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Abstract:

Benthosema glaciale (Reinhardt, 1837) is one of the most abundant fish species found
globally. The species plays an important role in the food-web of marine ecosystemes, as a link
between the trophic levels. In west Norwegian fjord systems, B. glaciale have been observed
to be infected by the parasitic copepod Sarcotretes scopeli (Jungersen, 1911), however, there
is limited knowledge on how parasitic infections affect the biology of this species.
Furthermore, west Norwegian fjords have been experiencing more frequent oxygen loss in
the basin water over the last decade and it is not known if such changes could impact the
parasite-host relationship between these two species. A cross-sectional study was conducted
with infected and uninfected B. glaciale from four west Norwegian fjords, which differed in
dissolved oxygen. This study was performed in order to investigate how dissolved oxygen
affects S. scopeli prevalence. In addition, the effect of infection on gonadosomatic,
hepatosomatic and heartsomatic indices, Fulton’s condition factor and host growth were
studied separately for the host sexes. Furthermore, the site-specificity of S. scopeli on host
exterior and interior, and the relative parasitic volume in relation to the host were
investigated. The outcome of the cross-sectional study showed that S. scopeli greatly reduces
the gonadosomatic index for both host sexes. The hepatosomatic index was similar for
infected and uninfected females in all fjords except Sgrfjorden, where the hepatosomatic
index was higher for infected females. Infected males in all of the fjords had higher
hepatosomatic index than uninfected ones. Furthermore, infected fish were found to be in
poorer condition than the uninfected ones in all of the investigated fjords. However, infection
did not seem to compromise the growth rate. Inconclusive results were presented on the
effect of infection on host cardio function. The data presented did not show an effect of
dissolved oxygen concentration on the parasitic prevalence but did show that Sgrfjorden had
a lower prevalence than the other three fjords. Furthermore, the results from the parasitic
attachment selectivity showed that S. scopeli attach its feeding apparatus randomly both
inside and outside of the hosts visceral cavity, while the parasites external part most often
located on the hosts dorsal side. Overall, the data suggested that S. scopeli acts as a parasitic
castrator on the host; areas of reduced oxygen concentration do not affect S. scopeli
prevalence; and that the parasitic attachment site is randomly distributed in the host internal,

while the parasite has a high affinity for dorsal attachment on the host external.
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1. Introduction:

The west Norwegian coastline consists of a network of fjord systems produced during the last
ice age. As many of these fjord systems have great depths, the water column can be divided
into zones characterized by light intensity; The euphotic zone (0-200 meters) has high light
intensity, sustaining phytoplankton production, while in the mesopelagic zone (200-1000
meters) the light intensity rapidly decreases (Aksnes et al., 2004; Webb et al., 2010). The
mesopelagic zone of these systems houses vast deep-sea communities with high densities of
mesopelagic fish, a species group abundant worldwide (Alvheim et al., 2020; Catul et al.,
2011). Many deep-sea species undertake diel vertical migration (DVM), where they reside in
the mesopelagic during the day to hide from predators and migrate to the euphotic zone to
feed at night (Luo et al., 2000; Staby et al., 2011; Vestheim & Kaartvedt, 2009). The DVM
phenomenon is believed to be important in energy transfer from the epipelagic to the deeper
water layers (Isla et al., 2015). Fjords provide unique study systems of deep-sea communities
as they are semi-enclosed at the fjord entrance by a sill, which is a topographical feature that
often has a shallow depth, restricting the water renewal of the basin situated below (Aksnes
et al., 2019; Howe et al., 2010). Renewal frequency of the basin water of west Norwegian
fjords seems to have reduced over time, with Masfjorden reaching low oxygen levels in recent
years, discovered due to repeated visits to the system (Aksnes et al., 2019; Darelius, 2020;
Pitcher et al., 2021). As water renewal is restricted in the deep basin, respiration continues to
reduce the available dissolved oxygen content in the lower water layers (Diaz, 2001; Kemp et
al., 1992). Little is known about how oxygen reduction affects the teleost’s residing in the
mesopelagic zone. However, as oxygen is a vital component for many species, it can be
hypothesized that reduced oxygen content poses challenges for physiological processes.
Immune response has, for example, been found to be reduced in mummichogs (Fundulus
heteroclitus, Linnaeus, 1766) on the west Atlantic coast and channel catfish (/ctalurus
punctatus, Rafinesque, 1818) found in rivers in the USA when exposed to low oxygen
environments (Boleza et al., 2001; Welker et al., 2007). In a fish not adapted to low oxygen, a
reduction of immune system function can increase the fish’s susceptibility to opportunistic
pathogens such as bacteria and viruses (Abdel-Tawwab et al., 2019; Mellergaard & Nielsen,
1995; Varghese et al., 2020). Parasitic response to decreased oxygen conditions on the other

hand is poorly understood.



Parasites have adapted to feed on the metabolic resources that otherwise could be
used for growth, reproduction, and physiological maintenance by their host (Timi & Poulin,
2020). Parasitic species thus expose the host to a chronic energy loss, which in turn may induce
adverse health effects such as anorexia, anemia, and increased cortisol levels (Allan et al.,
2020; Chin et al., 2004; Horton & Okamura, 2003). Furthermore, parasite-mediated change to
host physiology and the parasite presence itself can change aspects of host behavior such as
diet composition, swimming capability, predator avoidance, and foraging effort (Crowden &
Broom, 1980; Khan et al., 1993; Loot et al., 2004; Mufioz et al., 2021; Seppala et al., 2004).
The cestode Schistocephalus solidus (Miller, 1776) has for instance, been found to change the
diel vertical migration of three-spined sticklebacks (Gasterosteus aculeatus, Linnaeus, 1758),
causing infected individuals to stay shallower during the day, despite increased predator risk
(Quinn et al., 2012).

Parasite-mediate effects may also change aspects of host life history, such as;
increased mortality rate (Kirk, 2003; Umberger et al., 2013), decreased growth rate (Fjelldal
et al., 2020; Fogelman & Grutter, 2008; Khan et al., 1993); or reduced reproduction, by
canalization of reproductive resources to growth, through endocrine disruption or gonad
tissue destruction (Averbuj & Cremonte, 2010; Geraudie et al., 2010; Grankoto et al., 2001).
Ligula intestinalis (Linnaeus, 1758), a castrating cestode, for instance, has caused a shift to
earlier reproductive age of the lake sardine (Engraulicypris sardella, Glinther, 1868)
population in Lake Nyasa (Gabagambi et al., 2020). While the castrating cestode Euhaplorchis
californiensi (Martin, 1950), has been shown to decrease the overall population fecundity of
California horn snails (Cerithidea californica, Haldeman, 1840) due to increased intraspecific
competition between infected and uninfected individuals (Lafferty, 1993).

Changes to aspects of host physiology and behavior are believed to be a direct cause
of parasitic manipulation of the host (manipulation hypothesis; Poulin et al., 1994) or as an
indirect response to chronic drainage of host energy (energy drainage hypothesis; Lafferty &
Kuris, 2009). While much is known about the effect of parasites on different teleost species,
the host-parasite relationships of the globally abundant Benthosema glaciale (Reinhardt,

1873) remain poorly understood.



