observe in situ zooplankton behavioral responses to
environmental stress.

Because swimming speed has individual, population, and community level implications,
changes in swimming behavior are informative metrics for understanding ecosystem impacts of
environmental change. On the individual level, decreased oxygen concentrations or increased
temperatures can cause respiratory stress, which can be further exacerbated by increased
metabolic demands due to increased swimming (Svetlichny et al. 2000). Changes in swimming
speed also affect trophic interactions because predator-prey encounter rates typically increase
with speed (Frost 1972; Visser 2007). Additionally, rheotactic predators detect their prey through
fluid signals, making faster-swimming prey easier to detect (Kierboe et al. 2014). Increases in
swimming speed also increase hydrochemical signals, and therefore encounter distances, of
individuals seeking mates (Van Duren and Videler 1996).

The goals of this study were to develop and implement a novel methodology to observe
in situ zooplankton behavioral responses to environmental conditions, and to assess whether in
situ behavioral responses to hypoxia and acidification are likely to exacerbate physiological
stresses, mitigate them, or have no effect. We collected in situ videos under a range of
oceanographic conditions, by deploying a remote camera system in Hood Canal, a seasonally
hypoxic and acidified fjord located in Puget Sound. The duration and extent of hypoxia in Hood
Canal varies annually, but parts of southern Hood Canal can be hypoxic for 2-6 months of the
year (Newton et al. 2007). In Summer, the deep parts of Hood Canal are also highly acidified,
with pH values ranging from 7.3 to 7.8. Levels of pH less than 7.4 reaches depths as shallow as
50 m (Feely et al. 2010), well within the range of typical zooplankton diel vertical migrations.

We hypothesized that zooplankton adjust their swimming, either to avoid stressful water or to
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mitigate the physiological impacts of hypoxia and acidification by reducing their swimming
speed. To test our hypotheses, we combined in situ videos, particle tracking technology, and
machine learning-based classification of zooplankton to extract swimming statistics of individual

copepods and amphipods under a range of environmental conditions.

2. Methods

2.1 Field site and video collection

A high-resolution camera, constructed by the Jaffe Laboratory for Underwater Imaging
(Scripps Institute of Oceanography) (Campbell et al. 2020) (Fig. S1), was modified for IR-
illuminated video capture and mounted on the profiling package of an Oceanic Remote Chemical
Analyzer mooring over the summer of 2018. Oceanic Remote Chemical Analyzer moorings are
profiling systems that collect real-time oceanographic and atmospheric data. The mooring was
located near Hoodsport, Washington, in southern Hood Canal with a station depth of 120 m (Fig.
S2).

The camera moved with the profiling package for a CTD cast every 12 hours, but videos
were recorded only when the camera was stationary at a specific depth between casts. When
stationary, the camera was triggered to take a 60-second video when flow was < 1 cm/s, using
infrared lighting to avoid modifying zooplankton behavior. The video camera recorded
swimming in the X (left, right) and Z (up, down) directions, observing true vertical motion and
projected horizontal motion. Videos were recorded at an average frame rate of 20 frames per
second. The exact difference in time between frames was used when converting speeds from
pixels per frames to mm per second. Each frame was 650 x 876 pixels, and each pixel was 0.088

mm?, corresponding to a 57.2 x 77.1 mm field of view.
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2.2 Video processing

2.2.1 Region of interest isolation

Zooplankton and other particles appeared in videos as grayscale images against a dark
background. Regions of interest enclosing plankton from each frame were identified using the
Python package OpenCYV (version 4.7.0) (Bradski 2000). OpenCV-fitted contours and rotated
bounding boxes were used to calculate width, height, and area metrics for each region of interest.
The nominal “length” of each region of interest was defined as the longer of its width and height
measurements. Position, defined as the optical centroid of the zooplankter outline, and size
metrics were saved for each region of interest that were potentially zooplankton (areas larger

than 30 pixels) within each frame.

2.2.2 Swimming speed calculation

Zooplankton positions were assembled into swimming trajectories using the Matlab
software Tracker3D (Chan and Griinbaum 2010). A smoothing spline with knots placed every
three frames was applied to remove frame rate noise in swimming trajectories caused by bit-
flipping during pixelization. Small particles in videos were used to reconstruct a background
flow field with particle image velocimetry, using the Python package OpenPIV (version 0.23.9)
(Liberzon et al. 2021). To prevent confounding of flow estimates by moving zooplankton,
regions of interest >30 pixels were masked so only small particles remained. A few small
particles (<5%) visually appeared to deviate from the overall flow. The particle image
velocimetry algorithm mitigated effects of these participles on flow estimates by masking out
grids that failed a series of variance tests. (see Text S1 for additional particle image velocimetry

parameterization). A smoothing spline with knots placed every 15 frames was applied to smooth
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the high signal/noise ratios that could occur when there were few small particles in a grid,
reflecting the relatively slow timescale of flow fluctuations.

After calculating the zooplankton swimming velocities and the flow field separately, the
background flow was subtracted from the instantaneous velocities of each swimming track to
obtain zooplankters’ movement velocities relative to ambient water. A final smoothing spline
with knots every three frames was applied to filter out potential error accumulated while taking
numerical derivatives of zooplankton and small particle positions to calculate velocities. Speeds
were converted to physical units (mm/s) using the difference between frame timestamps and

pixel positions of the optical centroids.

2.2.3 Taxonomic identification

Each zooplankton region of interest was assigned a taxonomic identification using a
machine learning image classification algorithm. The algorithm was generated using a pre-
trained convolutional neural network 50 layers deep (ResNet-50) with PyTorch, an open-source,
Python-based machine learning framework. The algorithm was trained on 18 broad taxonomic
groups or classes — Amphipod, Blob, Chaetognath, Clione, Copepod, Diatom, Egg, Euphausiid-
Decapod, Filament, Fish Larva, Jellyfish, Larvacean, Limacina, Noctiluca, Ostracod,
Siphonophore, and Snow — and returned a testing accuracy of 97.67% (Fig. S3). The resulting
model was applied using a Python-based classifier, to assign labels to a larger library of
uncategorized images. The images from this library were sorted into their respective taxonomic
folders, enabling us to isolate classes of interest (copepods and amphipods) for this study.
Machine learning image classification and tracking algorithms were coupled along the

swimming trajectories of individual organisms, reducing the errors associated with ambiguous
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individual views in some regions of interest and other classification errors, improving the overall
accuracy of the identification (see Text S2 for additional details).

Only zooplankton paths identified as either copepod or amphipod were analyzed in this
study. Swimming paths were also sorted into size bins of the organism (1-2 mm, 2-3 mm, 3-4
mm, and >4 mm). The maximum observed body length along the swimming path was used to
assign size because it was assumed that the region of interest with the longest length best
approximated the zooplankter’s true length. In our study, identification to species was not
possible for copepods and amphipods, so maximum observed body length was the best available

criterion to differentiate individuals within the two classes.

2.2.4 Water chemistry and video matching

The Oceanic Remote Chemical Analyzer mooring conducted a CTD profile at least twice
a day at 00:00 and 12:00 PST, recording a range of oceanographic variables including
temperature, fluorescence, depth, salinity, and dissolved oxygen (Dunne et al. 2002). The oxygen
sensors were annually calibrated by their manufacturer, Sea-Bird Scientific. Readings were taken
four times a second, corresponding to depth increments of 0.1 m. Between CTD casts, the
Oceanic Remote Chemical Analyzer package was held stationary at depths chosen based on the
profiles to ensure videos were recorded under a range of environmental conditions (e.g., within
or outside of hypoxic layers). To determine the conditions under which each zooplankton
trajectory was observed, each video was matched to the corresponding depth in the nearest prior
CTD cast. If there was no CTD cast within 24 hours prior to the video being recorded, the video

was removed from analysis.
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2.3 Behavioral analysis

The relationships between oxygen concentrations and swimming metrics were assessed
using single variable analyses, where videos were binned into two groups (hypoxic or normoxic)
using a dissolved oxygen threshold of 2 mg/L. Potential interactions among multiple
environmental factors were assessed using a multivariate analysis that included dissolved
oxygen, temperature, depth, salinity, and maximum length as continuous variables and time of
day (day/night) as a categorical variable to predict swimming behaviors for copepods and

amphipods (see supplemental materials Fig. S10-13, Text S3-S6).

2.3.1 Average speeds

Previous studies report three distinct behaviors in copepod swimming paths, classified by
speed relative to ambient water: “drifting” (< 5 mm/s), “cruising” (> 5 mm/s and < 100 mm/s),
and “jumping” (>100 mm/s) (Svetlichny et al. 2020; Svetlichny et al. 2022). A mean cruising
speed was calculated for each copepod path from the instantaneous cruising speeds. Copepod
paths were grouped into oxygen concentration (hypoxic/normoxic) and size bins (1-2mm, 2-
3mm, 3-4mm, and >4mm). Mean (+ standard error) cruising speed was calculated for each
group. Cruising speeds were log-transformed and a 2-way ANOVA was used to test for
significant effects of oxygen concentration, size, and the interaction of oxygen and size on speed.
A Tukey pairwise comparison of size and oxygen was generated using the R package emmeans
(version 1.7.3) (Lenth 2021).

Previous literature reports that amphipods usually exhibit two different swimming
behaviors: “hovering” (< 10 mm/s) or “darting” (> 10 mm/s) (von Westernhagen et al. 1979).

For each amphipod path, a mean darting speed was calculated from the instantaneous darting
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speeds. Amphipod paths were grouped into oxygen concentration and size bins. Mean darting
speed was calculated for each group, darting speeds were log transformed and a 2-way ANOVA
and a Tukey pairwise comparison were used to test for significant effects of oxygen

concentration, size, and the interaction of oxygen and size on speed.

2.3.2 Frequency of swimming states

For each copepod or amphipod path, the fraction of frames classified as “jumping” and
“drifting” or “hovering” were used as behavioral frequency metrics. Mean (+ standard error)
frequencies were calculated for each oxygen concentration and size bin. Frequency data were
zero-inflated and were not normally distributed. To test the effect of oxygen concentration
(hypoxic and normoxic) and size (1-2mm, 2-3mm, 3-4mm, and >4mm) on jumping, drifting, and
darting frequencies, generalized linear models using a quasibinomial distribution were generated
using the R package Ime4 (version 1.1-34) (Bates et al. 2015). Nested models were generated
using different combinations of oxygen environment and size, with both variables treated as
factors, and the best model was identified using an F-test. A Tukey pairwise comparison of size

and oxygen was generated using the R package emmeans.

2.3.3 Zooplankton abundance

To estimate relative copepod or amphipod abundance when videos were collected, the
total number of observations of copepods or amphipods was normalized by the total number of
frames. This metric of zooplankton abundance factors out current and swimming speeds because,
on average, faster moving zooplankton enter the field of view at a higher rate but remain in view

for a proportionately shorter time. Mean (+ standard error) zooplankton abundance was
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calculated for each oxygen concentration and size bin. A Tweedie distribution—a log-normal
distribution commonly used to model biomass and abundance—was used to test for significant
effects of oxygen concentration, size, and the interaction of oxygen and size on abundance using
the R package glmmTMB (version 1.1.8) (Foster and Bravington, 2013). Nested models were
generated using different combinations of oxygen environment and size, and the best model was
identified using AIC values. A Tukey pairwise comparison of size and oxygen was generated

using the R package emmeans.

2.3.4 Markov chains

A discrete-time Markov chain is a stochastic process in which the next step of a Markov
chain is independent of the past and only relies upon the most recent state. To calculate Markov
chains, each instantaneous speed was assigned a categorical value (for copepods: “drift”,
“cruise”, or “jump”’; for amphipods: “hover”, “dart”). To quantify transitions between behaviors
across frames, discrete-time Markov chains were used to calculate the probability of
transitioning from each of the predefined swimming states (i) to the same or a different
swimming state (j). The number of occurrences for each of the possible transitions was totaled
and divided by the number of transition “opportunities” (the number of times the frame started in
swimming state 7). Transition probabilities were organized in a transition probability matrix

(Figure S4). A Markov chain was calculated for each oxygen environment.

2.3.5 Hidden Markov models
To estimate changes in swimming behaviors without using predefined speed thresholds,

hidden Markov models were used to model inferred behavioral states using instantaneous speeds.
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Instantaneous speeds were log-transformed and hidden Markov models were generated using the
Python package hmmlearn (version 0.2.8) (Lebedev 2016). Hidden Markov models were
generated using 100 different starting points and 100 iterations. Hidden Markov models were
generated for all copepod/amphipod paths, and for copepod/amphipod paths binned by size. The
best hidden Markov model was determined using AIC values. A three-state hidden Markov
model was selected for copepods and a two-state hidden Markov model for amphipods. Mean (+
standard deviation) swimming speed was calculated and back-transformed for each swimming

component estimate within each hidden Markov model.

3. Results

3.1 Environmental conditions

The analyses included 187 videos recorded between 1 August and 31 September 2018.
Videos were recorded at depths ranging from 10 to 100 m, temperatures ranging from 9.7 to 10.9
°C, and dissolved oxygen concentrations ranging from 1.3 to 3.4 mg/L. Variability in the
dissolved oxygen profiles over the field season is shown in Fig. S5. Of the 187 videos included
in our analysis, 80 were recorded under hypoxic conditions and 107 were recorded under
normoxic conditions. While Oceanic Remote Chemical Analyzer moorings do not measure pH,
carbonate chemistry data are collected annually in April, July, and September in Hood Canal on
cruises funded by the Washington Ocean Acidification Center. This dataset shows that dissolved
oxygen and pH are tightly correlated in Hood Canal (R’ = 0.92), especially at low concentrations
of dissolved oxygen (Fig S6). For this reason, our subsequent interpretations assumed
zooplankton experiencing hypoxic conditions were simultaneously experiencing acidified

conditions.
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3.2 Copepods

Video analysis of the 80 videos from hypoxic conditions yielded a total 554 copepod
paths totaling 22,615 copepod localizations. Analysis of the 107 videos from normoxic
conditions yielded 499 copepod paths totaling 18,434 copepod localizations (Table S1). The
majority of copepod paths had a maximum observed body length of 1-2 mm (hypoxic: n = 222,

normoxic: 7 = 182) or 2-3 mm (hypoxic: n = 262, normoxic: n = 234).

3.2.1 Average cruising speed

Average copepod cruising speed (instantaneous speed between 5-100 mm/s) was
significantly slower in hypoxic environments than normoxic environments (2-way ANOVA; F =
73.32, p <0.0001) (Fig. 1, Table S2). Copepods 1-2 mm and 2-3 mm in length were,
respectively, 28% and 26% slower in hypoxic conditions than normoxic conditions. Neither size

or a size*oxygen interaction had a significant effect on average cruising speeds.

3.2.2 Jumping and drifting frequency

Copepods exhibited less frequent jumping behaviors in hypoxic environments than
normoxic environments (Fig. 2a, Table S3). The best fit generalized linear model indicated that
oxygen concentration (F3151=12.12, p = 0.0005), but not size (F3151 = 1.18, p=0.317), had a
significant effect on the jumping frequency of copepods. Copepods 1-2 mm, 2-3 mm, and 3-4
mm in length were, respectively, 68%, 47%, and 23% less likely to exhibit a jumping behavior in

hypoxic conditions relative to normoxic conditions. Conversely, copepods >4 mm in length were
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114% more likely to exhibit a jumping behavior in hypoxic conditions relative to normoxic
conditions.

Copepods exhibited more frequent drifting behavior in hypoxic environments than
normoxic environments (Fig. 2b, Table S3). The best fit generalized linear model indicated that
both oxygen concentration and copepod size had a significant effect on the overall drifting
frequency of copepods (F3,151 =6.88, p = 0.0001). Copepods 1-2 and 2-3 mm in length showed a
67% and 110% increase in drifting frequency in hypoxic environments relative to normoxic
environments. While there were fewer individuals, copepods 3-4 and > 4 mm in length showed a

137% and 166% increase in drifting frequency in hypoxic environments.

3.2.3 Copepod abundance

Copepod abundances varied with oxygen concentration and size (Tweedie; oxygen: p =
0.037, size: p <0.0001) (Fig. 3, Table S4). Copepod abundances were significantly higher in
hypoxic environments, except for copepods 3-4 mm in length. On average, the abundance of
copepods 1-2, 2-3, and >4 mm in length were, respectively, 56%, 59%, and 42% higher in
hypoxic conditions than normoxic conditions. Conversely, the abundance of copepods 3-4 mm in
length was 19% lower in hypoxic conditions. The copepod species that were likely present
during imaging was determined from a zooplankton net tow collected from Hoodsport in

September 2018 (Fig. S7).