1.1 Myctophidea and Benthosema glaciale:

The family Myctophidea includes 250 species and is dominating the mesopelagic assemblage
of vertically migratory fish species in all parts of the ocean, except in the Arctic Region (Catul
et. al, 2011). These small planktivorous fishes have been attributed to consume large parts of
the daily zooplankton production in the surface layers during the night (Baggien et al., 2001;
Saunders et al., 2018). Myctophids act as important prey for a variety of different piscivorous
species, such as seabirds, marine mammals and commercially important fish species, and thus
constitute an important link in the marine food web (Giske et al., 1990; Hedd & Montevecchi,
2006; Pusineri et al., 2007). B. glaciale for instance, is the most abundant Myctophid found in
the Norwegian fjord systems and acts as an important nutritional source for the commercially
important Atlantic mackerel (Scomber scombrus, Linnaeus, 1758), blue whiting
(Micromesistius poutassou, Risso, 1827) and pollock (Pollachius virens, Linnaeus, 1758) (Giske
et al., 1990; Priede et al., 1995)

B. glaciale (Fig 1A) is globally one of the most numerous fish species (Klevjer et al.
2020a; 2020b). The species perform diel vertical migration, and its habitat depth range
increases with age/size, and tends to aggregate in size stratified layers (Dypvik et al., 2012).
Like many deep-sea teleost’s, B. glaciale have adapted to live in a low light level habitat,
expressed as; large eyes, black coloration and bioluminescence producing photophores
(Salvanes & Kristoffersen, 2001). Observed maximum age is eight years and the maximum
length reported is 100 millimeters, but sizes vary depending on the location (Gjgsaeter, 1973,
1981; Halliday, 1970). For example, B. glaciale in the North Atlantic reaches larger sizes at
slower rate, compared to in the west Norwegian fjords (Kristoffersen & Salvanes, 2009).
Females and males can be identified from an external sexual trait, which is the only
distinguishable morphological difference between the sexes (Gjgsaeter, 1981). Maturation
occurs at the age of 2-3 years, and spawning occurs in batches throughout the spawning
season; which in west Norwegian fjords takes place between June-July (Garcia-Seoane et al.,

2014; Gjpsaeter, 1981; Halliday, 1970).



Figure 1: A) Benthosema glaciale with intact scales. Red arrows show the location of the secondary sexual traits.
B) supracaudal photophore of a male individual. C) infracaudal photophore of a female individual.

B. glaciale is a visual feeder, and its diet consists mainly of zooplankton (Baggien et al., 2001;
Garcia-Seoane et al., 2013; Pepin, 2013; Sunde, 2018). The species search for prey in a
saltatory fashion, where they move, stop and move again (Kaartvedt et al., 2008). B. glaciale
has a long-term energy reserve consisting of wax esters of similar composition to its prey
(Falk-Petersen et al., 1986; 1987) . Feeding primarily takes place in the euphotic zone during
the night; however, some daytime feeding at greater depth has been observed (Dypvik et al.,
2012; Sameoto, 1988). Furthermore, individual B. glaciale from the deeper parts of west
Norwegian fjords exhibit an alternative foraging behavior (inverse diel vertical migration;
IDVM), where they appear to migrate to the midwater during the day to feed (Dypvik et al.,
2012; Kaartvedt et al., 2009).

1.2 Parasitic copepods:

The marine biome houses a diverse and abundant assemblage of parasitic species distributed
from the surface to the ocean floor (Palm & Klimpel, 2007; Poulin & Morand, 2000). Parasitic
diversity is generally believed to be highest in the epipelagic and decreases with depth until it
increases again at the ocean floor due to the higher richness of potential hosts (Campbell et
al., 1980; Klimpel et al., 2006; Marcogliese, 2002). Historically, parasitological studies of

marine teleost’s have been focused on epipelagic and pelagic species with an inherent
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economic value (Chugunova & Pronin, 2011; Poulin et al., 2016). In contrast, parasitological
studies from deep-sea teleost’s consists primarily of natural history studies with a focus on
species identification, often neglecting the parasite-mediated effect on the host.

Parasitic copepods are one of the most common taxa found to infect marine teleost’s
throughout the water column, where they feed on host mucus, skin, and blood (Boxshall,
1998; Fast, 2014). These parasitic crustaceans have a broad range of adult phenotypes,
ranging from few morphological changes between larvae and adult stages, to highly modified
phenotypes (Williams & Bunkley-Williams, 2019). Few parasitic copepod families have
adapted to the deep-sea habitat, with only seven families commonly represented (Boxshall,
1998).

The family Pennelidae is one of the copepod families that have established itself in the
mesopelagic and are commonly infecting Myctophids (Boxshall, 1998). All species belonging
to this family have a mesoparasitic adult stage, where part of the parasite is embedded in the
host internal, and the other part protrude externally (Hogans, 2017). Due to low densities of
potential hosts, deep-sea Pennelids are believed to have low host specificity, often including
species groups as intermediate and/or final hosts (Boxshall, 1998). Their lifecycles are simple,
with either a direct lifecycle often consisting of a single fish host or an indirect lifecycle with
only two successive hosts (Boxshall, 2000). Cardiodectes bellottii (Richiardi, 1882), for
instance, have two successive hosts; a gastropod, where it develops to maturation before the
female leaves as a free-swimming larva; and a Myctophid host utilized by the female to
complete the life cycle (Perkins, 1983). Sarcotretes scopeli (Jungersen, 1911), on the other
hand, seemingly has a direct lifecycle, commonly with B. glaciale as their only host (Jungersen,
1911).

S. scopeli was first documented and described by Jungersen (1911) a century ago from
specimens found on infected B. glaciale sampled in the Atlantic Ocean. He noted that the
species is usually found dorsally on the host, while the internal holdfast showed low site
specificity in the host visceral cavity. After the initial documentation, S. scopeli was not present
in the scientific literature for 60 years before it was documented in Norway for the first time
by Gjgseeter (1971), infecting the B. glaciale populations of two west Norwegian fjord systems;
Herdlefjorden and Byfjorden, outside of Bergen. Furthermore, Gjgseeter (1971) noted that
gonadal development of the infected individuals seemed reduced in comparison to non-

infected conspecifics and hypothesized that S. scopeli may cause castration of its host. Since
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the preliminary observations by Gjgsaeter (1971) fifty years ago, the presence of S.scopeli have
only been sporadically mentioned in the scientific literature (Klimpel et al., 2010; Yves &
Geoffrey, 2004). From the initial description of S. scopeli until the present, no thorough study

has yet been done on the parasite-host interaction between S. scopeli and B. glaciale

1.3 Aim of the study:

S. scopeli was observed to infect B. glaciale when sampling the mesopelagic communities in
west Norwegian fjord systems, such as Masfjorden and Fensfjorden, during the annual
graduate field course “Ocean Science” at the University of Bergen. Preliminary observations
indicated that the prevalence of the parasite could be higher in the hypoxic Masfjorden than
in the better oxygenated Fensfjorden. Since oxygen contents differ in the deep basin waters
of the fjords, data and samples from these fjords can be used to study the effect S. scopeli
induces on its host, but also if dissolved oxygen concentration influences the prevalence of S.
scopeli. Moreover, there are two alternative hypotheses on the internal anchoring location of
S. scopeli; 1. the holdfast is found randomly anchored in the visceral cavity of the host
(Jungersen, 1911); 2. An anecdotal observation suggesting that the holdfast may be found
near the heart of the host (Salvanes, personal communication, 2021).

The aim of this thesis is to investigate the parasite-host relationship between S. scopeli
and B. glaciale and to examine if the susceptibility of B. glaciale to S. scopeli infection is
correlated with oxygen concentrations in the sea. This will be done by comparing prevalence
in four fjord systems that differ in dissolved oxygen content. Furthermore, this thesis will aim

to document the anchoring point of S. scopeli holdfast in the host.
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2. Methods:

2.1 Study area:

Main collections of fish and environmental measurements were done as part of the project
HypOnFjordFish onboard the research vessel “Kristine Bonnevie” in the time period
16.02.2021 - 23.02.2021. Additional samples were provided by the BIO325 Ocean Science field
course (BIO, UIB) 23.09.2021 - 28.09.2021 onboard the research vessel “Dr. Fridtjof Nansen”.
Samples were collected from four west Norwegian fjord systems (Fig 2); Fensfjorden,

Masfjorden, Osterfjorden and Segrfjorden.

60.9
60.8 Fjord
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® Masfjorden
g ©  Osterfjorden
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5.2 54 5.6 5.8
Longitude

Figure 2: Map over the sampling area containing the location of trawl stations sampled during February 2021.
Trawl stations from Fensfjorden are given by red coloration, Masfjorden with green coloration, Osterfjorden with
orange coloration and Sgrfjorden with brown coloration. CTD stations used in the study are marked as .