3.2.4 Markov chains

In both oxygen environments, the most likely outcome from an initial cruising state was

remaining in the cruising state (0.93), indicating that multiple changes per frame interval were

64



rare and the timestep between transitions was appropriate. Of the nine different transition
probabilities, five changed more than 5% between hypoxic and normoxic environments (Fig. 4,
yellow highlights). Transition probabilities associated with cruising behaviors were generally the
same for copepods in hypoxic and normoxic environments (cruise-cruise, cruise-drift, cruise-
jump, and jump-cruise), suggesting that cruising behavior had the same duration in both
environments. However, there was a shift towards drifting in hypoxic environments. Copepods
were more likely to remain in the drifting state, more likely to transition into drifting from
jumping, and less likely to transition from drifting into cruising or jumping in hypoxic

environments compared to normoxic environments.

3.2.5 Hidden Markov models

Modeled speed components were slower in hypoxic environments than normoxic
environments. For copepods of all sizes, component 1 was 21% slower, component 2 was 22%
slower, and component 3 was 18% slower in hypoxic relative to normoxic environments (Fig. 5,

Table S5).

3.3 Amphipods

Video analysis of the 80 hypoxic videos yielded 146 amphipod paths totaling 4,193
amphipod localizations. Analysis of the 107 normoxic videos yielded 546 amphipod paths
totaling 16,380 amphipod localizations (Table S6). Most amphipods had a maximum observed
body length of 2-3 (hypoxic: n = 33, normoxic: n = 178) or 3-4 (hypoxic: n = 70, normoxic: n =

278) mm, with most of the paths recorded in normoxic environments.
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3.3.1 Average darting speed

Average darting speed (instantaneous speed > 10 mm/s) was significantly faster for larger
amphipods (2-way ANOVA; F =10.339, p <0.0001), but did not significantly vary between
oxygen environments (2-way ANOVA; F =1.625, p = 0.203) (Fig. S8, Table S7). On average,

amphipods > 4 mm swam 23% faster than 2-3 mm amphipods.

3.3.2 Frequency of hovering
Amphipods did not exhibit more frequent hovering behaviors in hypoxic relative to
normoxic environments. Generalized linear model results indicated that neither amphipod length

nor oxygen environment was a significant predictor of hovering frequency (Fig. S9, Table S8).

3.3.3 Amphipod abundance

Amphipod abundances were significantly lower in hypoxic environments. Amphipod
abundances varied with oxygen concentration and size (Tweedie; oxygen: p < 0.0001, size: p <
0.0001) (Fig. 6, Table S9). On average, the abundance of amphipods 3-4 mm in length was 71%

lower in hypoxic conditions versus normoxic conditions.

3.3.4 Markov chains

Of the four different transition probabilities, two had a percent change larger than 5%
between hypoxic and normoxic environments (Fig. 7, highlighted in yellow). Generally,
transition probabilities associated with darting behaviors were the same for all amphipods in

hypoxic and normoxic environments. However, amphipods were in the hovering state for shorter
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durations in hypoxic environments, consistent with the hypothesis that amphipod are leaving

hypoxic areas faster.

3.3.5 Hidden Markov models

Model results did not show consistent trends across size, but overall amphipods were
modeled to swim faster in hypoxic environments. For amphipods of all sizes, component 1 was
31% faster and component 2 was 13% faster in hypoxic environments. Model estimates from
amphipods in hypoxic environments (especially amphipods 1-2 mm in length) are limited by the

low number of recorded paths (Fig. 8, Table S10).

4. Discussion

Zooplankton are critical links in marine food webs and are thought to be informative
indicators of ecosystem change (Richardson 2008; Mackas and Beaugrand 2010; Di Lorenzo and
Ohman 2013). Zooplankton behaviors can alter vertical population distributions and trophic
interactions, but it is difficult to assess these ecosystem impacts because methods for quantifying
in situ zooplankton behaviors have been almost nonexistent. A primary goal of this study was to
develop a novel methodology that combined three emerging technologies — in situ imaging,
video-based tracking, and machine learning classification of individual zooplankton — to quantify
in situ zooplankton abundances and behaviors. Our in situ video observations revealed
significant changes in copepod swimming behaviors and amphipod abundances in response to

hypoxic and acidified waters.

4.1 Copepod responses to environmental stress

67



Copepods in their natural environment significantly changed swimming speed when
exposed to hypoxic and acidified conditions. All three characteristic copepod swimming
behaviors (passive “drifting” (< 5 mm/s), “cruising” (> 5 mm/s and < 100 mm/s), and fast
“jumping” (>100 mm/s)) were altered in stressful conditions. Overall, within hypoxic and
acidified conditions, copepods showed a 24% decrease in cruising speeds, a 53% decrease in the
amount of time spent jumping, and a 95% increase in the amount of time spent drifting.
Behavioral transition probabilities changed by as much as 25%. Consistent with previous
laboratory observations that found swimming speed decreased in low oxygen conditions
(Svetlichny et al 1998; Svetlichny et al 2000; Wyeth et al 2022), our results show that behavior
changes similarly in the natural environment.

Different swimming behaviors incur significantly different metabolic costs. For example,
the respiration rate of the cycloid copepod Thermocyclops oithonoides was almost nine times
higher when jumping relative to its immobilized basal rate (Svetlichny et al 2022). Decreases in
swimming speed, and in the amount of time spent in more metabolically costly swimming states
such as cruising and jumping, are therefore likely to increase an individual’s tolerance of oxygen
stress by decreasing its metabolic demand (Svetlichny and Hubareva 2005; Svetlichny et al
2022). Slower swimming also affects trophic interactions with both higher and lower trophic
levels by decreasing encounter rates (Van Duren and Videler 1996; Visser 2007). Because
copepod swimming behavior trades off feeding, finding mates, and avoiding predation (Uchima
and Hirano 1988; Tiselius and Jonsson 1990; Van Duren and Videler 1996), the changes we
observed in swimming speed and transition probabilities may have profound effects on

individual fitness and predator-prey interactions.
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In the system we studied, temperature and oxygen were correlated, and temperature
varied relatively little (9.7 to 10.9 °C), so we focused on oxygen as the primary explanatory
environmental variable in our statistical analyses. However, temperature also strongly regulates
metabolic demand (Roman et al 2019). While species vary, copepods’ respiration rate is an
approximately exponential function of temperature (Ikeda 1970; Svetlichny et al 2022). In
stratified coastal systems, temperature and oxygen concentrations are typically higher in surface
waters. In this study, the reduction of stress in normoxic conditions paired with the potential for
increased feeding on phytoplankton near the surface may offset some of the increased metabolic
costs associated with exposure to increased temperatures. Incorporating a broader range of
temperatures into future in situ analyses will be an important next step.

Our video observations indicate that copepod abundance increased in hypoxic and
acidified conditions. We hypothesized that copepod abundances would decrease in stressful
water because previous work suggested that copepod distributions shift upwards when hypoxic
bottom waters are present (Keister et al. 2000; Auel and Verheye 2007; Roman et al. 2012).
However, mechanisms exist that could explain either increases or decreases in abundance within
hypoxic conditions. In addition to the direct effects of low oxygen on copepods, which may
cause decreases in abundance through mortality or avoidance, indirect effects such as changes in
predator-prey interactions are also important in shaping copepod population distributions. When
predators are present, hypoxic waters may serve as a refuge for zooplankton from more oxygen-
sensitive predators (Taylor and Rand 2003; Ludsin et al. 2009) or may induce diel vertical
migration in copepods (Bollens and Frost 1989), both of which may result in increased
abundances within stressful waters. Increased drifting may reflect a behavioral strategy for using

the hypoxic layer as refuge or a response to mitigate oxygen stress, potentially causing the
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observed abundance increase. The presence of predators may also result in copepods suppressing
swimming behaviors to make themselves less conspicuous and reduce predator-prey encounters
(Buskey et al. 2012).

Our classification algorithm did not differentiate between calanoid and cyclopoid
copepods, or among the diverse species within those orders. Copepods’ swimming behaviors
vary widely across species, feeding strategies, and sex (Greene 1988; Tiselius and Jonsson 1990;
Kierboe 2008). Calanoid copepods are generally cruise feeders while cyclopoid copepods are
typically ambush predators (Tiselius and Jonsson 1990). However, even among calanoids there is
significant variation in foraging strategies, ranging from stationary to continuous cruising
(Greene 1988). Cyclopoid copepods are typically smaller in size, so maximum observed body
length may be a rough proxy for differences in swimming behaviors across different orders.
Copepod length had a significant effect on drifting frequency, with copepods in the 3-4 mm
length bin being significantly more likely to transition into drifting than smaller copepods. While
distinguishing taxa by size or identifying species with machine learning remains challenging, our
study showed that, even at a coarse level, there are identifiable behavioral responses to hypoxia
and acidification. Image classification algorithms and in situ imagery are rapidly improving, and

there is reason to expect that more detailed analyses will be possible in the near future.

4.2 Amphipod responses to environmental stress

We observed an apparent 66% reduction in the abundance of amphipods within stressful
waters. This could be due to avoidance of chemically stressful waters, to increased mortality
rates, or to a combination of the two. Few previous studies have quantified the effects of hypoxia

and acidification on amphipod distributions. However, consistent with our video-based
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observations, Keister et al. 2020’s net tow data showed that the gammarid amphipod Cyphocaris
challengeri was less common at hypoxic stations relative to normoxic stations in Hood Canal.
The penaeid shrimp Metapenaeus ensis (Wu et al. 2002) and the European brown shrimp
Crangon crangon (Hagerman and Uglow 1979) were also reported to actively avoid hypoxic
waters. Lower abundances of amphipods within stressful waters likely suggest lower availability
to predators.

Globally, amphipods rank third in abundance behind copepods and euphausiids (Bowman
1960) and play important roles in marine food webs, particularly in polar systems where they are
a key trophic link between mesozooplankton and higher trophic levels such as planktivorous
fishes, seabirds, and marine mammals (Dalpadado et al. 2001; Westawski and Legezynska 2002;
Kraft et al. 2012). In Puget Sound, amphipods are an important source of food for numerous
species of forage fish such as Pacific sand lance, surf smelt and three spine stickleback
(Simenstad et al. 1988; Penttila 2007). Changes we observed in amphipod abundances may have
cascading effects through the marine food web, potentially affecting the populations and vertical
distributions of both their prey and their predators.

It is interesting, in view of the changes in amphipod abundances, that we did not observe
significant changes in swimming speed in response to hypoxic and acidified conditions. Previous
work from the Eastern Tropical North Pacific oxygen minimum zone has shown that metabolism
is suppressed in hyperiid amphipods when exposed to hypoxia and low temperature (Elder and
Seibel 2014). For amphipods, hovering may lead to sinking because they are relatively dense and
rely on fast swimming to maintain their position in the water column. Because amphipods need
to be darting to stay suspended, it is possible that darting individuals are better represented in the

water column, as frequently hovering individuals disproportionately sink. Darting might be more
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costly in stressful waters, and it is possible that decreased darting behaviors in hypoxic and
acidified waters was one mechanism underlying the decreased amphipod abundances we

observed in hypoxic and acidified conditions.

4.3 Modeled behaviors

Hidden Markov models, which do not require predefined swimming states (Patterson et
al. 2008), identified changes in zooplankton swimming behaviors in response to environmental
stress. The swimming speed components generated autonomously by our hidden Markov models
were reasonably consistent with the mean speeds of behaviors we took from the literature. For
copepods, “drifting” was defined as speeds < 5 mm/s and the 1% modeled speed components in
normoxic conditions ranged from 4-7 mm/s. “Cruising” was defined as speeds > 5 mm/s and <
100 mm/s and the 2™ modeled speed components in normoxic conditions ranged from 14-17
mm/s. “Jumping” was defined as speeds >100 mm/s and the 3™ modeled speed components in
normoxic conditions ranged from 42-50 mm/s. For amphipods, “hovering” was defined as speeds
<10 mm/s and the 1% modeled speed components in normoxic conditions ranged from 10-14
mm/s. “Darting” was defined as speeds > 10 mm/s and the 2" modeled speed components in
normoxic conditions ranged from 42-50 mm/s. Hidden Markov model estimates were
impressively similar to our pre-defined parameters, highlighting how models may help automate

data analysis in the future.

4.4 Conclusions

Environmental stressors, such as changes in dissolved oxygen and pH, are increasing in

persistence and extent in coastal waters around the world. To adequately adapt and respond to
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changing ocean conditions, we need an improved understanding of the lethal and sublethal
effects of environmental stress on zooplankton. In this study, we developed a novel methodology
combining in situ videos, particle tracking technology, and machine learning classification of
zooplankton to quantify in situ zooplankton swimming and used it to ask whether zooplankton
behaviorally respond to environmental stress.

Our in situ observations of zooplankton swimming behaviors showed that copepods
exhibited significantly slower “cruising” speeds, were less likely to exhibit a fast “jumping”
behavior, and remained longer in the passive “drifting” state than copepods in non-stressful
conditions. Amphipods showed significantly decreased abundances within stressful conditions
but, perhaps because of small sample sizes in stressful waters, we observed no consistent
changes in amphipod swimming speed or transition probabilities.

The identification of video-based statistics quantifying changes in zooplankton
population dynamics shows great promise as a diagnostic tool of ecological stress. Our results
suggest that in situ changes in abundance, swimming speed, and transition probabilities might be
useful in identifying and explaining potential shifts in population distributions and trophic
dynamics. With these methodological advances, in situ video analyses is likely to be a cost-

effective tool for coastal managers to monitor environmental change and predict trophic impacts.
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Figure 1. Mean (+SE) copepod “cruising” speed between hypoxic and normoxic environments
for copepods 1-2, 2-3, 3-4, or >4 mm in length. There were significant differences between
environments (p < 0.0001) but not sizes. The number of recorded copepod paths is printed above
each bar. * Indicates a significant (p < 0.05) difference in pairwise comparisons between oxygen

conditions within size bins.
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Figure 2. Mean (£SE) frequency of copepod behaviors in hypoxic and normoxic environments
for copepods 1-2, 2-3, 3-4, or >4 mm in length. The number of recorded copepod paths are the
same in both plots and are printed above each bar in (a). (a) Copepod jumping (>100 mm/s)
frequency was significantly different between environments (F3,151 = 12.12, p = 0.0005) but not
between sizes. (b) Copepod drifting (<5 mm/s) frequency was significantly different between
environments and size (F3,151 =6.88, p = 0.0001). * Indicates a significant (p < 0.05) difference in

pairwise comparisons between oxygen conditions within the size bin.
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Figure 3. Mean (+SE) relative copepod abundances (copepods per frame) between hypoxic and
normoxic environments for copepods 1-2, 2-3, 3-4, or >4 mm in length. Differences were
significant between oxygen concentrations (p = 0.037) and sizes (p < 0.0001). * Indicates a
significant (p < 0.05) difference in pairwise comparisons between oxygen conditions within the

size bin.
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Figure 4. Markov chain probabilities for copepod transition probabilities between the three
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predefined swimming states: “drifting,” “cruising,” and “jumping.” Transition probabilities in
hypoxic environments are listed in bold and transition probabilities in normoxic environments
are listed in italics. The percent change is listed underneath the transition probabilities and is

highlighted if the percent change between environments is larger than 5%. A positive percent

change means the transition was more likely to occur in hypoxic environments; a negative

percent change means the transition was less likely to occur in hypoxic environments.
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Figure 5. Mean (+ SD) swimming speed for the three speed components determined by hidden
Markov models for copepods in hypoxic and normoxic environments and 1-2, 2-3, 3-4, or >4

mm in length. The number of recorded copepod paths (same in all plots) are printed above each
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Figure 6. Mean (£SE) amphipod abundances (amphipods per frame) between hypoxic and
normoxic environments for amphipods 1-2, 2-3, 3-4, or >4 mm in length. There were significant
differences between oxygen environments (p < 0.0001) and size (p < 0.0001). * Indicates a

significant (p < 0.05) difference in pairwise comparisons between oxygen conditions within each

size bin.
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swimming states: “hovering” and “darting.” Transition probabilities in hypoxic environments are
listed in bold and transition probabilities in normoxic environments are listed in italics. The
percent change is listed underneath the transition probabilities and is highlighted if the percent
change between environments is larger than 5%. A positive percent change means the transition

was more likely to occur in hypoxic environments; a negative percent change means the

transition was less likely to occur in hypoxic environments.
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Chapter 3: Tidal exchange of zooplankton between intertidal
eelgrass beds and pelagic waters

Wyeth, A.C., Keister J.E., Griinbaum, D., Yang, S., Burnett, N., Bolhmann, H.