13



2.2 Sampling methods:

2.2.1 Environmental data:

Environmental data from the four locations were collected using a Sea-Bird SBE 9 CTD unit,

fitted with an additional dissolved oxygen sensor. The CTD unit provides continuous

measurements of salinity (PSU), temperature (C°) and depth (m) through the water column,

while the additional sensor simultaneously provides continuous measurements of the

dissolved oxygen content (ml L?). A total of 13 CTD measurements were taken under the

cruise (Tab 1).

Table 1 CTD: Overview of CTD-stations measured during the HypOnFjordFish cruise in February 2021. Max depth
shows the deepest sampling depth for the station. CTD-stations used to represent the environmental conditions
in Masfjorden, Fensfjorden, Sgrfjorden and Osterfjorden under the sampling period for further analysis is given in

bold.

Fjord Date CTD-station Latitude  Longitude Max depth (m)
Serfjorden  16.02.2021 207 6031.81 N 005 19.57E 493
Serfjorden  16.02.2021 208 6031.81 N 005 19.57E 493
Serfjorden  16.02.2021 209 60 31.81 N 005 19.56 E 491
Serfjorden  16.02.2021 210 60 28.00 N 00540.45 E 418
Serfjorden  17.02.2021 211 60 28.01 N 00540.42 E 417
Masfjorden 18.02.2021 212 60 52.36 N 0052493 E 482
Masfjorden 18.02.2021 213 60 52.36 N 0052493 E 481
Masfjorden 19.02.2021 214 60 52.37 N 0052492 E 482
Fensfjorden 19.02.2021 215 604590 N 00512.80 E 670

Fensfjorden 20.02.2021 216 604589 N 00512.80 E 669
Herdlefjord 22.02.2021 217 60 25.80 N 0051597 E 332
Osterfjorden 22.02.2021 218 60 34.52 N 005 25.05E 475
Serfjorden 22.02.2021 219 60 30.59 N 00542.82 E 377
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2.2.2 Biological data:

All biological sampling (Tab 2) was done using a pelagic Harstad-trawl, using two different
trawling methods; First, a pelagic trawl with a multisampler fitted, an equipment with three
separate cod-ends that can be remotely opened and closed on selected depths (Engas et al.,
1997). Fishing time for each 16-millimeter stretched meshed cod-end was approximately 10
minutes before the cod-end was closed and the trawl net in front of the multisampler was
washed before the next cod-end was opened. Each of the three cod-ends were given a unique
serial number to identify which cod-end had fished at a given depth at each trawl station.
Second method was a pelagic trawl with a single 5-millimeter stretched meshed cod-end. The
trawl was quickly lowered to a depth 50 meter over the seabed, and it fished for
approximately 10 minutes at a depth range between 50-150 meters above the sea floor. As
the pelagic trawl was fitted with a single cod-end, some individuals are expected to have been
caught throughout the entire water column. Trawling was performed during day light and
night but was paused during the twilight (which lasts for one hour before and after sunrise

and sunset), in order to avoid the main diel vertical migration activity.
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Table 2: Overview over trawl stations and series from the four Fjord systems. Time of day shows if the trawl was performed during day or
night. Latitude and Longitude show the coordinates of the sampling station, while haul shows which type of trawling method was used. Fishing
depth is the depth where the sampling was performed given in meters. “uninfected (n)” and “infected (n)” show the number of individuals
from each series that was examined for parasite infections. NA values show stations where parasitic infection unfortunatly were not recorded.
Samples from the two stations sampled in september of 2021, were used for Micro-CT scans of the internal attachment site for S. scopeli.

Fjord Sampling date Station Series Time of day Latitude Longitude Haul Fishing depth (m) Trawl time (min) uninfected (n) infected (n)

Osterfjorden  16.02.2021 147 1 night 60.58766 5.44328  oblique 280-200 19 80 11
Masfjorden  18.02.2021 148 2 day 60.87689 5.44340  oblique 280-200 10 92 8
Masfjorden  18.02.2021 148 3 day 60.87393 542794  oblique 190-100 10 102 0
Masfjorden  18.02.2021 148 4 day 60.87208 5.40473  oblique 80-0 11 2 0
Masfjorden  18.02.2021 149 5 night 60.87751 5.45010  oblique 290-220 10 97 7
Masfjorden  18.02.2021 149 6 night 60.87465 5.43315  oblique 190-110 10 104 N/A
Masfjorden  18.02.2021 149 7 night 60.87258 5.41478  oblique 90-10 11 98 3
Masfjorden  19.02.2021 150 8 day 60.87813  5.45078 echo.layer 255-190 11 96 4
Masfjorden  19.02.2021 150 9 day 60.87462 5.42780 echo.layer 220-160 10 93
Masfjorden  19.02.2021 150 10 day 60.87260 5.40501 echo.layer 120-60 13 97 3
Masfjorden  24.09.2021 190 1 night 60.87660 5.44763 oblique 300-200 9 N/A N/A
Fensfjorden  19.02.2021 151 11 day 60.77523 5.19880  oblique 310-215 15 101 0
Fensfjorden  19.02.2021 151 12 day 60.76877 5.21953  oblique 190-110 14 5 0
Fensfjorden  19.02.2021 151 13 day 60.76369  5.23781 oblique 110-0 12 5 0
Fensfjorden  19.02.2021 152 14 day 60.77808 5.19530 echo.layer 320-270 12 N/A N/A
Fensfjorden  19.02.2021 152 15 day 60.77095 521531 echo.layer 175-150 12 N/A N/A
Fensfjorden  19.02.2021 152 16 day 60.76512  5.23114  echo.layer 140-110 11 N/A N/A
Fensfjorden  19.02.2021 153 17 night 60.77258 520011  oblique 300-220 10 95 6
Fensfjorden  19.02.2021 153 18 night 60.76798 5.21489  oblique 190-120 11 101 2
Fensfjorden ~ 19.02.2021 153 19 night 60.76384 522896  oblique 90-10 12 103 2
Fensfjorden  20.02.2021 154 21 day 60.78001 5.18588  deep.haul 440-0 101 100 2
Fensfjorden  26.09.2021 203 41 night 60.77514 520089  oblique 300-200 11 N/A N/A
Fensfjorden  20.02.2021 155 22 night 60.77960 5.18102  deep.haul 460-0 101 95 6
Masfjorden  21.02.2021 156 23 day 60.88095 5.46728  deep.haul 330-0 49 105 3
Masfjorden  21.02.2021 157 24 day 60.87970  5.45900  deep.haul 460-0 55 99 3
Masfjorden  21.02.2021 158 25 night 60.88074 5.46845  deep.haul 440-0 59 99 -
Osterfjorden  22.02.2021 159 26 night 60.57909 5.42685  oblique 295-210 11 97 5
Osterfjorden  22.02.2021 159 27 night 60.57328 5.41528  oblique 200-115 10 98 3
Osterfjorden  22.02.2021 159 28 night 60.56703 539980  oblique 85-50 11 105 0
Serfjorden  22.02.2021 160 29 day 60.52871 5.71269  oblique 290-210 11 102 1
Serfjorden  22.02.2021 160 30 day 60.51793  5.71399  oblique 220-140 13 106 0
Serfjorden  22.02.2021 160 31 day 60.50728 5.71477  oblique 130-0 12 12 1
Serfjorden  22.02.2021 161 32 night 60.52653 5.71263  oblique 300-210 12 98 1
Serfjorden  22.02.2021 161 33 night 60.51633 571432  oblique 180-110 10 90 3
Serfjorden  22.02.2021 161 34 night 60.50597 5.71585  oblique 80-0 18 116 2
Serfjorden  23.02.2021 162 35 night 60.54001  5.71107  deep.haul 330-0 39 98 4
Serfjorden  23.02.2021 163 36 day 60.53135 5.71099  deep.haul 330-0 43 103 1
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2.3 Processing of trawl catches and preservation:

Trawl catches were processed and sorted in accordance to the description in Chapter 4 of
Salvanes et al. (2018). Biological material from the cod-end was transferred to plastic
containers and marked with cod-end number to keep samples from different depth ranges
separate. Larger fish species and large helmet jellyfish (Periphylla periphylla, Péron & Lesueur,
1809) were removed from the total catch and processed separately. The remaining mixed
catch consisted primarily of two mesopelagic teleost species, B. glaciale and Maurolicus
muelleri (Gmelin, 1789); three crustacean, Sergestes arcticus (Krgyer, 1855), Pasiphaea sp.
and Meganyctiphanes norvegica (M. Sars, 1857); and small helmet jellyfish. Approximately
100 individuals from each species were randomly selected from a sub-sample of the mixed
catch and weighted. For B. glaciale, standard length, from the snout to the last caudal bone
(Fig 3), rounded down to the nearest millimeter; and S. scopeli infections were recorded at
most trawl stations (Tab 2).

Two preservation methods were used to preserve random sub-samples of B. glaciale
for later analysis in Fall of 2021, 1. The 100 length measured individuals from each trawl series
were frozen in blocks at -20°C in the on-board freezer, and later relocated to an on-site freezer
at Biologen, Thormghlensgate 53A, University of Bergen; 2. Preservation with 96% ethanol
was used for the 300-200 Oblique haul, the deep-hauls and the Echo-layer hauls. 1L Bottles
were filled with 1/3 biological material and 2/3 ethanol. Unfortunately, one of the ethanol
samples from Osterfjorden (station 159, series 26) had to be excluded from further processing
as it had failed to preserve as we unfortunately had forgotten to change the ethanol. It is also
possible that higher proportion of P. perihylla residue compared to the other samples caused
the preservation failure, due to higher water contents. The additional samples provided by
the “Ocean science” cruise were preserved on Biosafe-biopsy containers containing 4%
formalin buffered in saltwater on board “Dr. Fridtjof Nansen” and were stored at Biologen

until later analysis in January 2022.
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2.4 Processing of samples:

Ethanol samples of B. glaciale were sorted into S. scopeli infected and uninfected individuals;
except for station 160 and 161 in Sgrfjorden, all infected individuals and a random subsample
of the uninfected individuals were selected for further analysis. For station 160 and 161
uninfected and infected individuals were length and sex matched. Length and sex for the
remaining individuals in all containers were also recorded and used to make statistical
weighting factors for further analysis (Tab 3). Prior to biological measurements, each selected
fish was given a unique identification, containing; fjord name, sample date, trawl-station,
series (cod-end) and fish number.

The processing of individual fish started by removing excess ethanol or residue from
other biological material by gently drying it off using paper towels, to avoid bias of individual
weights. Prior to dissection, individuals were visually inspected for S. scopeli infection. If
present, number and infection sites were recorded before removal; However, the parasite
often broke and the internal part was extracted later, and its weight was deducted from total
weight of B. glaciale. Individuals were sexed using the secondary sexual traits expressed as
enlarged photophores, located supracaudal in males (Fig 1B) and infracaudal in females (Fig
1C), and by inspecting the gonads. In cases where secondary sexual trait was uninterpretable,
only the gonads were used. If, neither gonads or secondary sexual trait were interpretable, as
for small uninfected individuals (< 27 mm), sex was noted as unknown (n = 69) and excluded
from further analysis. After external examination, standard length rounded down to the
nearest mm, and total body weight were noted; A Sartorius Entris Il (Appendix A: Fig A1B) was
used for all body-weight measurements (total weight, gutted weight and dried gutted weight),

which were recorded to the nearest 0.01 g.
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Figure 3: Benthosema glaciale infected by a single Sarcotretes scopeli. The red arrow gives the standard
length of B. glaciale.
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Dissections were conducted under a Leica MZ 95 magnifier (Appendix A: Fig A1C)
coupled with a Leica Cls 100x light system. The pericardial and visceral cavity were opened by
making a cut from the isthmus back to the anus and on each side of the pectoral gridle (Fig
4A). To standardize the removal of the heart, cuts were made as close to the bulbus arteriosus
and sinus venosus as possible (Fig 4C). Visceral content was removed from the carcass by two
cuts in the esophagus (Fig 4B) prior to liver and gonad extraction, due to easier handling.
Remaining visceral fat was removed to standardize gutted weight. All heart, liver, gonad and
S. scopeli weights (wet and dry) were measured to the nearest 0,0001 g using a Satorius Micro

M3P (Appendix A: Fig A1A) and VWR Aluminum weighing dishes.

Figure 4: Overview picture of the A) initial cuts made to open the fish, where the red stipulated line shows the cut
from the isthmus to the anus, and the white stipulated line shows the cut around the pectoral gridle. B) cuts made
to separate the viscera from the esophagus (red stipulated lines). C) location of the cut close to bulbus arteriosus
(red stipulated line) used to standardize the extraction of the heart.

Drying of gutted individuals and organs was done in a Fermaks drying oven (Appendix
A: Fig A1E) for 48 hours on 60°C, to get the constant weigh. Gutted individuals were placed on
a laminated A4 paper separated into quadrants and marked with a place I.D. Organs were

placed in nunc wells marked with organ structure and corresponding place I.D. as gutted body

(Fig 5).
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Figure 5: Depiction of laminated drying sheet marked with placement I.D for each
individual fish. Nunc wells were marked with the same placement I.D on the long side
of the well, in addition to marks for organ identification (G = gonad, L = liver, H =
heart) on the broad side.

Otoliths were taken prior to drying for all infected (n = 93) and size and sex matched
uninfected individuals (n = 83) from both the random sub-sample and the remaining ethanol
sample. Otoliths were stored in Eppendorf tubes marked with the fish I.D. A Leica M125
dissection microscope (Appendix A: Fig A1D), coupled with a Nikon DSFi2 camera was used to
photograph otoliths. Left and right otoliths were photographed both dry and submerged in
water. Resolution was standardized by using identical magnification (x32) for all photos and a
calibration stick with millimeter measurements was photographed for each session. Otoliths
from five individuals were lost before photos could be taken and had to be excluded from
further analysis. Additionally, individuals that did not have a matching conspecific (n = 15)

were also excluded from further analysis.
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Table 3: Overview over the sampling area, sampling date, time of day, type of trawling method and depth of the ethanol preserved Benthosema glaciale used under the study.
"sampled uninfected(n)" and "infected (n)" show the number of fish selected from each station for further analysis.” Remaining uninfected (n)” shows the number of uninfected
fish sexed and length measured to be used for the weighting factor in statistical analysis. Total (n) shows the total number of fish from each preserved sample.

Fjord Sampling Date Time of day Haul Station  Series Depth (m) .sampled infected (n) IFemamng total (n)
uninfected (n) uninfected (n)
Osterfjorden 16.02.2021 Night Oblique 147 1 300-200 30 11 140 181
Masfjorden 18.02.2021 Day Oblique 148 2 300-200 15 2 99 116
Masfjorden 18.02.2021 Night Oblique 149 5 300-200 15 4 87 106
Masfjorden 19.02.2021 Day echo layer 150 8 250-190 15 2 94 111
Masfjorden 19.02.2021 Day echo layer 150 9 220-160 15 6 166 187
Fensfjorden 19.02.2021 Day Oblique 151 11 300-200 15 4 96 115
Fensfjorden 19.02.2021 Night Oblique 153 17 300-200 15 6 55 76
Fensfjorden 20.02.2021 Day Deep haul 154 21 440-0 15 5 53 73
Fensfjorden 20.02.2021 Night Deep haul 155 22 460-0 15 8 88 111
Masfjorden 21.02.2021 Day Deep haul 156 23 330-0 15 4 112 112
Masfjorden 21.02.2021 Day Deep haul 157 24 470-0 15 7 107 129
Masfjorden 21.02.2021 Night Deep haul 158 25 440-0 15 6 130 151
Serfjorden 22.02.2021 Day Deep haul 160 29 300-200 15 9 107 131
Serfjorden 22.02.2021 Night Oblique 161 32 300-200 15 10 91 116
Serfjorden 23.02.2021 Night Oblique 162 35 330-0 15 6 83 104
Serfjorden 23.02.2021 Day Deep haul 163 36 330-0 15 3 136 154
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2.4.1 Micro-Computer tomography:

Micro-Computer tomography (henceforth called Micro-CT) was performed to document the
S. scopeli’s way through the host. Two formalin preserved B. glaciale were selected based on
infection site of S. scopeli; one dorsal and one ventral. Contrast enhancement of soft tissue
was performed in accordance to Metscher (2009). Formalin samples were thoroughly washed
for four hours under running water, before they were placed in 1% lugol solution (Appendix
A: Fig A2C), diluted in osmosis water to 10%, for approximately 18 hours (Appendix A: Fig A2B).
Excess lugol solution was rinsed prior to preservation on 96% ethanol. Samples were stored
for a week prior to scans.