Abstract

Eelgrass beds are important habitats, providing food and protection for juveniles of many
species of fish. Successful foraging within beds is critical for juvenile fish to survive an
important life history bottleneck and reach adulthood. Intertidal eelgrasses are tightly
interconnected with neighboring pelagic environments through tides, which may transport
pelagic species into nearshore environments. Despite the potential importance of pelagic
zooplankton in juvenile fish diets, surprisingly little work has been done to estimate the transport
of pelagic zooplankton into shallow subtidal habitats. Our study aimed to quantify abundances
and variability of pelagic prey within eelgrass beds and quantify the potential role of eelgrass
beds as sinks of pelagic zooplankton over the tidal cycle, for example through predation by
juvenile fish. We conducted zooplankton net tows over 10 days along two transects within
Padilla Bay National Estuary Research Reserve. Each transect included a station located
offshore, within the tidal channel, and over the eelgrass bed. We measured high abundances of
pelagic zooplankton within intertidal eelgrasses and found that 78% of the total number of
unique species and lifestages recorded at the offshore stations were also present at the eelgrass
stations. However, on average, pelagic species found only in deeper water offshore of eelgrass
beds were significantly larger than species recorded at both stations. Over our 10-day sampling

period, we recorded high spatial and temporal variability in zooplankton populations and found
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that copepod abundances increased with both temperature and turbidity. To adequately protect
coastal systems, managers need an improved understanding of the mechanisms that support the
significant ecological and economic services these habitats provide. Future sampling efforts will
need to account for the spatial and temporal heterogeneity we recorded to adequately assess

changes in zooplankton dynamics in coastal systems.

1. Introduction

Eelgrasses are habitat-forming angiosperms that alter water flow, stabilize sediment,
sequester carbon, and support diverse trophic structures. Eelgrass beds are known to serve
ecosystem functions such as providing food and protection for juvenile fish and many other
marine species (Thayer et al. 1975, Adams 1976). These functions are increasingly important in
the context of declining populations of economically important fish species along the West Coast
of North America (Noakes et al. 2000). For example, many juvenile anadromous fish feed and
gain energy within eelgrass beds during their transition from estuaries to the open ocean, a life
stage known to be associated with high rates of natural mortality (Bax 1983). Research has
shown that growth rates increase with food availability (Neilson 1992) and that larger fish are
less vulnerable to predation and have higher energy reserves to survive periods of limited food
(Parker 1971). This indicates that successful foraging is critical to surviving this important life
history bottleneck (Illing 2018). The need for a better understanding of the importance of feeding
during juvenile stages has therefore focused attention on prey availability within critical habitats
such as eelgrass beds.

Juvenile fish typically feed on a wide range of zooplankton, epifaunal invertebrates (such

as harpacticoid copepods, amphipods, and polychaetes), and terrestrial insects that are commonly
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found in eelgrass beds (Jackson et al. 2001, Kennedy et al. 2018). Preferred diets of fish vary
among species, life stages, and locations (Bollens et al. 2010) and some species are plastic in diet
when preferred prey are unavailable (Preikshot et al. 2010). Gut analyses from juvenile fish in
and around eelgrass beds show that eelgrass-associated prey species are important dietary
components, and considerable research has gone into quantifying those benthic and epibenthic
invertebrate prey (Howard 1985, Simenstad 1988, Kennedy et al. 2018). However, gut analyses
show pelagic zooplankton can also comprise significant components of juvenile fish diets,
especially during the critical transition from estuarine to open waters (Adams 1976, Fulton
1985). Little is known about the abundance and distribution of pelagic zooplankton within
eelgrass beds, the mechanisms which cause them to be present in these shallow intertidal
environments, or their potential for enhancing the growth and survival of juvenile fish.

Intertidal eelgrasses are highly interconnected to neighboring pelagic environments
through tides. Pelagic zooplankton, notably calanoid copepods, occur in high abundances in
deeper waters offshore, and have high concentrations of essential fatty acids, making them
excellent prey (Lee 1970, Saito 2000). Daily tides may transport pelagic species into nearshore
environments and the tidal transport of pelagic zooplankton to eelgrass beds could be an
important contribution to the productivity of the beds as nurseries for juvenile fish.

Climate change paired with increased anthropogenic pressure to coastal systems is
driving environmental changes such as increases in temperature and turbidity in nearshore waters
(Orth et al. 2006). To understand and predict how pelagic zooplankton might supplement
eelgrass prey availability in the future, it is important to understand how environmental
parameters currently impact zooplankton communities. Estuarine zooplankton communities have

been shown to vary with a range of environmental parameters, including temperature and salinity
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(Tackx et al. 2004, Chaalali et al. 2013). In intertidal systems, salinity is typically an important
driver in shaping zooplankton community composition (Bollens et al. 2014). Additionally,
evidence suggests that warmer waters decrease pelagic zooplankton abundances and shift
community composition (Woodworth-Jefcoats 2017, M6llmann 2000, Mdllmann 2005,
Richardson 2008). As environmental parameters in coastal systems continue to change, it will be
important to quantify the impacts of these changes on the influx of zooplankton into eelgrass
beds.

Padilla Bay National Estuarine Research Reserve (NERR) in Washington State contains
one of the largest eelgrass meadows in the U.S. and is one of many reserves hosting eclgrasses
that provide habitat and food for numerous ecologically important species (Bulthuis 2010).
Padilla Bay is a meso-tidal estuary with mixed semidiurnal tides and a mean tidal range of 1.6 m.
Freshwater input is relatively low, with a maximum daily discharge that is less than 1% of the
average tidal exchange to the bay. For this reason, tidal flushing is the main driver controlling
water characteristics within Padilla Bay (Bulthuis 2010). It follows that pelagic prey may play an
important role within Padilla Bay’s nearshore ecosystem. However, very little is known about
the influence of pelagic species within the bay.

The goal of this study was to contribute to a better understanding of pelagic zooplankton
availability within Padilla Bay’s eelgrasses by quantifying abundances and variability of offshore
zooplankton in shallow subtidal eelgrass habitats, and by quantifying the role of eelgrass beds as
potential sinks of pelagic zooplankton over the tidal cycle. Our hypotheses were: 1) flood tides
transport offshore, pelagic zooplankton species into channels and over shallow subtidal eelgrass
beds; 2) abundance and community composition of pelagic zooplankton in nearshore systems

varies with temperature and salinity and; 3) over tidal cycles, eelgrass beds act as sinks of
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pelagic species, possibly through consumption by juvenile fish. An improved understanding of
the patterns of transport of pelagic species into intertidal habitats would help inform management
goals aimed at maintaining eelgrass beds as productive nurseries for economically important

fisheries throughout the Pacific Northwest.

2. Methods

2.1 Field Collections

Zooplankton net tow samples were collected over 10 days in June 2023 along two
transects (Ploeg and Bayview) within Padilla Bay National Estuary Research Reserve (Fig. 1).
Each transect consisted of three stations: a deep station outside of the bed, a station within a
channel to the bed, and a shallower station over the eelgrass bed. A tidal replicate consisted of
four samples (in chronological order): a sample from the deep station collected during low tide, a
sample from the channel station collected during the flooding tide, a sample from the eelgrass
station during high tide, and a sample from the channel station collected during the ebbing tide
(Table S1 & S2). Eight tidal replicates were collected in duplicate along each of the two transects
totaling 128 zooplankton samples. All samples were collected during the daytime.

During the sampling period, there was a mixed semidiurnal tide with a larger tidal cycle
during the day and a much smaller tidal cycle overnight. Assuming that minimal exchange
happened over the smaller 1-2 ft tide, and to allow for maximum time for predation to take place
over the beds, samples were collected during the larger flooding and ebbing tides (Fig 2). Tidal
heights for all the sampling days can be found in supplemental materials (Fig. S1). To sample the
same period of the tidal cycle in each tidal replicate, stations were sampled at specific tidal

heights to quantify the relative flux of pelagic zooplankton into and out of eelgrass beds over the
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tidal cycle. Deep stations were sampled around a 0 ft tidal height, channel stations (both flooding
and ebbing) were sampled around a 2.5 ft tidal height, and eelgrass stations were sampled around
a 7 ft tidal height.

Zooplankton samples were collected using a 50-cm diameter, 200-um mesh single ring
net. At deep stations, the net was pulled vertically from 1 m off the bottom to the surface
targeting a rate of 30 m/min. To sample within the eelgrass beds, the net was slowly lowered to
the bottom of the water column and, after 30 seconds for disturbed water to be replaced by flow,
pulled vertically to the surface targeting a rate of 30 m/min. Multiple net tows were collected at
eelgrass stations and preserved in aggregate to increase the biomass collected in shallow waters.
At channel stations, vertical tows were not possible due to strong currents, so samples were
collected using oblique tows pulled from approximately 1 m from the bottom to the surface. The
target depth was estimated using the amount of line out and the wire angle. A TSK flow meter
was used to measure the volume of water filtered for vertical tows and a Sea-Gear MF315 flow
meter was used for oblique tows. The median volume of water filtered in deep stations was 3.0
m?>. In channel stations during flooding tide the medium volume was 3.9 m? and during ebbing
tide the medium volume was 4.8 m>. In eelgrass stations the medium volume sampled was 1.8
m?. All samples were preserved in 5% buffered formalin in seawater and returned to the
laboratory for analysis.

Environmental data were provided by the National Estuary Research Reserve’s System
Wide Monitoring Program. The program consists of an array of standardized instrumentation and
data collection protocols that enable collection of near real-time data that are comparable across
national reserves. Data were collected every 15 minutes by two water quality moorings located at

the Bayview and Ploeg channel stations and a weather station located at the southern end of
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Padilla Bay. The moorings collected data such as temperature, salinity, depth, and turbidity while
the weather station collected wind speed and wind direction data. Because of the location of the

moorings, environmental data were only available for the two channel stations.

2.2 Laboratory Analysis

Zooplankton samples were examined under a dissecting microscope for taxonomic
composition, abundance, and size measurements using morphological characteristics. Rare and
large organisms (> 5 mm) were removed from the whole sample for identification. Then, three
small aliquots were taken from the whole sample using a Stempel pipette. The volume of the
small aliquot was determined by the volume required to quantitatively sample ~200-250
copepods. A larger aliquot (10 times the volume of the smaller aliquots) was taken to quantify
rarer and mid-sized species that may have been undersampled in the smaller aliquots. Organisms
in the subsamples were counted, identified, and staged as follows.

Among copepods, all adults were identified to species and sex. All C1-C5 copepodite
stages were grouped. Cyclopoid copepodites were identified to species. For larger calanoid
species (with adult females > 2 mm), copepodites were identified to species. For smaller calanoid
species (adult females <2 mm), copepodites were not speciated and were classed as either a
“small” (< 0.5mm) or “medium” (> 0.5mm) calanoid copepodite. All copepod nauplii stages
were grouped and not speciated. Harpacticoids were grouped and were not speciated or staged.
Select non-copepod groups were also counted: amphipods, barnacle cyprid larvae and nauplii,
bivalve veligers, Caprellidae, chaetognaths, crab megalops and zoeae, ctenophores, echinoderm

pluteus larvae, euphausiid furcilia and nauplii, cladocera (Evadne and Podon), fish eggs,
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gastropod adults and veligers, Obelia medusae, Oikopleura, Oweniidae larvae, polychaete
larvae, and shrimp.

The density of organisms (number of individuals m™*) was calculated from sample counts
using the volume of water filtered by each net tow. We used zooplankton density (number
normalized by filtered volume) as a metric for abundance. To assess repeatability of plankton
sampling and counting protocols, the replicate samples from eight back-to-back net tows were
quantified. Based on the consistency of these results, subsequent counting was done for only a

single replicate tow (Fig. S2).

2.3 Statistical Analyses

2.3.1 Potential transport of offshore zooplankton to eelgrass beds

We addressed the hypothesis that flood tides transport offshore, pelagic zooplankton
species into channels and over shallow subtidal eelgrass beds by comparing zooplankton
communities collected offshore and above eelgrasses at high tide. To do this, we calculated the
mean (£ 1 standard error) abundance of each unique species and lifestage combination for the
deep and eelgrass stations. A 2-way ANOVA was performed to compare the effect of
species/lifestage and station on copepod and non-copepod abundances. Abundances were
log10(X+0.001) transformed to mitigate distorting the relationship between zeros and small
values in the dataset (McCune and Grace 2002). Visual inspection of residual plots did not reveal
any deviations from normality or homoscedasticity. A Tukey pairwise comparison of
species/lifestage and station was generated using the R package emmeans (version 1.7.3) (Lenth

2021).
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In addition to comparing the abundances of individual zooplankton species in the deep
and eelgrass stations, we also compared the number of species and the average length of species
that were sampled at each station. The mean (+ 1 standard error) number of copepod species/life
stages observed at each station was calculated, and an ANOVA was used to test for significant
effects of the station on the number of species/life stages. Copepod species/lifestages that were
observed only at deep stations were grouped separately from species that were observed at both
deep and eelgrass stations, and the mean (+ 1 standard error) length of each group (deep-only,
deep & eelgrass) was calculated. Data on typical average lengths of the copepod species and
lifestages collected were obtained from monthly samples collected throughout Puget Sound as
part of another study (the Puget Sound Zooplankton Monitoring Program). The mean length of
the copepods in these two groups were statistically compared using a non-parametric Kruskal-
Wallis test.

To compare how the relative abundance of copepods at deep and eelgrass stations varied with
size, we plotted the response ratio of each copepod species against size. The response ratio was
determined by calculating the log response ratio (LRR) (Eq. 1) for each species/lifestage
combination using the R package metafor (version 4.6-0) (Viechtbauer 2010). A small number
was added to the mean abundances to put all the samples within the valid domain of a log-
transformation. A small value of 0.001 was chosen to be in the same order of magnitude as the
lowest observed non-zero abundances.

(1) LRR = In ((Xeet + 0.001) / (Xdeep + 0.001))
Log response ratios for each copepod species/stage were plotted against the average length of the
species/stage. Mixed-effects models were used to determine the effect of copepod length and

transect (Bayview, Ploeg) on the response ratios.
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2.3.2 Variability in offshore zooplankton populations

To identify potential differences in zooplankton community composition between
transects and among tidal phases we calculated zooplankton community ordinations. First,
zooplankton abundances were converted to proportions and arcsin square root transformed. Then
the relative distance of samples based on the zooplankton assemblages were represented in two-
dimensional spaces using a Non-metric Multidimensional Scaling (NMDS) analysis using a
Bray-Curtis similarity index and the vegan package in R (version) (Oksanen et al. 2024). A
Permutational Analysis of Variance (PERMANOVA) was generated to determine the effect of
tide and transect on community composition. The significance of permutational variance
components was tested using 999 permutations. Zooplankton species and environmental
parameters that were significantly correlated with an NMDS axis were calculated using the R
package vegan (version 2.6-6.1) (Oksanen et al. 2024).

In addition to testing for variation through space, we also tested for correlations between
zooplankton abundances in the channels and environmental parameters. Multiple linear
regressions were used to test the effects of different environmental metrics on average copepod
and non-copepod abundances, using the R package Ime4 (version 1.1-35.5) (Bates et al. 2015).
Abundances were log(X+0.001) transformed to prevent distorting the relationship between zeros
and small values in the dataset (McCune and Grace 2002). Nested models were generated using
different combinations of temperature, salinity, depth, turbidity, wind speed, and wind direction
as continuous variables and transect and tidal phase as factors. Wind speed and wind direction
showed multicollinearity (r = 0.72), as did temperature and depth (r = 0.68). The best models

were identified using AIC values. A visual inspection of residual plots did not reveal any
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deviations from normality or homoscedasticity. Model predictions and confidence intervals were

back transformed and plotted over raw abundance data.

2.3.3 Eelgrass beds as potential sinks of offshore zooplankton

We addressed the hypothesis that, over tidal cycles, eelgrass beds act as sinks of pelagic
species, by comparing abundances of pelagic communities in channels during ebb tides relative
to flood tides. To do this, we calculated the mean (+ 1 standard error) abundance of each
species/lifestage collected at channel samples during each tidal phase (flooding or ebbing). A 2-
way ANOVA was performed to compare the effect of tidal phase and species on copepod and
non-copepod species abundances. An additional 2-way ANOVA was performed to compare the
effect of transect and tidal phase on total copepod abundances. Abundances were
log10(X+0.001) transformed and visual inspection of residual plots did not reveal any deviations
from normality or homoscedasticity. Tukey pairwise comparisons of species/lifestage and tidal
phase as well as transect and tidal phase were generated using the R package emmeans.

To compare how the relative abundance of copepods during flooding and ebbing tides
varied among species, we calculated the log response ratio (Eq. 1) for each species/lifestage
combination using the R package metafor (version 4.6-0) (Viechtbauer 2010). A small number
was added to the mean abundance since log-transformations of zero are not defined. A small
value of 0.001 was chosen so as to be in the same order of magnitude as the lowest observed
non-zero abundances. Mixed-effects models were used to determine the effect of tidal phase and

transect (Bayview, Ploeg) on log response ratios.
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3. Results

3.1 Potential transport of offshore zooplankton to eelgrass beds

We observed high abundances of pelagic zooplankton in intertidal habitats. A total of 42
copepod species/lifestage combinations were recorded cumulatively on the two transects
(Bayview and Ploeg) (Table 1, Fig. S3- S4). On the Bayview transect, the average abundance of
Acartia longiremis females, Pseudocalanus moultoni females, and Pseudocalanus males was
significantly higher at the deep station relative to the eelgrass station and the average abundance
of Acartia hudsonica males, harpacticoids, and Oithona similis copepodites was significantly
higher in the eelgrass station relative to the deep station. On the Ploeg transect, the average
abundance of Calanus copepodites, Centropages abdominalis females, Paracalanus females,
Paracalanus males, and Pseudocalanus moultoni females was significantly higher in the deep
station and the average abundance of Acartia hudsonica females, Acartia hudsonica males, and
harpacticoids was significantly higher in the eelgrass station (Table 1).