Micro-CT scans of samples were taken at the faculty for clinical Odontology, University
of Bergen. Scans were performed using a Skyscan 1172 system (Appendix A: Fig A2A), coupled
with the NRECON RECONSTUCTIONVR CT software. Source voltage and current were set to 70
kilo volt and 180 micro amperes respectively; while a 0.5 mm aluminum filter was used to
optimize images. Oversized scans were used in order to reconstruct the whole visceral cavity.
Unfortunately, due to parasite orientation, the internal part of S. scopeli was not visible in the

reconstruction of the ventral infection.

2.4.2 Volume measurements of Sarcotretes scopeli:

15 frozen B. glaciale, infected with S. scopeli were selected from two stations in Masfjorden
(Appendix B: Tab B9) and thawed. Each B. glaciale specimen was sexed using the external
secondary sex trait, and only females were selected for the statistical analysis (n =9). S. scopeli
individuals were carefully removed under a Leica MZ95 stereoscope (Appendix A: Fig A3A); In
a few cases the parasite broke, and the internal part had to be retrieved by dissection. Each
B. glaciale and corresponding S. scopeli were given an I.D. that contained the first three letters
of the fjord, trawl-station, series, individual number and a letter (A, B, C or D) which stated
which part of the parasite had been measured. Volume was measured for B. glaciale, whole
S. scopeli, external part of S. scopeli and internal part of S. scopeli. The internal part was

assumed to start at the narrowest part of the neck (Fig 6).
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Figure 6: Shows where the internal and external part of Sarcotretes scopeli were assumed to be. The black
stipulated line shows where the cut was made. The red arrow shows the external part of S. scopeli, while the blue
arrow shows the internal part.

Measuring tubes were designed for S. scopeli volume measurements; DNA tubes were
filled with exactly 175 uL water, using mechanical pipettes (Appendix A: Fig A3B). Bubbles and
displaced water were removed or guided when present. Initial water level was marked with a
scalpel as close to the surface layer as possible (Appendix A: Fig A3D). A tube marked at the
150 puL and 160 ulL water level was made, in order to calibrate measurements for later analysis.
For each measurement a new tube was used to reduce bias due to water loss. Displacement
of water was recorded with an Olympus TG-6 camera; picture resolution was standardized by
keeping the camera position and magnification constant. Measuring tubes were placed on a
holder kept at a fixed distance from the camera (Appendix A: Fig A3C). B. glaciale individuals
were measured using a storage bottle annotated with 2.5 ml intervals (Appendix A: Fig A3E)
and initial water level was set at 40 ml; water loss was replaced between each measurement.
All volume measurements were recorded from the initial water level to the lowest point of

the displaced water surface.
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2.5 Data analysis:

Due to temporal and spatial closeness of CTD measurements in the four fjord systems, one
station was selected for further statistical analysis and assumed to be representative for the
environmental conditions of each fjord. Dissolved oxygen content was selected for the mean
depth from each of the depth ranges. These values were then converted to a categorical
dummy variable (Low; oxygen level < 3 ml I, High; oxygen level > 3 ml I'%), for further analysis.
The two categories were divided at 3ml I, since Direktoratsgruppen vanndirektivet (2018)
categorizes deep-sea dissolved oxygen content < 3 ml It as moderate-poor, and values > 3 ml
I as moderate-good.

S. scopeli prevalence was estimated by dividing the total number of infected
individuals, by the total number of infected and uninfected individuals measured for each

individual fjord system (equation 1):

. Nins
equation 1: Prevalence = * 100
tot

Where prevalence = percentage of infected individuals in the population, Ninf = number of

infected individuals measured, Niot = total number of individuals measured.

Dry organ and dry gutted somatic weight were converted to organosomatic indices;
Gonadosomatic index (GSI), hepatosomatic index (HSI) and heartsomatic index (HASI); For
further statistical analysis (equation 2). Before conversion, 1*10° were added to the 0 values
of the dried gonad weight of males, so the data could be boxcox-transformed for further
analysis. Data from five individuals had to be excluded due to errors in the dried gutted weight

measurements (n = 3) or in dried gonad weight (n = 2):

Wp
GTW,

equation 2: OS] = * 100

Where OSI = organosomatic index, refers to GSI, HIS or HASI. OWp refers to the respective dry

organ weights, and GTWp refers to the dry gutted weight of the fish.
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Fresh gutted weight (equation 3.) and fresh standard length (equation 4.) for each
individual B. glaciale were calculated from the ethanol preserved wet gutted weight and
standard length of the fish, using the obtained relationship provided in Kristoffersen and

Salvanes (1998):

equation 3: FW = 0.0074 + (1.430 x WIWG)
Where FW = fresh gutted weight, and WWG = wet weight gutted

equation 4: FL = —0.667 + (1.043 * L)

Where FL = fresh standard length, and L = preserved standard length.

Fulton’s condition factor was calculated using the fresh gutted weight relative to the fresh

standard length (equation 5) and was the variable used for further statistical analysis.

tion 5: CF = ulid
equation 5: =

Where CF = Fulton’s condition factor, FW = Fresh gutted weight and FL = fresh standard length.

As all individuals from the ethanol samples where sexed and measured for length (see
section 2.4), | could use statistical weighting factors when analyzing the data. The use of
statistical weighting factors was necessary in order to say something general about the overall
fjord populations, as all infected B. glaciale were processed, while only a subsample of the
uninfected B. glaciale was processed (Glen, 2019). In order to adjust for that only a subsample
of the uninfected fish was processed, common observations of fish with a given length and
sex combination present in both the processed sample and overall population were given a
higher weighting factor, thus they got more importance in the statistical analysis (equation 6).
This was done in order to balance the processed sample to more accurately represent the
overall population. If a given sex and length combination was present in the overall
population, but not in the processed sample, the observation was given a weighting factor of
zero in order to exclude it from further statistical analysis. Since all infected individuals were
processed, these observations were given a weighting factor of one. This way all observations

from infected individuals had equal importance in the analysis.
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T
equation 6: WF = 1

Where WF = weighting factor, T = Total number of unprocessed and processed fish of a given

length and sex. A = number of processed fish of a given length and sex.

2.5.1 Otolith measurements and aging:

Photos of dry otoliths were used to trace the otolith-area of the sampled infected and
uninfected individuals. Ageing was performed using photos of otoliths submerged in water.
All otoliths were aged by following a fixed axis from the otolith core to the highest point of
the otolith (Fig 7). Otoliths consist of opaque rings, which are associated with fast growth
during summer and translucent rings, which are associated with slow growth during winter
(Das, 1994). Thus, in this study a year was defined as one translucent and one opaque ring.
Since all fish were sampled in February 2021, the translucent edge of the otoliths was counted
as a year. In some instances, there was observed a small translucent band around the otolith
core, which was excluded in the year count. The left otolith was selected as the default picture,
while in instances where the left otolith consisted of vaterite, missing or unreadable, the right

otolith was used instead.

Figure 7: Otoliths from Benthosema glaciale; the orange lines show the axis used to count annuli, while the red
marks show the location of each annulus counted. A) Otolith 5 year of age; B) Otolith 4 year of age; C) Otolith 3
years of age; D) Otolith 2 years of age.
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2.5.2 Anchoring point of Sarcotretes scopeli:

Internal and external parasitic anchoring points were noted to the exact locations on the host
(Appendix B: Tab B1) and in later analysis of the anchoring points, they were categorized in
pre-made groups. External groups were defined as dorsal, ventral and other, while Internal

groups were defined as heart, stomach/pylorus cease, gonads and other.

2.5.3 Volume measurements of Sarcotretes scopeli:

Jpeg pictures of S. scopeli total, external and internal volume, were further modified in
gimp.2.0 (The GIMP Development Team, 2019), by adding digital markers to the middle of the
original scalpel marker and to the lowest point of the surface tension. Images were further
analyzed in imagel (Schneider et al. 2012), using the calibration tube to set a global scale for
all measurements. To standardize the measurements, volume was defined as the distance
between the outer edge of the two digital markers. Due to the small volumes used to measure
water displacement, and differences in water tension placement; there was a general trend
that the sum of the internal and external parasitic parts was higher than the total parasitic
volume measured. As a result, exact internal and external parasitic volume cannot be stated.
However, the aim in this thesis is to give a proxy of the parasitic volume relative to the host
volume. Parasitic volume in relation to host (Vu) volume was calculated for total parasitic
volume (Viot; equation 7), external parasitic volume (Vext; equation 8) and the internal parasitic

volume (Vin;; equation 9).

. Vtot
equation 7: Voy,or = V.

H

* 100

Where Vyiot = Percentage of total parasitic volume in relation to host volume, Viot = total

parasitic volume, Vy = Host volume.

equation 8: Vo, poyr = ;—xr * 100
H

Where Vyext = Percentage of external parasitic volume relative to host volume, Vex: = external

parasitic volume, Vy = Host volume.
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equation 9: Ve = ‘;—nt * 100
H

Where Vyint = Percentage of internal parasitic volume in relation to host volume, Vint = internal

parasitic volume, Vy = Host volume.

2.5.4 Statistical Analysis:

All statistical analysis were performed in R version 4.0.5 (R Core Team, 2021) with the
interactive workspace R-studio (RStudio Team, 2021), and the additional packages tidyverse
(Wickham et al., 2019), MASS (Venables & Ripley, 2002), ShapeR (Libungan & Palsson, 2015),
vegan (Oksanen et al., 2008), car (Fox & Weisberg, 2019) and emmeans (Russell, 2022).
Statistically significance was assumed for a = 0.05.

The effect of dissolved oxygen concentration on parasitic prevalence between fjords
was tested using a Generalized linear mixed model (GLMM) (model 1), with a quasibinomial
error distribution in order to account for overdispersion. Prevalence was specified as a binary
response (0 for uninfected and 1 for infected), while the predictor variable oxygen level (Low;
oxygen level <3 ml I, High; oxygen level > 3 ml 1), was categorical. Fjord was used as random
factor, due to clustering of observations within this variable. The GLMM was followed by a
Chi-square test (model 2). Differences in S. scopeli prevalence between fjords was tested using
a generalized linear model (GLM) with a quasibinomial error distribution (model 3).
Prevalence was specified as a binary response (0 for uninfected, 1 for infected), and fjord was
defined as a categorical predictor. Furthermore, differences in length-frequency distribution
between the infected and uninfected individuals within each fjord were tested by comparing
the distributions of cumulative relative length-frequency’s, using a Kolmogorov-Smirnov test

(model 4):

model 1: gimmPQL(prevalence ~ oxygen, random = ~ 1 [fjord, family = quasibinomial , data

= data.df)

model 2: Anova(modell, type = “Ill”)

model 3: glm (prevalence ~ fjord, family = quasibinomial, data = data.df)
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model 4: ks.test(fjord_uninfected_length, fjord_infected_length)
Where fjord_uninfected_length refers to the length distribution of uninfected B. glaciale and

fijord_infected_length refers to the length distribution of the infected B. glaciale.

For the effect of infection status on host biology (GSI, HIS, HASI and CF) GLM’s were
also fitted. A quasibinomial error distribution was assumed for all GLM’s, due to potential
overdispersion in the data. Organosomatic indices (GSI, HSI and HASI) were converted to
binomial response variables, using proportions (and not percentage) as response variables.
For all GLM’s, except for GSI; sex (M for male and F for female) and fjord were specified as
categorical variables, and infection status was specified as a binary predictor (0 for uninfected
and 1 for infected; model 4). For GSI, a model was fitted for each separate sex, due to inherent
differences in gonad size; thus, the model only included fjord and infection status as predictors
(model 5). Interactions terms were removed from the model if deemed insignificant. Each
GLM was followed up by an Anova, to get the global statistics of the main effects and the
interaction terms. Emmeans post-hoc test for pairwise comparison, with a Tuckey adjustment,
was used to determine which categories differed significantly from each other (model 6). In
addition, the linear relationship between B. glaciale dry gutted weight (continuous predictor)
and the dry weight of the gonads, liver and heart (continuous response variables) was
compared for the infected and uninfected individuals (binary predictor), using a linear model
(LM; model 7). Data for dried heart weight of the sexes were pooled, as HASI were similar for
males and females. All response variables were box-cox transformed to meet the assumption
of normality and homoscedasticity. Dried gonad weight for males from Masfjorden and dried
hearts of the pooled sexes from Osterfjorden, were excluded from the analysis due to
violation of the assumptions of homoscedasticity and normality both before and after box-cox
transformation, determined from visual inspection of diagnostic plots. Interaction terms were
removed if found to be insignificant. A weighting factor (wt_factor) was added to all GLM and

LM models in order to balance the sample (see section 2.5 above):

model 4: gim(GSI_binary ~ Infected * fjord, weights = wt_factor, family = quasibinomial, data
= Data.df
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model 5: gIm(OSI_binary ~ Infected*sex + fjord*infected, weights = wt_factor, family =
"quasibinomial”, data = Data.df)

Where OSI = HSI, HASI or CF.

model 6: emmeans(Mod, specs = pairwise ~ predictorl*predictor2, type = "response")

model 7: Im(dry_organ_weight ~ dry_weight_gutted * Infected, weights =wt_factor, data =
Data.df)

The effect of infection on host growth was tested by comparing the mean age
difference between infected and age/sex matched uninfected B. glaciale, using a two-way
ANOVA (model 8). This analysis was performed for each fjord separately. Age was defined as
a continuous response, while sex was set as a categorical predictor (M for males and F for
females) and infection status was defined as a binary predictor (0 for uninfected and 1 for
infected). Differences in otolith parameters were tested using a LM (Model 9); otolith length
(O1) and otolith width (Ow) were set as continuous responses, infection status was set as a
binary predictor (0 for uninfected, 1 for infected), while fjord and sex were defined as
categorical predictors. The interactions between the predictors were removed if found non-
significant. The LM was followed by emmeans post-hoc test’s (model 6) to test which levels of
the categorical predictors differed from each other. Furthermore, the variation in otolith
shape between infected and uninfected individuals was tested for each fjord, using a
Canonical Analysis of Principal Coordinates (CAP; model 10); followed by an ANOVA-like
premutation test with 1000 permutations (model 11) in accordance to Libungan and Palsson
(2015). Mean wavelet coefficients were standardized by adjustments in respect to fjord, fish
standard length and infection status. Data on otolith shape were pooled for the sexes as

otolith length and width were similar for males and females.

model 8: aov(age ~ sex*Infected, data = Data.df)

model 9: Im(otolith_parameter ~ Infected + fjord + sex, data = Data.df)

model 10: cap = capscale(getStdWavelet(shape) ~ getMasterlist(shape)Sinfected)
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model 11: anova(cap.resl, by = "terms", step = 1000)