A total of 26 non-copepod species/lifestage combinations were recorded cumulatively on
the two transects (Table S3). On the Bayview transect, the average abundance of chaetognaths
was significantly higher at the deep station relative to the eelgrass station and on the Ploeg
transect, the average abundances of crab zoeae, Evadne, and Podon was higher at the deep
station while the average abundances of barnacle nauplii, bivalve veligers, gastropod veligers,
and Oikopleura was higher at the eelgrass station.

There was no significant difference between the number of species/lifestage
combinations identified at deep stations and eelgrass stations on either transect (ANOVA, p =
0.072) (Fig. 3a). Copepod species/stage combinations that were recorded only at the deep

stations were significantly longer than copepods found at both deep and eelgrass stations
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(Kruskal-Wallis, p < 0.0001) (Fig. 3b). On the Bayview transect, no copepod species/lifestages
were recorded only at the eelgrass station. On the Ploeg transect, male Eurytemora were
recorded only at the eelgrass station in low abundances (not shown in Fig. 3b but included in
statistical analyses). All the non-copepod species/lifestage combinations were found at both the
deep and eelgrass stations.

A log response ratio > 0 indicates higher copepod abundances within eelgrass beds, a log
response ratio < 0 indicates higher copepod abundances at deep stations, and 95% confidence
intervals that cross 0 indicate similar abundances at both sites (Fig. 4). A total of 25
species/lifestage combinations had confidence intervals that crossed zero. Species such as
Aetideus armatus, Calanus pacificus, Calanus marshallae, Centropages abdominalis,
Epilabidocera longipedata, Metridia pacifica, Microcalanus, Oncaeidae, Oithona atlantica, and
Pseudocalanus had log response ratios < 0. Harpacticoids, Acartia hudsonica, and Eurytemora
had log response ratios > 0. Mixed-effect model results indicated that average copepod length,
but not transect, was a significant predictor of the log response ratio of copepod abundances
(length: p = 0.01, transect: p = 0.63), with the log response ratio decreasing with increasing

copepod length (Fig. 4).

3.2 Variability in offshore zooplankton populations

3.2.1 Zooplankton variation across tidal replicates

Overall, there was no significant difference in total copepod abundance between flooding
and ebbing tides (p-value = 0.98). Abundances of different lifestages also showed no significant
differences between flooding and ebbing tides (adult females: p-value = 0.40, adult males: p-

value = 0.81, copepodites: p-value = 0.52) (Fig. S5). We observed large inter-tidal variability on
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both transects in total copepod abundance (Fig. 5) and relative copepod abundances (Fig. S6).
The only significant difference in total copepod abundances observed was higher copepod
abundances in Ploeg ebbing tide than Bayview ebbing tide (p-value = 0.035) (Fig. S7). There
was no significant difference in total non-copepod abundance between flooding and ebbing tides

(p-value = 0.80) (Fig. S8).

3.2.2 Zooplankton variation across sampling transects

There were distinctly different zooplankton community compositions between sampling
transects. Ordinations comparing zooplankton assemblages between transects at channel stations
and deep stations resulted in two-dimensional ordinations that fit the data well (final stresses of
0.13 and 0.06, respectively) (Fig. 6). Sampling transect (Bayview, Ploeg) was a significant
predictor of zooplankton community composition (PERMANOVA, channel sites: p-value =
0.002, deep sites: p-value = 0.01). Zooplankton species/lifestages that were significantly
correlated with an NMDS axis (p-value < 0.01) are plotted. An ordination comparing
zooplankton assemblages between transects and tidal phases at the channel stations showed no
significant effect of tidal phases (Fig. S9). At the channel stations, no environmental parameters

were significantly correlated with an NMDS axis (Table S4).

3.2.3 Zooplankton variation with environmental parameters

In addition to differing between transects, we found that copepod abundances varied with
temperature and turbidity. The best linear model included transect, water temperature, turbidity,
and wind direction as predictors of total copepod abundance. However, only transect (p-value =

0.044), temperature (p-value = 0.035), and turbidity (p-value = 0.017) were significant. Total

103



copepod abundances were significantly higher on the Ploeg transect and abundances increased
with increasing temperature and turbidity (Fig. 7). At a turbidity reading of 4 NTU on the Ploeg
transect, copepod abundances were predicted to be 64% higher in waters with a temperature of
18 °C versus 14 °C (3748 versus 2282 ind/m3, respectively). At a water temperature of 15 °C on
the Ploeg transect, copepod abundances were predicted to be 67% higher in waters with turbidity
readings of 4 NTU versus 2 NTU (4180 versus 2502 ind/m3, respectively). For non-copepod
species, the best linear model included transect and turbidity. However, only turbidity (p-value =

0.002) was a significant predictor of non-copepod abundance (Fig. S10).

3.3 Eelgrass beds as potential sinks of offshore zooplankton

Samples collected from the channel stations during flooding and ebbing tides were
quantitatively compared to assess whether pelagic species had higher abundances going into or
coming out of the eelgrass beds over the tidal cycle. A total of 33 copepod species/lifestage
combinations were recorded at the channel stations on the two transects (Bayview and Ploeg)
(Table 2, Fig. S11 & S12). On the Bayview transect, the average abundance of Acartia
longiremis females was significantly higher within flooding tides than ebbing tides. On the Ploeg
transect the average abundance of Acartia longiremis males, Calanus copepedites, and
Pseudocalanus newmani females was significantly higher within ebbing tides than flooding tides
(Table 2). A total of 21 non-copepod species/lifestage combinations were recorded on the two
transects (Bayview and Ploeg) (Table S5). On the Bayview transect, the average abundance of
Evande and Polychaete larvae was significantly higher within flooding tides than ebbing tides.
On the Ploeg transect, the average abundance of shrimp zoea was significantly higher within

ebbing tides than flooding tides.
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A log response ratio > 0 indicates higher relative abundances within ebbing tides, a log
response ratio < 0 indicates higher copepod relative abundances within flooding tides and 95%
confidence intervals that cross 0 indicate similar abundances at both sites (Fig. 8). On average,
species such as Calanus marshallae copepodites, Eucalanus bungii copepodites, Eurytemora
copepodites, and Oncaedae copepodites had log response ratios < 0 while Centropages
abdominalis males, Oncaedae males, Pseudocalanus newmani females, and Tortanus
discaudatus adults had log response ratios > 0 (Fig. 8). Trends for a given species/lifestage
combination sometimes differed across the two sites.

On average, non-copepod species such as amphipods, Euphausiid nauplii, and
Polychaeta had positive log response ratios while Caprellidae, crab megalopae, Euphausiid

nauplii, fish eggs, and Oweniidae larva had negative log response ratios (Fig. 9).

4. Discussion

In this study, we aimed to quantify abundances and variability of pelagic prey within
Padilla Bay National Estuary Research Reserve’s eelgrass beds and quantify the role of eelgrass
beds as potential sinks of pelagic zooplankton over the tidal cycle, potentially due to predation
by juvenile fish. Our analysis of zooplankton samples on two transects (Bayview and Ploeg)
within Padilla Bay revealed high but variable abundances of pelagic zooplankton within
intertidal eelgrasses and found systematic variation of zooplankton populations with certain

environmental parameters.

4.1 Potential transport of offshore zooplankton to eelgrass beds
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Many pelagic species recorded in Padilla Bay were found at both the deep and eelgrass
stations. Around 78% of the unique species/lifestage combinations recorded at the deep stations
were also recorded at the eelgrass stations, and 29% of the species/lifestage combinations had
95% confidence intervals for LRR that crossed zero, indicating copepods had relatively similar
abundances at the two stations. The pelagic species with the highest abundances in the eelgrass
beds were Acartia hudsonica, unspeciated calanoid copepodites, Acartia longiremis, Oithona
similis, Pseudocalanus ssp., Paracalnus ssp., Centropoges abdominalis, Ditrichocorycaeus
anglicus, and Epilabidocera longipedata. Genera such as Paracalanus, Acartia, and
Centropages have been recorded in other eelgrass systems and were consumed by juvenile fish
in laboratory studies (Fulton 1985). Because pelagic species are not typically able to survive
exposure during low tides, the high abundances of pelagic species within intertidal eelgrasses
suggests transport of these species from deep to intertidal waters over the previous tidal cycle.

However, not all pelagic species recorded at the deep stations were also recorded at the
eelgrass stations. Pelagic copepods recorded only at the deep stations were significantly longer
than pelagic copepods recorded at both stations. We speculate that the mechanisms preventing
these species from entering the eelgrass beds occurred before reaching the tidal channels. The
relationship between tidal transport and length could result from differences in species’
swimming behaviors. Many of the species we recorded at deep stations undergo a behavior
called diel vertical migration (Palomares-Garcia et al. 2013; Daase et al. 2016), and generally the
strength of migrations increases with copepod size (Ohman & Romagnan 2016). It is possible
that larger copepods were deeper in the water column during daytime flooding tides and

therefore less likely to be horizontally advected with the tides. If this is the case, we might expect
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to see higher concentrations of larger pelagic species in the eelgrass beds during nighttime high
tides.

The higher abundances of smaller pelagic species has trophic implications for nearshore
food webs. Larger calanoid copepods are known for their large lipid sacs, making them energy-
rich prey (Saito 2000). If larger pelagic species are less abundant or absent in eelgrass beds, it
raises questions about the nutritional quality of pelagic species in nearshore systems compared to
in deeper waters and whether the higher abundance of smaller species can compensate for their
lower lipid content (Ljungstrom et al. 2020). While we tried to sample the eelgrass beds as early
into the flooding tide as possible, the boat could not travel over the eelgrass beds with less than
two meters of water. Therefore, we cannot rule out that larger species were preferentially
removed from the water column during flooding tides through mechanisms such as predation.
However, if this were the case we would have expected to observe these species in the channels

during flooding tides, which we did not.

4.2 Variability in offshore zooplankton populations

We observed large spatial variability, with significant differences in the zooplankton
abundances and community composition between the two sampling transects. We observed
significantly higher total copepod abundances at Ploeg than at Bayview. Model estimates from
LiveOcean (MacCready et al. 2021) indicate that, during flooding tides, water may enter Padilla
Bay through Guemes Channel and then flow northward from the Bayview transect toward the
Ploeg transect. We speculate that higher abundances on the Ploeg transect could be explained by
the accumulation of pelagic species in front of Samish Island by tidal currents. In addition to

differences driven by circulation, Bayview and Ploeg differ in parameters such as water currents,
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residence times, depth, density of eelgrass, and other environmental variables. These differences
can structure habitat use and therefore predator-prey interactions (Jackson et al. 2001), which
could also drive changes in zooplankton populations even over small spatial scales.

Along with differences in abundance, we observed significant differences in zooplankton
community composition between the two sampling transects. Interestingly, some of the same
species that were significant in structuring community differences between the Bayview and
Ploeg transects at the channel stations were also significant in structuring differences between
the two transects at the deep stations. Generally, the species associated with Bayview were more
nearshore-oriented species (Acartia hudsonica, harpacticoids, crab zoea, and barnacle nauplii),
while the species associated with Ploeg were more pelagic (4Acartia longiremis). To our
knowledge, there has been little work looking at current dynamics within Padilla Bay (Bulthuis
2010). However, it is possible that the northern and southern parts of Padilla Bay are flooded by
water from different sources (possibly from the North in Ploeg and from the West in Bayview),
potentially containing different zooplankton communities. An alternative hypothesis is that one
water mass enters Padilla Bay but is modified as it moves through the estuary during flooding
tides, resulting in differences between the two transects.

In addition to spatial variability, we also observed large variability in zooplankton
abundances between consecutive tidal cycles. Copepod abundances varied by up to a factor of
two between consecutive days. Large variation across consecutive tides makes it hard to detect
significant changes in copepod abundances over the tidal cycle. Zooplankton are known in many
contexts to be “patchy,” meaning that they often exhibit large variability over small spatial and
temporal scales in the ocean. The formation of zooplankton patches requires an aggregation

mechanism, which could include physical mechanisms such as convergent currents (Woodson
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and Litvin 2015), biological mechanisms such as swimming behaviors (Folt and Burns 1999,
Chen at al. 2021), or a combination of the two. While the focus of numerous research studies,
zooplankton patch dynamics are still poorly understood, especially in coastal systems with strong
tidal influences (Mahara et al. 2021). Our study highlights that sampling protocols will likely
require multiple sites with several sampling times per tidal cycle to document patterns of
variability.

Finally, our models showed that total copepod abundances increased with both turbidity
and temperature. Turbidity can alter predator-prey interactions by altering the optical properties
of the water (Aksnes et al. 2004) and decreasing foraging efficiency of predators such as
visually-feeding fish (Lunt & Smee 2020). Additionally, diel vertically migrating copepods such
as Paracalanus and Acartia have been shown to form aggregations within a couple centimeters
of the bottom during the day (Fulton 1984; Metillo et al. 2019) where they may be able to avoid
net tows. In cases when high turbidity is due to resuspended sediment, diel vertically migrating
copepods are likely also displaced higher in the water column (Chazarreta et al. 2015).
Temperature can alter population dynamics by increasing individuals’ metabolic demands,
potentially resulting in changes in swimming behaviors, such as decreased swimming speeds,
decreasing interactions with predators. (Hirche 1987, Zhao et al. 2020). Over shorter time
periods, temperature could be acting as a proxy for other processes impacting copepod
abundances, such as the source of water flooding into the eelgrass beds or the residence time of
the water above eelgrasses. Both temperature and turbidity are changing with climate change and
human impacts (Orth et al. 2006). An improved understanding of the relationship between these
parameters and zooplankton dynamics will inform how to manage nearshore foodwebs under

future conditions.
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4.3 Eelerass beds as potential sinks of offshore zooplankton

Few studies have tried to quantify changes in pelagic zooplankton abundances within
intertidal areas. Of the handful of studies that have, a few reported evidence of predation over the
tidal cycle (Kimmerer & McKinnon 1989; Mazumder et al. 2009), but most did not find
significant changes over the tidal cycle and observed large variability between tides (Houser &
Dennis 1996; Rawlinson et al. 2005; Lehman et al. 2010). While some studies occurred over
longer timescales and variability was attributed to seasonal changes, others found highly variable
zooplankton densities over a 48-hour period with copepod abundances changing by an order of
magnitude over a day (Houser & Dennis 1996). We hypothesized that predation over eelgrass
beds is a dominant determinant of zooplankton abundances at the Padilla Bay eelgrass beds. To
test this hypothesis, we compared the abundances of pelagic communities in channels during ebb
tides relative to flood tides. Pelagic zooplankton were more abundant during flooding tides in
some tidal cycles and during ebbing tides in others. If there were reductions over the tidal cycle,
differences were likely masked by the large inter-tidal and inter-channel variability we observed
over the 10-day sampling period.

We found that prey were intermittently present at high densities, but we could not
document significant reductions consistent with predation. While reductions were statistically
undetectable, the high abundances of pelagic species within eelgrass beds may still be
ecologically important to fish. Studies have shown that fish foraging success is a function of prey
abundance, with foraging success increasing with abundances (Noda et al. 1992). Zooplankton
abundances and community compositions were markedly different between the two transects,
and another explanation for this is that fish populations, and therefore predation pressure,

differed across the two transects. Several species of economically important fish, such as salmon
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have been in sharp decline along the West Coast (Noakes et al. 2000). Additional research
monitoring the presence and diet composition of juvenile fish utilizing different habitats within
Padilla Bay would help identify the characteristics that are important in shaping productive

foraging habitats.