The relationship between parasitic volume (Viot, Vext and Vint) and host volume (Vi) was
tested with a Pearson correlation test. All volumes were defined as continuous variables. In
addition, the relationship between internal (Vint) and external (Vex:) volume of S. scopeli was

tested using a Pearson correlation test (model 12).

model 12: cor.test(Data.dfSvolume_fish, Data.dfSvolume_parasite, method=c("pearson"))
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3. Results:

3.1 Environmental parameters:

Water temperature in the four fjord systems in February 2021 was between 4.7 — 7.7°C, 5.1-
8.2 °C, 6.4-7.7°C, and 7.4-7.9°C, for Fensfjorden, Masfjorden, Osterfjorden and Segrfjorden,
respectively, and increased from the surface towards the bottom (Fig 8A). Dissolved oxygen
content was observed to decrease with depth in all four fjord systems, with values ranging
from 6.9-5.4 ml L}, 6.5-2.3 ml L'}, 7.1-3 ml L'! and 6.4-2.3 ml L'%; for Fensfjorden, Masfjorden,
Osterfjorden and Sgrfjorden sequentially (Fig 8B). Salinity in the four fjord systems rapidly
decreased in the first 100 meters ranging from 31.8-35.1 PSU, 30.6-34.9 PSU, 29.8-34.8 PSU
and 27.7-34.8 PSU for Fensfjorden, Masfjorden, Osterfjorden and Sgrfjorden respectively (Fig
8C)
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Figure 8: CTD transects from the four fjord systems in February 2021. Values from Fensfjorden are given in red,
Masfjorden in green, Osterfjorden in blue and Sgrfjorden in purple. All transects are given over depth (y-axis). A)
temperature (C°) B) Dissolved oxygen content (ml I) C) salinity (PSU).
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3.2 Prevalence of Sarcotretes scopeli:

Prevalence of S. scopeli in February 2021, was found to be highest in Osterfjorden and
Masfjorden (4.76% and 4.33%, respectively; Fig 9), while being lowest in Sgrfjorden (1.76%).
Fensfjorden, had an intermediate prevalence (2.92%) compared to the other three fjords.
Serfjorden was found to have a lower prevalence compared to Masfjorden and Osterfjorden
(GLM; Mas: t = 2.87, p = 0.004; Ost: t = 2.80, p = 0.005), but did not differ from Fensfjorden
(GLM; t =1.45, p = 0.15). Dissolved oxygen level did not affect the prevalence in the four fjord
systems (GLMM; X? = 2.09, DF4, p = 0.15).
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Figure 9: Barplot over Sarcotretes scopeli prevalence (y-axis) from four west Norwegian fjord systems (x-axis), in
February 2021.
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3.3 Cumulative length frequency:

The length distributions of infected B. glaciale were similar as for uninfected individuals in all
four fjord systems (Kolmogorov Smirnov test; Mas: D =0.16, p =0.29; Fens: D =0.13, p = 0.87,;
Sgr: D=0.28, p=0.25; Ost: D =0.15, p = 0.81; Fig 10).
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Figure 10: Cummulative relative standard length of Sarcotretes scopeli infected and uninfected Benthosema glaciale from four west
Norwegian fjords. A) Infected and uninfected individuals from Fensfjorden. B) Infected and uninfected individuals from Masfjorden. C)
Infected and uninfected individuals from Osterfjorden. D) infected and uninfected individual from Sgrfjorden.
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3.4 Parasitic effect on host gonadosomatic index:

The gonadosomatic index (GSI) was lower for infected individuals than uninfected ones for
both females (GLM: Resid. Dev = 5.49, DF1,172, p << 0.001; Tab 4, Fig 11A) and males (Resid.
Dev = 0.16, DFy 156, p << 0.001; Tab 4, Fig 11B).

GSI did not differ for females between fjords (GLM; Resid. dev = 5.38, DF3,169, p = 0.35,
Tab 4), but did for males (Resid. dev = 0.14, DF3 153, p << 0.001, Tab 4), where males from
Masfjorden and Fensfjorden had lower GSI than males from Sgrfjorden (Emmeans; p < 0.001,

Fig 11B, Appendix B, Tab B2).

Table 4: Generalized linear model on the effect of infection (infected and uninfected) and fjord (Masfjorden,
Fensfjorden, Sgrfjorden and Osterfjorden) on the gonadosomatic index (GSI) of male and female Benthosema
glaciale. A quasi-binomial distribution was assumed to account for overdispersion and calculated weighting
factors and Chi-square test were used.

Female D.f Deviance Residual. D.f Residual deviance P
GSI
Infected 1 4.57 172 5.49 << 0.001
Fjord 3 0.11 169 5.38 0.35
Infected x fjord 3 <0.01 166 5.37 0.96
Male D.f Deviance Residual. D.f Residual deviance P
GSI
Infected 1 0.02 156 0.16 << 0.001
Fjord 3 0.03 153 0.14 << 0.001
Infected x fjord 3 <0.01 150 0.13 0.66

Since GSl is calculated for an average individual over every length group, the linear
relationship of gonad weight as a function of gutted weight of the fish was also tested. Gonad
weight increased with gutted weight for both infected and uninfected females and males in
all fjords except Masfjorden (LM: p < 0.006, Tab 5, Appendix C: Fig Cla, c & d, Fig C2). In
Masfjorden the gonad weight did not increase with gutted weight for infected females (LM;

infected x dry gutted weight: F1,70 = 8.77, p = 0.004, Tab 5, Appendix C: Fig C1b).
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Table 5: Linear regression (LM) on the box-cox transformed dry gonad weight of female Benthosema glaciale as a function of the dry gutted weight and infection (infected and
uninfected) on fish from Masfjorden, Fensfjorden, Sgrfjorden and Osterfjorden. Weighting factors and a F-test were used. LM on the box-cox transformed dry gonad weight of
male B. glaciale as a function of the dry gutted weight and infection (infected and uninfected) of fish from Fensfjorden, S@rfjorden and Osterfjorden. Weighting factors and a

F-test were used.

Female Sum sq. Fias) p Male Sum sq. Fias) p
Masfjorden
Dry gutted weight 1.7 177.93(1,70) << 0.001 - - -
Infected 0.04 4.75(1,70) 0.03 - - -
Infected x dry gutted weight 0.08 8.771,70) 0.004 - - -
Fensfjorden
Dry gutted weight 0.26 8.06(1,39) 0.007 <0.01 22.92(1,35) << 0.001
Infected 2.1 64.21(1,39) << 0.001 <0.01 2.120,35) 0.15
Infected x dry gutted weight <0.01 <0.010139) 0.94 <0.01 0.07(1,39) 0.8
Sorfjorden
Dry gutted weight 15.49 24.18(1,33) << 0.001 <0.01 63.01(1,43) << 0.001
Infected 85.66 133.6701,33) << 0.001 <0.01 6.33(1,43) 0.02
Infected x dry gutted weight 0.15 0.22(1,32) 0.64 <0.01 0.32(1,42) 0.58
Osterfjorden
Dry gutted weight 0.74 7.66(1,19) 0.01 4.27 10.42(1,15) 0.006
Infected 2.27 23.53(1,19) <0.001 0.75 1.82(1,15) 0.2
Infected x dry gutted weight 0.01 0.12(1,18) 0.73 0.22 0.52(1,14) 0.48
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Figure 11: Boxplot of the gonadosomatic index (GSl) in percentage between Sarcotretes scopeli infected and uninfected Benthosema glaciale from four west Norwegian fjords.
Uninfected individuals are given in white, while infected individuals are given in gray. Black points indicate individual observations. A) females B) males.
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3.5 Parasitic effect on host hepatosomatic index:

The hepatosomatic index (HSI) of B. glaciale was affected by infection and the sex of the fish
(GLM: infection x sex; Resid. deviance = 1.75, DF1326, p << 0.001, Tab 6, Fig 12); Uninfected
males had a lower HSI than uninfected females, while infected males and females had a similar
HSI (Emmeans; Uninfected: Z=21.06, p << 0.001; Infected: Z=0.34, p =0.99, Fig 12, Appendix
B: Tab B3). Both infected and uninfected females had similar HSI, while infected males had
higher HSI than uninfected males (Emmeans: Females: Z =-0.32, p = 0.99; Males: Z=-8.12, p
<< 0.001, Fig 12, Appendix B: Tab B3).