4.4 Conclusions

Estuaries and coastal systems such as eelgrass beds provide critical habitats for juvenile
fish and numerous other ecologically important species. Reserves such as the Padilla Bay
National Estuarine Research Reserve are tasked with monitoring and protecting coastal systems
from human impact and further degradation. To adequately protect coastal systems, managers
need an improved understanding of the mechanisms that support the important ecological and
economic services these habitats provide. Our research aimed to improve our understanding of
the mechanistic drivers shaping pelagic prey availability within eelgrass beds. We found
evidence of transport of pelagic species into intertidal habitats and measured large spatial and
temporal variability, as well as changes in zooplankton populations with temperature and
turbidity. Future sampling efforts within coastal reserves will need to account for the spatial and

temporal heterogeneity we recorded to adequately assess changes in zooplankton dynamics.
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Tables

Table 1. Abundances (individuals / m*) (= SE) of copepod species recorded at the deep and

eelgrass stations on the two sampling transects. Abundances are in bold if there was a

significance difference (p > 0.05) between deep and eelgrass abundances on that transect.

|Bayview Ploeg
Taxa Lifestage |Deep Eelgrass Deep Eelgrass
Acartia hudsonica Female, Adult [299+149.6 379+64.2 125+ 73.1 854 +£163.4
Male, Adult 242 +112.2  471+62.7 122 £ 65.6 912 +178.5
Acartia longiremis Female, Adult |110 + 28.8 45 +16.0 238 £79.3 89+24.8
Male, Adult 144 £28.9 163 £41.0 366+ 79.5 164 £32.2
Aetideus armatus Copepodite 0+0 0+0 L.1+1.1 0+0
Bradyidius saanichi Copepodite 1+0.7 0+0 0+0 0+0
Calanoida (medium) Copepodite 1377+ 1529 2089 +291.7 2262+ 562.7 2285+ 280.5
Calanoida (small) Copepodite 182 +46.4 303 +53.7 286+ 108.1 208 +34.8
Calanus spp. Copepodite 30+ 6.5 31+94 40 + 7.1 11+4.5
Calanus pacificus Female, Adult 0.7 +0.7 0+0 0+0 0+0
Male, Adult 0+0 1+£1.2 1+1.3 0£0
Centropages abdominalis Copepodite 49+ 5.0 43+ 10.0 46 + 11.8 31+134
Female, Adult |6+ 1.4 5+1.8 l6+2.1 1+£0.7
Male, Adult 4+1.5 3+1.5 3+1.9 3£1.2
Ditrichocorycaeus anglicusCopepodite 32+12.2 36+5.1 18+3.3 17+4.0
Female, Adult [27 +10.7 21+7.9 10£3.8 10+5.8
Male, Adult 23 +3.8 42+£93 12+4.7 17£6.0
Epilabidocera longipedata Copepodite 27 +10.2 35+104 50+ 19.5 48 + 17
Female, Adult [0.1+0 0.1+0.1 0+0 0+0
Eurytemora Female, Adult |1 +0.8 6+3.4 1+1.1 5+£1.6
Male, Adult 1+£1.2 2+1.6 0+0 7+33
Harpacticoida Unknown 38 +11.3 1758 £441.2 [9+5.6 625 £ 195.0
Metridia pacifica Copepodite 4+1.3 0+0 0+0 0+0
Female, Adult 0.8 +0.6 0+0 0+0 0+0
Male, Adult 0+0 0£0 03+0.2 0+0
Microcalanus spp. Female, Adult |3+ 1.1 0+0 0.6 +0.6 0+0
Oithona atlantica Female, Adult 0.6 £0.6 0+0 0+0 0£0
Oithona similis Copepodite 33 +£9.7 69 +23.0 30+ 12.6 17+8.5
Female, Adult [34£38.6 45+13.0 18+£6.7 9+54
Male, Adult 9+22 14+£4.7 1+£1.1 1+£1.0
Oncaeidae Copepodite 3+1.1 4+29 4+2.3 1+1.0
Female, Adult [5+3.1 0.6+£0.6 0.9+0.6 2+2.0
Male, Adult 0.7 +£0.7 3+1.8 0+0 0+0
Paracalanus spp. Female, Adult [53£11.5 70+ 14.8 80 +17.7 36 +14.8
Male, Adult 9+34 4+37 9+4.9 4+2.9
Pseudocalanus moultoni  Female, Adult |61 +26.0 20+7.8 7+2.4 3+1.5
Pseudocalanus newmani  Female, Adult |16 +3.2 13+£54 4+19 0.7+£0.7
Pseudocalanus (large) Male, Adult 7+3.5 4+2.6 3+£2.8 0+0
Pseudocalanus (small) Male, Adult 105 +25.3 25+8.5 33+7.1 9+3.1
Tortanus discaudatus Copepodite 4+ 1.4 10+2.0 6+2.7 727
Female, Adult [0.2+0.1 02+0.1 0+0 0+0
Male, Adult 1+£09 2+09 0.3+0.2 2+14
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Table 2. Abundances (individuals / m®) (= SE) of copepod species recorded at the channel
stations during flooding and ebbing tides on the two sampling transects. Abundances are in bold

if there was a significance (p-value < 0.05) difference between flooding and ebbing tides on that

transect.
Bayview Ploeg
Flood Ebb Flood Ebb
Taxa Lifestage (ind / m3) (ind / m3) (ind / m3) (ind / m3)
Acartia hudsonica Female, Adult 1165+531.3 528 +155.5 775 +234.6 848 +229.8
Male, Adult 026 + 456.3 636 +256.7 799 +270.0 1227 £ 327.1
Acartia longiremis Female, Adult |24 + 8.4 10£3.5 6+269 66+ 16.9
Male, Adult 57+17.9 43+15.0 52 +18.8 91 +41.1
Calanoida (medium) Copepodite 1703 £527.1 1321 +£259.1 1747 £3249  2517+357.5
Calanoida (small) Copepodite 301 +93.2 168 + 62.4 238 +£43.7 305+ 77.5
Calanus Copepodite 4+2.7 3£13 3+1.5 19+6.8
Centropages abdominalis Copepodite 7+2.8 3£1.5 15+4.4 31+8.5
Female, Adult 0.7 +0.7 0.7+£0.7 0.6 +0.3 1+£1.1
Male, Adult 0+0 0£0 0+0 1+£1.1
Ditrichocorycaeus anglicusCopepodite 18+10.3 8+£1.8 14+4.9 29+£6.8
Female, Adult [7+2.6 3+£1.8 S+1.8 5+£2.0
Male, Adult 6+2.6 9+43 17+£5.7 25+5.8
Epilabidocera longipedata Copepodite 8+£5.0 6138 27 £ 8.7 36+9.7
Eucalanus bungii Copepodite 1+1.0 0+0 0+0 0+0
Eurytemora Copepodite 11+10.3 0+0 0+0 0+0
Female, Adult |12+5.5 3£20 58 £19.2 34+14.9
Male, Adult 7+£29 6+4.0 84 +36.2 28+6.7
Harpacticoida Unknown 189 £54.7 155 +80.5 129 +£36.1 201 +£61.7
Oithona similis Copepodite 11+45 22+ 11.6 0+3.8 22+8.3
Female, Adult [22+3.9 28+10.0 10£2.7 22+173
Male, Adult 5+£2.6 5+£1.5 0.9+0.9 4+1.6
Oncaceidae Copepodite 1+1 1+£0.9 0.3+0.3 0+0
Female, Adult [0+0 0£0 1+£0.8 1+14
Male, Adult 0+0 04+04 0+0 0+0
Paracalanus Female, Adult 12+33 12+3.9 36 +£10.9 48 £ 18.7
Male, Adult 0.5+0.5 3£09 12+4.9 19+6.4
Pseudocalanus moultoni  Female, Adult [3+1.2 3+2.1 3+2.3 9+4.6
Pseudocalanus newmani  Female, Adult [0+£0 1+£1.2 0+0 9+33
Pseudocalanus (small) Male, Adult 4+2.4 3£1.3 10+ 3.9 35+11.8
Pseudocalanus (large) Male, Adult 0+0 0+0 2+ 1.5 2+1.2
Tortanus discaudatus Copepodite 4+ 1.4 5«19 6+2.4 9+4.2
Male, Adult 0£0 0£0 0.1£0 0.1£0
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Figure 1. Map of Padilla Bay National Estuarine Research Reserve, Washington. Arrows
designate the two sampling transects where zooplankton samples were collected in June 2023.
The basemap and habitat layers (colors) were sourced from the Padilla Bay NERR Geospatial

Research Database.
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Figure 2. Annotated time series of tidal height over the first day of sampling. This sampling
sequence was the same for all tidal replicates. Four samples were collected along the Ploeg (red)

and Bayview (orange) transects at three sampling locations (Deep, Channel, and Eelgrass) during

flooding and ebbing tides.
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Figure 4. The relative abundance of copepod species/lifestages at eelgrass stations and deep
stations (shown as log response ratio + 95% confidence intervals) versus average copepod length
(mm). Each point represents a copepod species/lifestage in either Bayview (circle) or Ploeg
(triangle). Log response ratios significantly > 0 indicate that the relative abundance of copepods
was higher at the eelgrass stations. Log response ratios significantly < 0 indicate that the relative
abundance of copepods was higher at the deep stations. Species that were observed only at the
deep station are colored in blue and species that were observed at both the eelgrass and deep

stations are colored in green.
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Figure 6. Nonmetric multidimensional scaling ordination of zooplankton species proportions in

samples collected from the a) channel stations and b) deep stations on different transects

(Bayview = green, Ploeg = blue). Zooplankton species/life stages that were significantly

correlated with an NMDS axis (p-value < 0.01) are plotted.
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Figure 7. Average copepod abundance (individuals / m?) against turbidity (NTU). The
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Bayview and b) Ploeg transects at temperatures of 14 (blue lines), 16 (green lines) and 18

(yellow lines) °C from the best-fit generalized linear model.
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Figure 8. The relative abundance (log response ratio + 95% confidence intervals) of copepod

species/lifestages at channel stations during ebbing and flooding tides. Each point represents a

copepod species/lifestage in either Bayview (green) or Ploeg (blue). Log response ratios

significantly > 0 indicate that the relative abundance of copepods was higher in ebbing tides. Log

response ratios significantly < 0 indicate that the relative abundance of copepods was higher in

flooding tides.
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Figure 9. The relative abundance (log response ratio + 95% confidence intervals) of non-

copepod species/lifestages at channel stations during ebbing tide and flooding tide. Each point

represents a non-copepod species/lifestage in either Bayview (green) or Ploeg (blue).
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Conclusion

The main objectives on my dissertation work were twofold: 1) quantify how
environmental changes affect coastal zooplankton populations and the higher trophic levels that
rely on them, and 2) develop novel methodologies that facilitate an improved understanding of
the role zooplankton play in supporting coastal ecosystems. The different chapters of my
dissertation focused on identifying the mechanisms that link the effects of environmental
stressors across individual responses to population, community, and ecosystem level scales.
Zooplankton are critical links in marine food webs and, through quantifying lethal and sublethal
responses to environmental stress, we contributed to an improved understanding of how
changing ocean conditions may impact marine food webs.

In Chapter 1, our laboratory experiments demonstrated significant effects of bottom water
hypoxia and acidification on behavioral avoidance, swimming statistics, and apparent mortality
rates in the copepod, Calanus pacificus. Copepods showed strong behavioral responses to
hypoxia, and weaker but significant responses to acidification. Current projections predict that
copepods will be exposed to greater bottom water hypoxia and acidification in this century.
Therefore, the implications of our experiments are important in understanding ecosystems
currently stressed by hypoxia and acidification, and for predicting how systems will respond
moving into the future. The observed sublethal effects may result in decreased abundances of
copepods, changes in predator-prey encounter rates and spatial overlap, and reduced retention in
nearshore environments. Sub-lethal effects of hypoxic and, even more so, acidic conditions on
copepods are only just starting to be explored in the literature.

Building on Chapter 1, in Chapter 2 we developed a novel methodology combining in

situ videos, particle tracking technology, and machine learning classification of zooplankton to
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quantify in situ zooplankton swimming and used it to ask whether zooplankton behaviorally
respond to environmental stress. Understanding past, present and future dynamics of
zooplankton populations is challenging, in large part because traditional methods for quantifying
zooplankton distributions are limiting. Our in situ videos revealed that copepods in stressful
conditions exhibited significantly slower swimming speeds than copepods in non-stressful
conditions. Amphipods showed significantly decreased abundances within stressful conditions,
but we observed no consistent changes in amphipod swimming speed or transition probabilities.
Observed changes in swimming speeds can help identify the mechanisms driving other in situ
observations, such as changes in vertical population distributions, as well as improve our ability
to predict stress driven changes in predator-prey interactions. For example, slower swimming
speeds may alleviate some of the predation pressure associated with the increased spatial overlap
between predators and prey. The identification of video-based statistics quantifying changes in
zooplankton population distributions could be used as a diagnostic tool of in situ change and
ecological stress.

Pelagic zooplankton, such as copepods, may be an important source of food for juvenile
fish in shallow coastal systems, such as eelgrass beds, as they transition from freshwater to the
open ocean. Despite the potential importance of offshore zooplankton species in juvenile fish
diets, surprisingly little work has been done to estimate the transport of pelagic zooplankton into
shallow subtidal and intertidal habitats through tides. In Chapter 3, we found evidence of
transport of pelagic species into intertidal habitats and measured large spatial and temporal
variability, as well as changes in zooplankton populations with temperature and turbidity. Padilla
Bay National Estuary Research Reserve (NERR) in Washington State contains one of the largest

eelgrass meadows in the U.S., and is one of many reserves that host eelgrasses, providing habitat
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and food for numerous ecologically important species. Important management needs for the
Padilla Bay NERR include quantifying factors that contribute to the services these eelgrass beds
provide, such as acting as nurseries for important fishes. The large differences in zooplankton
community composition and abundances we observed across sampling transects within Padilla
Bay highlights the need for sampling programs that can capture variability over small spatial
scales to improve our understanding of zooplankton patch dynamics in intertidal environments.

Taken together, the three chapters of my dissertation provide insight into some of the
specific mechanisms driving changes in marine zooplankton populations and trophic dynamics
due to environmental change. In addition to lethal responses to hypoxia, we observed a range of
sub-lethal responses to hypoxia and acidification, both when they are experienced separately in
laboratory experiments, and when they are experienced simultaneously in the field. Notably, in
both our laboratory experiments and in situ observations, we recorded behavioral avoidance of
stressful waters and slower swimming speeds within stressful waters. These behavioral changes
may impact vertical population distributions (through modifications to diel vertical migrations
and avoidance of stressful bottom waters), horizontal distributions (through changes in retention
in nearshore systems and tidal advection), and predator-prey interactions (through changes in
swimming speed and spatial overlap, both of which impact encounter rates). While changing
zooplankton dynamics has direct implications for pelagic food-webs, our work suggests it will
also impact nearshore and intertidal food-webs.

This work was conducted during a time of rapid advancement of in situ zooplankton
methodologies and technological capabilities. While laboratory experiments are likely best suited
to study single-stress, single-species responses to chemical changes, and zooplankton net tows

paired with microscopy likely provide the best taxonomic resolution, in situ observations offer
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opportunities to advance our understanding of how simultaneous stressors impact population
dynamics. As camera resolution, the taxonomic resolution of machine learning based
identification of zooplankton, and data processing capabilities all continue to improve, the
amount of in situ zooplankton data we will be able collect and analyze will finally start to catch
up with other oceanographic parameters. While we will need new strategies to integrate
traditional and novel sampling techniques, it is exciting to think about what possibilities will

continue to unfold for zooplankton ecologists.
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Appendix A: Chapter 1 Supplemental Materials

Figure S.1: Screenshots of Tracker3D outputs from representative 90-second video clips
recorded by the Bottom Camera during a selected hypoxia experiment showing copepod X, Z
pixel coordinates (blue lines) and assembled swimming paths (pink lines) after a) 1 minute, b) 8
minutes, and c) 25 minutes of experimental time. The white dashed line shows the location of the
halocline. Note that copepods swimming at the bottom of the experimental tanks are not

represented clearly in this camera view, motivating the addition of the Base Cameras in 2020.

a) 1-min b) 8-min c) 25-min
hypoxic hypoxic  control  control

halocline
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Figure S.2: Hypoxia Experiments—Raw mean true vertical speeds (VSu) and projected

horizontal speeds (HSprj) (mm/s) from front-facing Bottom Camera (below the halocline and

off the bottom) and Surface Camera (above the halocline) (+/-SE) during 2019 and 2020. Blue

lines show swimming speed in control tanks and red lines show swimming speed in treatment

tanks. Note the difference in scales between vertical and horizontal speeds. Estimated total

speeds (7S) are reported in the manuscript and were calculated using raw VS and HS); speeds

and the following equations:
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Figure S.3: Acidification Experiments—Raw mean true vertical speeds (VSy) and projected

horizontal speeds (HSprj) (mm/s) from front-facing Bottom Camera (below the halocline and

off the bottom) and Surface Camera (above the halocline) (+/-SE). Blue lines show swimming

speed in control tanks and red lines show swimming speed in treatment tanks. Note the

difference in scales between vertical and horizontal speeds. Estimated total speeds (7S) are

reported in the manuscript and were calculated using raw VS, and HS,,,; speeds and the

following equations:

(1)  HSproj = HStr x (1/2m) x [,"

(2) TS = J(HStr) + (VStr)?

Surface Camera: True Vertical Speed

(6]

= Treatment
E -®- Control
Eq Acidic
©
(0]
[}
& . 0 o —°
< 3
(9]
(0]
=
2
5-10 10-15 15-20 20-25 25-30
Time (mins)
Bottom Camera: True Vertical Speed
5
)
€
Ey
©
(0]
2
(7] 3 ﬁ\ ——
c PN
(9]
Q
=
2
5-10 10-15 15-20 20-25 25-30
Time (mins)

137

|cos(x)|dx = HStr X (2/m)

Surface Camera: Projected Horizontal Speed

1.0
oo & /./”0\'
e
0.6
5-10 10-15 15-20 20-25 25-30

Bottom Camera: Projected Horizontal Speed

1.0

08 /./

o——— ——
0.6

5-10 10-15 15-20 20-25 25-30
Time (mins)



Figure S.4: Hypoxia Experiments - Mean counts of moving copepods per frame (+/- SE)
over 5-minute intervals from each of the three camera views. Mean copepod counts per
frame were calculated by dividing the total number of copepod localizations in each 5-minute
video clip by the number of frames in that video clip. The blue lines show counts in control tanks
and the red lines show counts in treatment tanks. The circles with cross marks on the bottom
panel show mean moribundity counts taken after 90 minutes. Treatment and control tanks
significantly differed from each other in all camera views with a significant interaction between
treatment and time in the Bottom Camera (Base Camera: p = 0.0002, Bottom Camera: p <

0.0001, Surface Camera: p = 0.001).
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Figure S.5: Acidification Experiments — Mean counts of moving copepods per frame (+/-
SE) over 5-minute intervals from each of the three camera views. Mean copepod counts per
frame were calculated by dividing the total number of copepod localizations in each 5-minute
video clip by the number of frames in that video clip. The blue lines show counts in control tanks
and the red lines show counts in treatment tanks. The circles with cross marks on the bottom
panel show mean moribundity counts taken after 90 minutes. Treatment and control tanks

significantly differed from each other in the Base Camera (p=0.001).
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Table S.1: Overview describing the “batches” of copepods collected for 2019 and 2020 hypoxia
and acidification experiments. The variation explained by different collection times and locations

was incorporated into statistics by including experiment as a random effect in mixed-effects

models.
Collection  Number of
Collection Date Location Batches  Treatment Notes
from
Collection
28 Aug 2019 Main Basin 1 Hypoxia
14 Sept 2019 Hood Canal 3 Hypoxia
7 Oct 2019 Main Basin 3 Hypoxia
9 June 2020 South Sound 3 Hypoxia
28 June 2020 South Sound 3 Hypoxia  Dropped from all analyses
11 July 2020 Hood Canal 4 Hypoxia
16 Aug 2020 Hood Canal 4 Hypoxia
29 Aug 2020 Main Basin 2 Hypoxia
15 Sept 2020 Hood Canal 5 pH
2 Oct 2020 South Sound 1 pH South Sound dropped from pH
post-hoc statistics
7 Oct 2020 Main Basin 4 pH
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Table S.2.1: Mean height models and AIC values used for model selection for hypoxia

experiments. Best fit model indicated in bold.

Model AIC

Mean height ~ 1 + (1|experiment) 2685.2
Mean height ~ time + (1|experiment) 2608.9
Mean height ~ treatment + (1|experiment) 2677.2
Mean height ~ time? + (1|experiment) 2628.8
Mean height ~ collection site + (1]|experiment) 2687.6
Mean height ~ time + time? + (1|experiment) 2585.0
Mean height ~ time + treatment + (1|experiment) 2596.5
Mean height ~ time + collection site + (1]experiment) 2611.3
Mean height ~ treatment + collection site + (1|experiment) 2679.6
Mean height ~ time + treatment + time? + (1|experiment) 2570.7
Mean height ~ time + collection site + time? + (1|experiment) 2587.4
Mean height ~ treatment*time + (1]|experiment) 2597.1
Mean height ~ treatment*time + collection site + (1|experiment) 2599.6
Mean height ~ treatment*time + time? + (1]experiment) 2571.1
Mean height ~ treatment*collection site + (1|experiment) 2681.7
Mean height ~ treatment*collection site + time (1|experiment) 2600.3
Mean height ~ treatment*time + treatment*collection site + (1|experiment) 2600.9
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Table S.2.2: Best Fit Model Summary. Asterisk indicates significant P values at alpha = 0.05

Fixed Effects
Parameter Estimate SE T P
Intercept 449.901 38.158 11.790 <0.0001 *
Time -114.773 15.455 -7.426 <0.0001 *
Treatment 35.768 8.681 4.120 <0.0001 *
Time? 13.778 2.527 5.452 <0.0001 *
Random Effects
Effects Variance SD
Experiment 13320 115.41
Residual 4023 63.43

Deviance = 2558.7, df =219

142




Table S.3.1: Mean height models and AIC values used for model selection for acidification

experiments. Best fit model indicated in bold.

Model AIC

Mean height ~ 1 + (1|experiment) 1993.5
Mean height ~ time + (1|experiment) 1993.5
Mean height ~ treatment + (1|experiment) 2178.5
Mean height ~ time? + (1|experiment) 2050.0
Mean height ~ collection site + (1]|experiment) 2177.8
Mean height ~ time + time? + (1|experiment) 1909.6
Mean height ~ time + treatment + (1|experiment) 1994.9
Mean height ~ time + collection site + (1]|experiment) 1994.6
Mean height ~ treatment + collection site + (1|experiment) 2179.6
Mean height ~ time + treatment + time? + (1|experiment) 1910.7
Mean height ~ time + collection site + time? + (1|experiment) 1910.7
Mean height ~ treatment*time + (1]|experiment) 1996.8
Mean height ~ treatment*time + collection site + (1|experiment) 1997.9
Mean height ~ treatment*time + time? + (1]experiment) 1912.6
Mean height ~ treatment*collection site + (1|experiment) 2180.5
Mean height ~ treatment*collection site + time (1|experiment) 1994.7
Mean height ~ treatment*time + treatment*collection site + (1|experiment) 1996.6
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Table S.3.2: Best Fit Model Summary. Asterisk indicates significant P values at alpha = 0.05

Fixed Effects

Parameter

Estimate

SE

T P

Intercept

477.104

21.350

22.35 <0.0001 *

Time

-178.350

11.965

-14.91 <0.0001 *

Time?

20.659

1.956

10.56 <0.0001 *

Random Effects

Effects

Variance

SD

Experiment

1884

43.40

Residual

1929

43.92

Deviance = 1899.7, df =175
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Table S.4.1: Bottom Camera total swimming speed models and AIC values used for model

selection for hypoxia experiments. Best fit model indicated in bold.

Model AIC

Total swimming speed ~ 1 + (1|experiment) 752.3
Total swimming speed ~ time + (1|experiment) 754.2
Total swimming speed ~ treatment + (1|experiment) 727.1
Total swimming speed ~ time? + (1]experiment) 753.6
Total swimming speed ~ collection site + (1|experiment) 754.5
Total swimming speed ~ time + time? + (1|experiment) 749.3
Total swimming speed ~ time + treatment + (1|experiment) 728.9
Total swimming speed ~ time + collection site + (1|experiment) 756.4
Total swimming speed ~ treatment + collection site + (1|experiment) 729.3
Total swimming speed ~ time + treatment + time? + (1|experiment) 723.5
Total swimming speed ~ time + collection site + time? + (1|experiment) 751.5
Total swimming speed ~ treatment*time + (1|experiment) 729.5
Total swimming speed ~ treatment*time + collection site + (1|experiment) 731.7
Total swimming speed ~ treatment*time + time? + (1|experiment) 724.0
Total swimming speed ~ treatment*collection site + (1|experiment) 722.5
Total swimming speed ~ treatment*collection site + time (1|experiment) 724.4
Total swimming speed ~ treatment*time + treatment*collection site + (1|experiment) | 724.8
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Table S.4.2: Best Fit Model Summary. Asterisk indicates significant P values at alpha = 0.05

Fixed Effects
Parameter Estimate | SE T P
Intercept 3.37790 0.23371 14.453 <0.0001 *
Treatment -0.11207 | 0.06879 -1.629 0.1041
Collection Site (Main | 0.25030 0.37478 0.668 0.5112
Basin)
Collection Site (South | 0.86529 0.50488 1.714 0.1006
Sound)
Treatment*Collection |-0.30924 | 0.11031 -2.803 0.0053 *
Site (Main Basin)
Treatment*Collection |-0.36935 | 0.14860 -2.486 0.0133 *
Site (South Sound)

Random Effects
Effects Variance SD
Experiment 0.5748 0.7582
Residual 0.2602 0.5101

Deviance = 706.6, df = 412
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Table S.4.3: Pairwise Comparison Summary. Asterisk indicates significant P values at alpha =

0.05
Estimate SE T P

cont hood.canal - exp hood.canal 0.1121 0.069 1.623 0.5837
cont hood.canal - cont main.basin -0.2503 0.4042 -0.619 0.9886
cont hood.canal - exp main.basin 0.1710 0.4042 0.423 0.9981
cont hood.canal - cont south.sound -0.8653 0.5445 -1.589 0.6127
cont hood.canal - exp south.sound -0.3839 0.5445 -0.705 0.9796
exp hood.canal - cont main.basin -0.3624 0.4042 -0.896 0.9439
exp hood.canal - exp main.basin 0.0589 0.4042 0.146 1.0000
exp hood.canal - cont south.sound -0.9774 0.5445 -1.795 0.4863
exp hood.canal - exp south.sound -0.4959 0.5445 -0.911 0.9402
cont main.basin - exp main.basin 0.4213 0.0866 4.867 <.0001 *
cont main.basin - cont south.sound -0.615 0.5769 -1.066 0.8902
cont main.basin - exp south.sound -0.1336 0.5769 -0.232 0.9999
exp main.basin - cont south.sound -1.0363 0.5769 -1.796 0.4854
exp main.basin - exp south.sound -0.5549 0.5769 -0.962 0.9257
cont south.sound - exp south.sound 0.4814 0.1322 3.641 0.0041 *
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Table S.5.1: Surface Camera total swimming speed models and AIC values used for model

selection for hypoxia experiments. Best fit model indicated in bold.

Model AIC

Total swimming speed ~ 1 + (1]experiment) 9717.3
Total swimming speed ~ time + (1|experiment) 969.3
Total swimming speed ~ treatment + (1|experiment) 951.0
Total swimming speed ~ time? + (1]experiment) 970.4
Total swimming speed ~ collection site + (1|experiment) 980.3
Total swimming speed ~ time + time? + (1|experiment) 970.9
Total swimming speed ~ time + treatment + (1|experiment) 943.5
Total swimming speed ~ time + collection site + (1|experiment) 972.3
Total swimming speed ~ treatment + collection site + (1|experiment) 954.0
Total swimming speed ~ time + treatment + time? + (1]experiment) 945.2
Total swimming speed ~ time + collection site + time? + (1|experiment) 974.0
Total swimming speed ~ treatment*time + (1|experiment) 944.7
Total swimming speed ~ treatment*time + collection site + (1|experiment) 947.7
Total swimming speed ~ treatment*time + time? + (1|experiment) 946.3
Total swimming speed ~ treatment*collection site + (1|experiment) 943.5
Total swimming speed ~ treatment*collection site + time (1|experiment) 935.7
Total swimming speed ~ treatment*time + treatment*collection site + (1|experiment) | 936.8

148




Table S.5.2: Best Fit Model Summary. Asterisk indicates significant P values at alpha = 0.05

Fixed Effects
Parameter Estimate | SE T P
Intercept 3.29544 0.26236 12.561 <0.0001 *
Treatment 0.59325 0.09759 6.079 <0.0001 *
Collection Site (Main | 0.58537 0.40511 1.445 0.162036
Basin)
Collection Site (South | 0.51511 0.54474 0.946 0.354306
Sound)
Time 0.07777 0.02473 379.09541 0.001791 *
Treatment*Collection | -0.59537 | 0.15658 -3.802 0.000167 *
Site (Main Basin)
Treatment*Collection |-0.06791 | 0.20832 -0.326 0.744599
Site (South Sound)

Random Effects
Effects Variance SD
Experiment 0.6461 0.8038
Residual 0.4894 0.6996

Deviance = 917.8, df = 391
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Table S.5.3: Pairwise Comparison Summary. Asterisk indicates significant P values at alpha =

0.05

Estimate SE T P

cont hood.canal — exp hood.canal -0.59325 0.0981 -6.046 <.0001 *
cont hood.canal — cont main.basin ~ |-0.58537  [0.4364 -1.341 0.7599
cont hood.canal — exp main.basin -0.58324  |0.4352 -1.340 0.7606
cont hood.canal — cont south.sound [-0.51511 0.5869 -0.878 0.9486
cont hood.canal — exp south.sound  |-1.04045 0.5859 -1.776 0.4973
exp hood.canal — cont main.basin 0.00788  10.4357 0.018 1.0000
exp hood.canal — exp main.basin 0.01001  ]0.4345 0.023 1.0000
exp hood.canal — cont south.sound 0.07814  10.5864 0.133 1.0000
exp hood.canal — exp south.sound  |-0.4472 0.5853 -0.764 0.9712
cont main.basin — exp main.basin 0.00212  10.1232 0.017 1.0000
cont main.basin — cont south.sound | 0.07026  [0.622 0.113 1.0000
cont main.basin — exp south.sound  [-0.45508 0.621 -0.733 0.9759
exp main.basin — cont south.sound 0.06813  0.6212 0.110 1.0000
exp main.basin — exp south.sound  |-0.4572 0.6201 -0.737 0.9753
cont south.sound — exp south.sound [-0.52534 0.185 -2.839 0.0536 *
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Table S.6.1: Base Camera swimming speed models and AIC values used for model selection for

hypoxia experiments. Best fit model indicated in bold.

Model AIC
Swimming speed ~ 1 + (1]experiment) -902.6
Swimming speed ~ time + (1|experiment) -938.6
Swimming speed ~ treatment + (1|experiment) -982.5
Swimming speed ~ time? + (1|experiment) -930.9
Swimming speed ~ collection site + (1|experiment) -902.5
Swimming speed ~ time + time? + (1]|experiment) -943.9
Swimming speed ~ time + treatment + (1|experiment) -1036.4
Swimming speed ~ time + collection site + (1|experiment) -938.6
Swimming speed ~ treatment + collection site + (1]|experiment) -983.7
Swimming speed ~ time + treatment + time? + (1|experiment) -1047.0
Swimming speed ~ time + collection site + time? + (1]experiment) -943.9
Swimming speed ~ treatment*time + (1|experiment) -1035.1
Swimming speed ~ treatment*time + collection site + (1]|experiment) -1036.4
Swimming speed ~ treatment*time + time? + (1|experiment) -1045.9
Swimming speed ~ treatment*collection site + (1]|experiment) -989.3
Swimming speed ~ treatment*collection site + time (1|experiment) -1046.9
Swimming speed ~ treatment*time + treatment*collection site + (1|experiment) -1045.5
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Table S.6.2: Best Fit Model Summary. Asterisk indicates significant P values at alpha = 0.05

Fixed Effects
Parameter Estimate SE T P
Intercept 1.211e-01 8.002e-03 15.129 <0.0001 *
Time -2.619¢e-02 5.093e-03 -5.144 <0.0001 *
Treatment -3.308e-02 2.843e-03 -11.637 <0.0001 *
Time? 3.004e-03 8.326e-04 3.608 0.000386 *
Random Effects
Effects Variance SD
Experiment 0.0002175 0.01475
Residual 0.0004250 0.02062

Deviance = -1059.1, df = 215
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Table S.7.1: Bottom Camera total swimming speed models and AIC values used for model

selection for acidification experiments. Best fit model indicated in bold.

Model AIC

Total swimming speed ~ 1 + (1|experiment) 168.2
Total swimming speed ~ time + (1|experiment) 169.9
Total swimming speed ~ treatment + (1|experiment) 167.9
Total swimming speed ~ time? + (1]experiment) 168.8
Total swimming speed ~ collection site + (1|experiment) 169.4
Total swimming speed ~ time + time? + (1|experiment) 162.0
Total swimming speed ~ time + treatment + (1|experiment) 169.5
Total swimming speed ~ time + collection site + (1|experiment) 171.1
Total swimming speed ~ treatment + collection site + (1|experiment) 169.1
Total swimming speed ~ time + treatment + time? + (1|experiment) 161.6
Total swimming speed ~ time + collection site + time? + (1|experiment) 163.3
Total swimming speed ~ treatment*time + (1|experiment) 171.3
Total swimming speed ~ treatment*time + collection site + (1|experiment) 172.6
Total swimming speed ~ treatment*time + time? + (1|experiment) 163.4
Total swimming speed ~ treatment*collection site + (1|experiment) 168.0
Total swimming speed ~ treatment*collection site + time (1|experiment) 169.7
Total swimming speed ~ treatment*time + treatment*collection site + (1|experiment) | 171.5
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Table S.7.2: Best Fit Model Summary. Asterisk indicates significant P values at alpha = 0.05

Fixed Effects
Parameter Estimate | SE T P
Intercept 3.68904 0.23661 15.591 <0.0001 *
Time -0.27127 0.08982 -3.020 0.00291 *
Treatment -0.07765 0.04915 -1.580 0.11602
Time? 0.04704 0.01469 3.203 0.00162 *
Random Effects
Effects Variance SD
Experiment 0.3734 0.6110
Residual 0.1087 0.3297

Deviance = 149.6, df =174
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Table S.8.1: Surface Camera total swimming speed models and AIC values used for model

selection for acidification experiments. Best fit model indicated in bold.

Model AIC

Total swimming speed ~ 1 + (1|experiment) 352.1
Total swimming speed ~ time + (1|experiment) 353.9
Total swimming speed ~ treatment + (1|experiment) 346.1
Total swimming speed ~ time? + (1]experiment) 353.9
Total swimming speed ~ collection site + (1|experiment) 354.0
Total swimming speed ~ time + time? + (1|experiment) 355.9
Total swimming speed ~ time + treatment + (1|experiment) 347.9
Total swimming speed ~ time + collection site + (1|experiment) 355.7
Total swimming speed ~ treatment + collection site + (1|experiment) 348.0
Total swimming speed ~ time + treatment + time? + (1]experiment) 349.9
Total swimming speed ~ time + collection site + time? + (1|experiment) 357.7
Total swimming speed ~ treatment*time + (1|experiment) 347.6
Total swimming speed ~ treatment*time + collection site + (1|experiment) 349.4
Total swimming speed ~ treatment*time + time? + (1|experiment) 349.6
Total swimming speed ~ treatment*collection site + (1|experiment) 344.6
Total swimming speed ~ treatment*collection site + time (1|experiment) 346.3
Total swimming speed ~ treatment*time + treatment*collection site + (1|experiment) | 345.7
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Table S.8.2: Best Fit Model Summary. Asterisk indicates significant P values at alpha = 0.05

Fixed Effects
Parameter Estimate SE T P
Intercept 3.7936 0.2587 14.666 <0.0001 *
Treatment -0.5143 0.1382 -3.722 0.000278 *
Collection Site -0.3754 0.3861 -0.972 0.353089
Treatment*Collection Site | 0.4684 0.2005 2.336 0.020803 *
Random Effects
Effects Variance SD
Experiment 0.2854 0.5343
Residual 0.3994 0.6320

Deviance = 332.7, df = 155

Table S.8.3: Pairwise Comparison Summary. Asterisk indicates significant P values at alpha =

0.05
Estimate SE T P
cont hood.canal - exp hood.canal 0.514 0.139 3.696 0.0017
cont hood.canal - cont main.basin 0.375 0.435 0.864 0.8232
cont hood.canal - exp main.basin 0.421 0.434 0.971 0.7679
exp hood.canal - cont main.basin -0.139 0.434 -0.32 0.9881
exp hood.canal - exp main.basin -0.093 0.433 -0.215 0.9963
cont main.basin - exp main.basin 0.046 0.146 0.314 0.9892
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Table S.9.1: Base Camera swimming speed models and AIC values used for model selection for

acidification experiments. Best fit model indicated in bold.

Model AIC

Swimming speed ~ 1 + (1]experiment) -945.4
Swimming speed ~ time + (1|experiment) -978.0
Swimming speed ~ treatment + (1|experiment) -949.1
Swimming speed ~ time? + (1|experiment) -973.1
Swimming speed ~ collection site + (1|experiment) -945.3
Swimming speed ~ time + time? + (1]|experiment) -978.3
Swimming speed ~ time + treatment + (1|experiment) -983.2
Swimming speed ~ time + collection site + (1|experiment) -977.9
Swimming speed ~ treatment + collection site + (1]|experiment) -948.9
Swimming speed ~ time + treatment + time? + (1|experiment) -983.7
Swimming speed ~ time + collection site + time? + (1]experiment) -978.3
Swimming speed ~ treatment*time + (1|experiment) -981.4
Swimming speed ~ treatment*time + collection site + (1]|experiment) -981.3
Swimming speed ~ treatment*time + time? + (1|experiment) -982.0
Swimming speed ~ treatment*collection site + (1]|experiment) -947.4
Swimming speed ~ treatment*collection site + time (1|experiment) -981.6
Swimming speed ~ treatment*time + treatment*collection site + (1|experiment) -979.8
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Table S.9.2: Best Fit Model Summary. Asterisk indicates significant P values at alpha = 0.05

Fixed Effects
Parameter Estimate SE T P
Intercept 6.425e-02 4.868e-03 13.199 <0.0001 *
Time -4.737e-03 | 7.467e-04 -6.343 <0.0001 *
Treatment -5.716e-03 | 2.106e-03 -2.714 0.00733 *
Random Effects
Effects Variance SD
Experiment 0.0001473 0.01214
Residual 0.0001984 0.01408

Deviance =-993.2, df =174
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Appendix B: Chapter 2 Supplemental Materials

Methods

Fig. S1. Image of a) the high-resolution camera (black cylinder), constructed by the Jaffe
Laboratory for Underwater Imaging (Scripps Institute of Oceanography) and a CTD (white
cylinder) before being mounted on the profiling package an Oceanic Remote Chemical Analyzer

mooring over the summer of 2018. The camera is rotated to a horizontal orientation after

deployment and b) the high-resolution camera before being installed.

159



Fig. S2. Puget Sound, Washington, USA, and the Hoodsport Oceanic Remote Chemical

Analyzer Mooring location where videos were recorded in 2018.

49°N

AN

48°N

Latitude (decimal degrees)

J

e

9

124°W 123°W 122°W
Longitude (decimal degrees)

160



Text S1. Particle image velocimetry flow velocities were calculated for rectangles within a grid
of 5 columns and 4 rows. Particle image velocimetry variance was constrained by masking out
grids that failed 1 or more of three tests: 1) if the signal to noise ratio was greater than 1.2, 2) if
the absolute difference with the local median of surrounding grids was greater than 10
pixels/frame (corresponding to 0.2-0.3 mm/s), or 3) if the grid was outside 1.5 standard
deviations of other grids. Masked grids were filled using vales from neighboring grids. If there
were more than 12 masked grids, the frame pair was dropped from the analysis. This is a

technique for mitigating the small number of motile small particles and other error types.
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Fig. S3. Confusion matrix for the zooplankton identification algorithm. The algorithm was
trained on 18 broad taxonomic groups or classes: Amphipod, Blob, Chaetognath, Clione,
Copepod, Diatoms, Eggs, Euphausiid-Decapod, Filaments, Fish Larvae, Jellyfish, Larvacean,
Limacina, Noctiluca, Ostracod, Siphonophore, and Snow. The algorithm returned a testing
accuracy of 97.67%
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Text S2. A challenge with in situ machine learning image classification of zooplankton is that
some orientations of the animal lead to ambiguity or misclassifications. To address this problem,
machine learning image classification and tracking algorithms were coupled along the swimming
trajectories of individual organisms. As a result, each zooplankton swimming path contained a
vector of classifications (typically ~40 frames in length), capturing the individual as it moved
and changed orientation relative to the camera. The vector of classifications across each
swimming path was typically dominated by one classification, with a small percentage of regions
of interest assigned to a different class. For our statistical analyses, the most frequent
classification was assigned to the whole path. This integrated video tracking-machine learning
image classification reduces the errors associated with ambiguous individual views of some
regions of interest and other classification errors, improving the overall accuracy of the

identification.
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Fig. S4. Schematic representation of a Markov chain transition probabilities for a) copepods and
b) amphipods. Each letter is a placeholder for a transition probability. For example, in a), A
represents the probability that a copepod which is cruising in frame i is still cruising in frame
i+1, B represents the probability it has shifted to drifting, and C represents the probability it has
shifted to jumping. Probabilities of the same color sum to one because a copepod/amphipod
must transition into one of the predefined states in the subsequent frame. For example, a copepod
that is cruising in frame 7 must transition into the jumping state (C), the drifting state (B) or back

into the cruising state (A) in frame i+1; therefore A+ B+ C=1.
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Environmental Conditions

Fig. SS. Dissolved oxygen (mg/L) profiles from the Oceanic Remote Chemical Analyzer
(ORCA) mooring in Hood Canal, Washington on three different days over the summer of 2018.
Black dashed line marks the hypoxia threshold (2 mg/L). These three dates were chosen to

highlight the variability in oxygen profiles common in Hood Canal.
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Fig. S6. pH versus dissolved oxygen (mg/L) in Hood Canal, Washington between 2014 and

2022. The red line shows the linear regression line (R? = 0.92), and gray shading shows 95%

confidence intervals. Data are from bottle samples collected annually in April, July, and

September by the Washington Ocean Acidification Center.
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Table S1. Mean (+SD) cruising, drifting, and jumping probabilities in copepod paths recorded in

hypoxic and normoxic conditions.

Group Total Total Total Cruising Drifting Jumping
videos paths [ localizations | probability probability | probability

Hypoxic 80 554 22615 0.941 £0.129 [ 0.041 +£0.113 [ 0.018 = 0.069

Normoxic 107 499 18434 0.944 +£0.113 | 0.021 £0.074 | 0.036 + 0.092
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Table S2. Mean (£SE) cruising speed (mm/s) in copepod paths recorded in hypoxic and

normoxic environments for all copepods and copepods 1-2, 2-3, 3-4, or >4 mm in length.

Group Size bin (mm) Total paths Cruising speed
(mm/s)
Hypoxic all 554 21.5+0.50
1-2 222 20.5+0.77
2-3 262 21.4+£0.68
3-4 45 24.8 +2.21
>4 25 24.6 £2.96
Normoxic all 499 28.3£0.65
1-2 182 28.0+1.10
2-3 234 29.0+0.94
3-4 54 29.1+2.14
>4 29 22.8 +£1.87
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Table S3. Mean (+SE) jumping and drifting frequencies in copepod paths recorded in hypoxic

and normoxic environments for all copepods and copepods 1-2, 2-3, 3-4, or >4 mm in length.

Group Size bin Total paths Jumping Drifting
(mm) frequency frequency

Hypoxic all 554 0.018 £ 0.003 0.041 £0.005
1-2 222 0.011 +0.003 0.035 +0.007

2-3 262 0.020 + 0.005 0.032 +0.005

3-4 45 0.033+0.014 0.108 +0.031

>4 25 0.030 £ 0.019 0.071 £ 0.027

Normoxic all 499 0.036 + 0.004 0.021 +0.003
1-2 182 0.034 + 0.007 0.021 +0.006

2-3 234 0.038 +0.006 0.015+0.005

3-4 54 0.043 +0.013 0.046 = 0.013

>4 29 0.014 +0.006 0.017 +=0.006
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Table S4. Mean (+SE) relative copepod abundances (copepods per frame) between hypoxic and

normoxic environments for all copepods and copepods 1-2, 2-3, 3-4, or >4 mm in length.

Group Total videos Size bin (mm) Relative abundance
Hypoxic 80 all 0.077 £0.012
1-2 0.114 +0.026
2-3 0.154 +0.035
3-4 0.021 £ 0.007
>4 0.017 +0.008
Normoxic 107 all 0.052 +0.007
1-2 0.073+0.014
2-3 0.010 +0.022
3-4 0.026 = 0.006
>4 0.012 £+ 0.005
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Figure S7. Density (number of individuals per m?®) of copepod species and life stages from Hood
Canal, Washington in September 2018. Data are from a zooplankton vertical tow lifted from 10

meters off the bottom using a 60 cm bongo net with 200 um mesh collected by the Washington

Ocean Acidification Center.
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Table S5. Mean (+ SD) swimming speeds determined by hidden Markov models for the three

hidden swimming states (components 1-3) for copepods in hypoxic and normoxic environments

and for lengths of 1-2, 2-3, 3-4, or >4 mm.

Group Size bin | Total Component 1 Component 2 Component 3
(mm) paths (mm/s) (mm/s) (mm/s)

Hypoxic all 554 4.706 + 1.207 13.222 +£1.0408 34.854 +1.139
1-2 222 3983+ 1.214 11.305 + 1.0408 29.360 £ 1.137
2-3 262 5.586 + 1.1885 14.254 +£1.0315 35.065 +1.132

3-4 45 2.563 £ 1.195 9.365+1.088 38.828 +1.1840

>4 25 4.059 + 1.125 14.137 £ 1.0814 46.637 £ 1.1441
Normoxic | all 499 5971 +1.205 16.871 + 1.0465 42.595 £1.122
1-2 182 5.863 +1.209 17.730 £ 1.050 44.043 £1.120

2-3 234 6.807 = 1.196 16.914 +1.0389 40.891 + 1.1206

3-4 54 4.161 +1.182 14.262 + 1.0565 44.350 + 1.1481
>4 29 6.446 + 1.163 17.291 +1.0389 42.029 + 1.096
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Amphipods
Table S6. Mean (+SD) darting and hovering probabilities in amphipod paths recorded in hypoxic

and normoxic conditions.

Group Total Total Total Darting Hovering
videos paths localizations probability probability

Hypoxic 80 146 4193 0.951+0.119 0.049£0.119

Normoxic 107 546 16380 0.934 £ 0.149 0.066 +0.149
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Table S7. Mean (+SE) darting speed (mm/s) in amphipod paths recorded in hypoxic and

normoxic environments for all amphipods and amphipods 1-2, 2-3, 3-4, or >4 mm in length.

Group Size bin (mm) Total paths Darting speed (mm/s)
Hypoxic all 146 45.8 +1.77
1-2 4 41.7+10.9
2-3 33 40.1 £4.36
3-4 70 44,7 +2.44
>4 39 53.1+2.92
Normoxic all 546 43.9+£0.93
1-2 28 33.6 +£3.58
2-3 178 41.5+1.61
3-4 278 452+ 1.29
>4 62 49.4 +£2.80
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Fig. S8. Mean (+SE) amphipod darting (instantaneous speed > 10 mm/s) speed between hypoxic
and normoxic environments for amphipods 1-2, 2-3, 3-4, or >4 mm in length. Differences were
significant between amphipod length (p < 0.0001) but not environmental conditions. The number

of recorded amphipod paths is printed above each bar.
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Table S8. Mean (+SE) hovering frequency in amphipod paths recorded in hypoxic and normoxic

environments for all amphipods and amphipods 1-2, 2-3, 3-4, or >4 mm in length.

Group Size bin Total paths Hovering
(mm) frequency

Hypoxic all 146 0.049 £0.010

1-2 4 0+0

2-3 33 0.088 +0.034

3-4 70 0.043 +£0.011

>4 39 0.033 +£0.011

Normoxic all 546 0.066 + 0.006

1-2 28 0.117 +£0.038

2-3 178 0.070 £ 0.012

3-4 278 0.061 +0.008

>4 62 0.056 +0.016
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Fig. S9. Mean (+SE) hovering frequency in amphipod paths recorded in hypoxic and normoxic
environments for amphipods 1-2, 2-3, 3-4, or >4 mm in length. The number of recorded

amphipod paths are printed above each bar. There were no significant differences between

environments.
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Table S9. Mean (+SE) relative amphipod abundances (amphipod per frame) between hypoxic

and normoxic environments for all amphipods and amphipods 1-2, 2-3, 3-4, or >4 mm in length.

Group Total videos Size bin (mm) Relative abundance

Hypoxic 80 all 0.021 £ 0.005
1-2 0.001 +0.0004
2-3 0.013 +0.005
3-4 0.041+0.014
>4 0.028 £0.011

Normoxic 107 all 0.062 +0.010
1-2 0.006 + 0.002
2-3 0.062 +0.013
3-4 0.137 +0.033
>4 0.042 +£0.015
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Table S10. Mean (+ SD) swimming speed determined by hidden Markov models for the two

hidden swimming states (components 1-2) for amphipods in hypoxic and normoxic

environments and for lengths of 1-2, 2-3, 3-4, or >4 mm. * Note the small sample size for

amphipods 1-2 mm in length in hypoxic environments.

Group Size bin | n Component 1 (mm/s) Component 2 (mm/s)

Hypoxic all 146 15.378 £1.1824 47.582 +1.0926
1-2 4% 30.430 +1.222 36.318 +1.018
2-3 33 8.705 +£1.223 38.354 £ 1.157
3-4 70 16.829 £1.145 47.631 = 1.086
>4 39 16.615 £1.177 51.329 +1.079

Normoxic | all 546 11.731 +£1.264 42,189+ 1.116
1-2 28 14.618 £1.201 50.819 + 1.065
2-3 178 11.810 £1.197 41.5577+1.114
3-4 278 11.764 £1.289 42.086 £ 1.115
>4 62 10.326 £1.292 42.045 +1.1309
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Multivariate analysis

Methods

Text S3. Multiple linear regressions were used to test the effects of different environmental and
size metrics on average copepod cruising speed and amphipod darting speed, using the R
package Ime4. Speeds were log-transformed and nested models were generated using different
combinations of dissolved oxygen, temperature, depth, salinity, and maximum length as
continuous variables and day/night as a factor. Temperature and oxygen showed
multicollinearity ( = 0.72), so temperature was dropped as a predictor variable. Depth and
salinity showed multicollinearity (» = 0.68), as did salinity and oxygen (r = 0.66), so salinity was
dropped as a predictor variable. The best models were identified using AIC values. A visual
inspection of residual plots did not reveal any deviations from normality or homoscedasticity.
Model predictions and confidence intervals were back transformed and plotted over raw speed

data.

Results - Copepods

Text S4. Model results indicated that cruising speed increased with depth, oxygen concentration,
maximum length, and oxygen*length interaction (depth: p < 0.0001; oxygen: p < 0.0001; length:
p <0.0001; oxygen*length: p = 0.005) (Fig. S10 and S11). Cruising speed increased with the
concentration of dissolved oxygen, but the effect of dissolved oxygen was weaker among larger
copepods. Average cruising speed also increased with depth. At 2.5 mg/L of dissolved oxygen,
copepod cruising speed is predicted to be 47% faster at 100 meters than at 25 meters depth (32.5

versus 22.1 mm/s, respectively).

179



Figure S10. Average copepod cruising speed versus dissolved oxygen (mg/L). The trendlines
(solid line) and confidence intervals (dashed lines) show predicted copepod cruising speeds for a
copepod 2 mm in length and depths of 25 (blue lines), 75 (green lines) and 100 (yellow lines)

meters depth from the best-fit generalized linear model.
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Figure S11. Average copepod cruising speed against dissolved oxygen (mg/L). The trendlines
(solid line) and confidence intervals (dashed lines) show predicted cruising speeds for copepods
of lengths a) 1 mm, b) 3 mm, and ¢) 4 mm and depths of 25 (blue lines), 75 (green lines) and 100
(yellow lines) meters from the best-fit generalized linear model.
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Results - Amphipods

Text S5. Amphipod darting speed significantly increased with depth and maximum observed
body length. AIC values indicated that the best model included depth, length, and oxygen;
however, the effect of oxygen was not significant (depth: p = 0.019; length: p < 0.0001; oxygen:
p=0.477) (Fig. S12 and S13). At 2.5 mg/L dissolved oxygen, amphipod darting speed was

predicted to be 16% faster at 100 m than at 25 m depth (47.9 versus 41.3 mm/s, respectively).
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Figure S12. Average amphipod darting speed versus dissolved oxygen (mg/L). The trendlines
(solid line) and confidence intervals (dashed lines) show predicted amphipod darting speeds for
an amphipod 4 mm in length and depths of 25 (blue lines), 75 (green lines) and 100 (yellow

lines) meters from the best-fit generalized linear model.
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Figure S13. Average amphipod darting speed against dissolved oxygen (mg/L). The trendlines
(solid line) and confidence intervals (dashed lines) show predicted amphipod darting speeds for
an amphipod a) 2 mm, b) 3 mm, and c¢) 5 mm in length and depths of 25 (blue lines), 75 (green

lines) and 100 (yellow lines) meters from the best-fit generalized linear model.
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Text S6. Discussion

In addition to hypoxia and acidification, copepod cruising speeds also changed with
depth. Statistical models predicted copepod cruising speeds to increase 47% at 100 m depth
relative to 25 m depth. In Hood Canal, visibility is short: less than 1% of photosynthetically
active radiation (light 400 to 700 nm) reaches 20 m and 0% reaches 50 m (NANOOS Cruise
Data 2024). Lower light decreases predation pressure from visual predators, which may alter the
costs and benefits of fast swimming for copepods, favoring faster speeds at depth. However,
faster swimming at depth could increase their risk from nonvisual predators such as gelatinous
zooplankton, which are often tolerant of hypoxia and other environmental stresses (Purcell 2012;

Slater et al 2020). Our results suggest that the observed copepod responses to depth might
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enhance trophic linkages with nonvisual predators in an area where visual predation is less
likely. Previous studies have shown that copepods are able to modify their behaviors in the
presence of predators, such as changing their diel vertical migration and vertical population
distributions (Bollens and Frost 1989) or increasing their swimming speeds (Lee et al. 2005).
Monitoring the presence/absence of fish predators was outside the scope of this study, but it is
possible that the presence of visual predators in shallower waters may drive copepods to increase
their swimming speed and seek refuge in deeper waters.

While we did not observe swimming responses to hypoxia in amphipods, we did observe
changes in speed with depth. Amphipod speed increased 16% at 100 m relative to 25 m depth.
Some species of pelagic hyperiid amphipods undergo diel vertical migration (Cottier et al 2006;
Elder and Seibel 2014), and it is possible that changes in depth and light attenuation might drive
changes in amphipod swimming behavior. Changes in amphipod speed with depth likely have
impacts on trophic interactions. As with copepod behaviors, increased amphipod speed with

depth may enhance trophic linkages with nonvisual predators.
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Appendix C: Chapter 3 Supplemental Materials

Methods

Table S1. Overview of sample sites within the Padilla Bay National Estuarine Research Reserve

and the protocol used at specific stations to collect zooplankton samples.

Channel ([Station [Latitude [Longitude ?n‘;;g Depth Protocol
Bayview |Deep 48.515986 [-122.55062  |19.1 Sampled during low tide (~0 ft),
vertical tow
Channel K¥8.496135 [-122.50213 [2.4 Sampled once during flooding
tide and once during ebbing tide
(~2.5 ft), oblique tow
Eelgrass {48.495713 [-122.50214 |1.9 Sampled during high tide (~7 ft),
vertical tow
Ploeg Deep 48.557634 [122.5727 18.9 Sampled during low tide (~0 ft),
vertical tow
Channel K¥8.556311 [-122.5309 2.0 Sampled once during flooding
tide and once during ebbing tide
(~2.5 ft), oblique tow
Eelgrass {48.555819 [-122.53126 |1.8 Sampled during high tide (~7 ft),
vertical tow
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Table S2. A log of the date and time each zooplankton sample was collected in June 2023 on the

two sampling transects within the Padilla Bay National Estuarine Research Reserve.

Bayview Ploeg
Tidal Rep [Date Station [Time Station [Time
1 6/6/23 Flood [1658 Flood 1816
Deep [1840 Deep 1917
Eel 2045 Eel 1947
6/7/23 Ebb 1212 Ebb 1103
2 Flood [1923 Flood 1754
Deep (1613 Deep 1658
Eel 1952 Eel 2025
6/8/23 Ebb 1054 Ebb 1129
3 Flood [1811 Flood 1851
Deep [1715 Deep 1645
Eel 2044 Eel 1957
6/9/23 Ebb 1200 Ebb 1257
4 Flood [1841 Flood 1934
Deep [1809 Deep 1728
Eel 2054 Eel 2016
6/10/23  |Ebb 1231 Ebb 1313
5 6/14/23  |Flood [1241 Flood 1324
Deep 1410 Deep 1350
Eel 1552 Eel 1648
6/15/23 |Ebb 0711 Ebb 0643
6 Flood [1426 Flood 1340
Deep [1536 Deep 1506
Eel 1614 Eel 1659
6/16/23  |Ebb 0718 Ebb 0651
7 Flood [1423 Flood 1520
Deep [1402 Deep 1340
Eel 1553 Eel 1700
6/17/23 |Ebb 0814 Ebb 0750
8 Flood [1422 Flood 1506
Deep 1604 Deep 1445
Eel 1647 Eel 1727
6/18/23 |Ebb 0836 Ebb 0741

187



Figure S1. Image of the tidal heights during the 10 days of sampling conducted in June 2023,
highlighting the mixed semidiurnal tide with a larger tidal cycle during the day and a much
smaller tidal cycle overnight.
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Figure S2. Copepod abundance (individuals / m®) versus tidal replicate highlighting the

consistency between replicate net tows collected back-to-back. Copepod abundance from the

Bayview (green) and Ploeg (blue) channel stations during flooding (light triangles) and ebbing

(dark circles) tides. Selected replicate samples are outlined in black.
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Results

Figure S3. Log-transformed mean (= SE) abundance (individuals / m?) of copepod

species/lifestage combinations recorded at the deep (D) and eelgrass (E) stations on the Bayview

transect. Bars are color coded by lifestage. All copepod species are pelagic except for

harpacticoids (purple).
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Table S3. Mean (+ SE) abundance (individuals / m?) of non-copepod species recorded at the

deep and eelgrass stations on the two sampling transects. Abundances are in bold if there was a

significance (p > 0.05) difference between deep and eelgrass abundances on that transect.

Bayview Ploeg

Deep Eelgrass Deep Eelgrass
Taxa Lifestage (ind / m3) (ind / m3) (ind / m3) (ind / m3)
[ Amphipoda Adult 0+0 1.3+£1.2 0+0 0+0
[ Amphipoda Unknown  [9.2+£5 03+42 2.5+1.6 0+0
Barnacles Cyprid larva (94.8 £22.2 77.4+15.4 55.3 +£8.2 27.8+7
Barnacles [Nauplius 2548.7£317.2 2156.8 +312.3 [2036.2 +459.3 |710.6 = 113.3
Bivalvia Veliger 54.2+9.2 23.7+6.2 88.1 +29.5 18.3+33
Caprellidae Unknown |0£0 03+3.8 0+0 1.2+1.1
Chaetognatha [Unknown  [12.7 +5.8 15.1+£2.1 424+ 154 13.7+3.3
Copepoda [Nauplius 105.4 £27.8 193 +40.2 398.2+231.6 |1943+324
Crabs Megalopa 0.9+ 0.7 0.6 +0.6 0+0 0+0
Crabs Zoea 102.1 £ 19 176.8 £48.1 34.3+12.2 99.9 +21.3
Ctenophora Unknown [0£0 0+0 0.2+0.2 0+0
Ctenophora Whole 2.2+ 1.4 2.7+ 1.6 14+14 0+0
Echinodermata [Larva 0.8+0.8 0+0 0+0 0+0
Echinodermata [Pluteus larva |0 =0 0+0 5.8+2.3 0.9+0.9
Euphausiidae  [Nauplius 28 +£10.2 7.5+3.5 25.8 £16.8 0+0
Evadne Unknown {99 £49.6 105.5+49.2  [153.1+74.1  |685.1 + 265
Fish Egg 1.5+£1.5 3.3+£2.2 10.6 +9.4 3.2+2.1
Gastropoda Adult 0+0 0.1+0 0+0 02+0.2
Gastropoda Veliger 68.8 + 7.4 77+ 17.9 1049 £31.7 [26.1 £5.3
Obelia Medusa 28.3 £8.2 334+ 184 45.8 +19.6 27.7+8.2
Oikopleura Unknown  |1330.3 +£357.3 [570.9+111.5 [2250.8 + 816.3 |441.7 +58.6
Oweniidae Larva 41.5+15.9 40 +25.2 124.6 +£51.1  |42.9+20.1
Podon Unknown  [870 &+ 325.2 1173.3 £243.7 (1593.4 +749.1 |4043.8 +£1200.6
Polychaeta Adult 0+0 0.2+0.1 0+0 0+0
Polychaeta Larva 79 £19.1 03.2+ 18 69.3 +£20.8 75.8+21.3
Shrimp Zoea 32.2+9.5 12.2+4.5 27.6 + 8.5 17+6.6
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Figure S5. Mean (+SE) total copepod abundance (individuals / m?) across different lifestages
during flooding (light colors) and ebbing (dark colors) tides from samples collected on both

transects (red), Bayview (green) and Ploeg (blue). There were no significant differences between

tidal phases.
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Figure S6. The relative total copepod abundance (individuals / m?) at channel stations during
ebbing and flooding tides (shown as log response ratio) on the Bayview (top panel, green) and
Ploeg (bottom panel, blue) transects versus tidal replicate. Log response ratios significantly > 0
indicate that the relative abundance of copepods was higher during ebbing tides. Log response

ratios significantly < 0 indicate that the relative abundance of copepods was higher during

flooding tides.
Channel
-@- Bayview
2.
i)
T
= [ )
o ® ® ®
(2]
C n Y . . _ . . . .
8_ 0 [} - | J
@ ° e )
) ° [ ) e
o
§> [ J
2 ® PS
Channel
Ploe
g > ) PY P @ g
© ()
[0 . . . .
@ ° ° ° PY °
S 0- e a
=2 o ® o [ )
o
[ J
(@)
(@]
i ) ® o °
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

Tidal replicate

194



Figure S7. Mean (+SE) total copepod abundance (individuals / m*) during flooding and ebbing
tides from samples collected on the Bayview (green) and Ploeg (blue) transects. * Indicates a

significant (p < 0.05) difference between stations.
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Figure S8. Variability across tidal replicates in the total abundance (individuals / m*) of non-
copepods from samples collected from Bayview (left panel, green) and Ploeg (right panel, blue)
channel sites during ebbing (dark colors) and flooding (light colors) tides. There were no

significant differences between flooding and ebbing tides.
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Figure S9. Nonmetric multidimensional scaling ordination of zooplankton species proportions in
samples collected from the channel stations on different transects (Bayview = green, Ploeg =
blue) and tidal phases (light colors = ebbing, dark colors = flooding). Zooplankton
species/lifestage combinations that were significantly correlated with an NMDS axis (p < 0.01)

are plotted. Transect (p = 0.007) but not tidal phase (p = 0.483) was significantly correlated with

an NMDS axis.
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Table S4. Outputs from nonmetric multidimensional scaling ordination of zooplankton species

proportions showing the relationships between ordination axes and environmental parameters at

the channel stations.

Station | Variable NMDS1 NMDS2 P-value | R2-value

Channel | Temperature -0.3515572 1 0.9863604 |0.243 0.0945
Salinity -0.4928334 | -0.4858765 [ 0.574 |0.0413
Depth 0.2306645 |-0.4902938 [ 0.704 | 0.0253
Wind Speed -0.2601080 | 0.2069548 [ 0.846 | 0.0095
Wind Direction | -0.3235558 | 0.5947691 [ 0.540 |0.0395
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Figure S10. Average non-copepod abundance (individuals / m?) against turbidity (NTU). The
trendlines (solid line) and confidence intervals (dashed lines) show predicted abundances on a)

Bayview and b) Ploeg transects from the best-fit generalized linear model.
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species/lifestage combinations recorded at the channel station during flooding (F) and ebbing (E)
tides on the Bayview transect. Bars are color coded by life stage. All copepod species are pelagic

Figure S11. Log-transformed mean (+ SE) abundance (individuals / m*) of copepod

except for harpacticoid (purple).
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Figure S12. Log-transformed mean (+ SE) abundance (individuals / m*) of copepod

species/lifestage combinations recorded at the channel station during flooding (F) and ebbing (E)

tides on the Ploeg transect. Bars are color coded by life stage. All copepod species are pelagic

except for harpacticoid (purple).
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Table S5. Mean (+ SE) abundance (individuals / m?) of non-copepod species recorded at the
channel stations during flooding and ebbing tides on the two sampling transects. Abundances are

in bold if there was a significance (p > 0.05) difference between flooding and ebbing abundances

within that transect.

Bayview Ploeg

Flood Ebb Flood ( Ebb
Taxa Life Stage (ind / m3) (ind /m3) |ind / m3) (ind / m3)
Amphipoda Unknown 0+0 09+0.6 0.5+0.5 22+1.4
Barnacles Cyprid larva [33.9+ 144 |[41.7+16.1 [84.7+229 59.5+22.7
Barnacles (Nauplius 492.2 +£93.5 |643.5+191.1{382.7 = 58.1 705.6 £210.1
Bivalvia Veliger 6.7+3.9 23+£1.7 258+ 7.5 17.1£53
Caprellidae Unknown 0.9+0.6 0+0 0+0 0+0
Chaetognatha Unknown 33+1.5 82+2.5 7+4 5.6+3.7
Copepoda (Nauplius 33.5+9.8 33+12.8 59.6 £ 14.1 95.4+189
Crabs Zoea 88.1£26 184.5+66.5 (99 +£34.2 103.3 £20.6
Cumacea Unknown 25+ 1.5 0+0 0.6+0.6 4.8+3.6
Euphausiidae Furcilia 0.5+0.5 0+0 0+0 0+0
Euphausiidae (Nauplius 0+0 2+ 1.3 74+3.8 11.7£5.7
Evadne Unknown 117.6 £40.9 (49 £20 3549+ 67.1 295.3+78.9
Fish Egg 4.1 £4.1 0+0 54+54 0+0
Gastropoda Veliger 16.6 £5.5 193+£73 [245+6.1 264+ 11.6
Obelia Medusa 82+39 13.8+59 [155+4.8 29.8 +15.2
Oikopleura Unknown 167.5+23.2 [162.7+37.2 |262.1 £57 179.2 £ 34
Oweniidae Larva 21.6 119 |44+£1.7 13.8+4.8 I.1+1.1
Podon Unknown 749.9 £99.3 1664.3 +£120.33091.3 + 712.5 [2787.6 + 1005
Polychaeta Adult 0+0 2+2 0+0 0+0
Polychaeta Larva 252.1 £105.8 [99.3 £57.8 [189.2+90 293.1£114.7
Shrimp Zoea 11.9+5.1 152+89 [4.5+24 11.6 £3.5
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