HSI differed for infected fish between the fjords (GLM; infected x fjord: Resid. deviance
= 1.66, DF3,323, p < 0.001, Tab 6, Fig 12), where infected fish from Sgrfjorden had a higher HSI
than infected fish from Masfjorden and Fensfjorden (Emmeans; Mas: Z=-3.94, p = 0.002; Fen:
Z=-3.11, p = 0.04, Appendix B: Tab B3).

Table 6: Generalized linear model on the effect of infection (infected and uninfected), sex (male and female) and
fiord (Masfjorden, Fensfjorden, Sgrfjorden and Osterfjorden) on the hepatosomatic index (HSI) of Benthosema
glaciale. A quasi-binomial distribution was assumed to account for overdispersion and calculated weighting
factors and Chi-square test were used.

D.f Deviance  Residual. d.f Residual deviance P
HSI
Infected 1 0.25 331 4.55 << 0.001
Sex 1 2.56 330 2 << 0.001
Fjord 3 0.05 327 1.95 0.02
Infected x sex 1 0.2 326 1.75 << 0.001
Infected x fjord 3 0.09 323 1.66 <0.001

Since HSl is also calculated for an average individual over every length group, the linear
relationship of the liver weight as a function of gutted weight of the fish was estimated. Liver
weight increased with the gutted weight for both females and males and for both infected
and uninfected fish in all fjords (LM: p < 0.005, Tab 7, Appendix C: Fig C3 & C4). The increase
was similar for infected and uninfected individuals for both sexes and in all four fjords

(interaction: infection x dry gutted weight; females > 0.17: males p > 0.39; Tab 7)
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Table 7: Linear regression (LM) on the box-cox transformed dry liver weight of female Benthosema glaciale as a function of the dry gutted weight of the fish and infection
(infected and uninfected) from Masfjorden, Fensfjorden, Sgrfjorden and Osterfjorden. Weighting factors and a F-test were used. LM on the box-cox transformed dry liver
weight of male Benthosema glaciale as a function of the dry gutted weight of the fish and infection (infected and uninfected) from Masfjorden, Fensfjorden, Sgrfjorden and
Osterfjorden. Weighting factors and a F-test were used.

Female Sum sq. Fias) p Male Sum sq. Fias) p
Masfjorden

Dry gutted weight 0.13 107.23um) << 0.001 0.09 70.810153 << 0.001
Infected <0.01 1.570m) 0.21 <0.01 3.520s3 0.07
Infected x dry gutted weight <0.01 0.82(1,70) 0.37 <0.01 <0.01us2 0.99
Fensfjorden

Dry gutted weight 0.06 38.62(139) << 0.001 0.01 8.78.3s) 0.005
Infected <0.01 2.500,39) 0.12 <0.01 3.89u3s) 0.06
Infected x dry gutted weight <0.01 1.35u39 0.25 <0.01 0.39u34 0.53
Sorfjorden

Dry gutted weight 4.25 64.62(1,3) << 0.001 7263 11.750.43) 0.001
Infected 1.14 17.290,33 <0.001 3642 5.890,03 0.02
Infected x dry gutted weight 0.12 1.95u32 0.17 16 0.0311.42) 0.87
Osterfjorden

Dry gutted weight 1724.3 25.06(1,19) << 0.001 0.2 11.25u49 0.004
Infected 175 2.540,9) 0.13 0.19 10.85,15) 0.005
Infected x dry gutted weight 32 0.450118) 0.51 0.01 0.811.19) 0.39
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Figure 12: Boxplot of the hepatosomatic index (HSI) in percentage between Sarcotretes scopeli infected and uninfected Benthosema glaciale from four west Norwegian fjords.
Uninfected individuals are given in white, while infected individuals are given in gray. Black points indicate individual observations. A) females B) males
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3.6 Effect on host cardiac size:

Infected individuals had higher heartsomatic index (HASI) than uninfected individuals (GLM;

Resid. dev = 0.87, DF1,331, p = 0.033; Fig 13, Tab 8), and was similar for females and males and

fjords (Interaction: Infected x Sex; p = 0.57; Infected x fjord: p = 0.58; Tab 8). After removing

the interaction effects, a main effect of fjord was detected (GLM; Resid. dev = 0.79, DF3327, p

<< 0.001, Tab 8), where fish from Sgrfjorden had higher HASI than fish from Masfjorden and

Fensfjorden (Emmeans; p < 0.002, Fig 13, Appendix B: Tab B4), and fish from Osterfjorden had

higher HASI than fish from Masfjorden (Emmeans; Z =-3.09, p = 0.01, Fig 13, Appendix B: Tab

B4).

Table 8: Generalized linear model on the effect of infection (infected and uninfected), sex (male and female) and
fiord (Masfjorden, Fensfjorden, Sgrfjorden and Osterfjorden) on the heartsomatic index (HASI) of Benthosema
glaciale. A quasi-binomial distribution was assumed to account for overdispersion and calculated weighting

factors and Chi-square test were used.

D.f Deviance Residual. d.f  Residual deviance P
HASI
Infected 1 0.01 331 0.87 0.03
Sex 1 <0.01 330 0.87 0.17
Fjord 3 0.08 327 0.79 << 0.001
Infected x sex 1 <0.01 326 0.79 0.57
Infected x fjord 3 <0.01 323 0.78 0.58
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Figure 13: Boxplot of the heartsomatic index (HASI) in percentage between Sarcotretes scopeli infected and uninfected Benthosema glaciale from four west Norwegian fjords.
Uninfected individuals are given in white, while infected individuals are given in gray. Black points indicate individual observations.
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The heart weight of infected and uninfected individuals increased with gutted weight in all of
the fjords (LM: p < 0.001, Tab 9, Appendix C: Fig C5). The increase was similar for infected and

uninfected fish in all four fjords (Interaction: Infected x dry gutted weight: p > 0.14, Tab 9)

Table 9: Linear regression (LM) on the box-cox transformed dry heart weight of Benthosema glaciale as a function
of the dry gutted weight and infection (infected and uninfected) of fish from Masfjorden, Fensfjorden and
Sarfjorden. Weighting factors and a F-test were used.

Sum Sq. Fas) p
Masfjorden
Dry gutted weight 46.7 117.194,129) << 0.001
Infected <0.01 0.01w129) 0.93
Infected x dry gutted weight 0.1 0.2901,126) 0.59
Fensfjorden
Dry gutted weight <0.01 22.82u,7) << 0.001
Infected <0.01 0.73uwm 0.40
Infected x dry gutted weight <0.01 0.900,76) 0.34
Sorfjorden
Dry gutted weight 67.3 15.50.0 <0.001
Infected 2.2 0.50,50) 0.48
Infected x dry gutted weight 9.3 2.140,79 0.14
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3.7 Fulton’s condition factor:

Infected B. glaciale had lower condition factors compared to uninfected conspecifics (GLM;
Resid. dev = 0.03, DF1,331, p << 0.001, Fig 14, Tab 10), and were similar for females and males
(GLM; interaction: Infection x Sex; Resid. dev = 0.02, DF1,326, p = 0.06; main effect of sex: Resid.
dev =0.03, DF1,330, p = 0.57, Tab 10)

Condition factors for infected and uninfected fish were similar between all fjords (GLM,;
Infection x fjord: Resid. dev = 0.02, DF3 323, p = 0.92, Tab 10). When the interaction effect was
removed, the condition factors of B. glaciale differed between fjords (GLM; Resid. dev = 0.02,
DF3327, p << 0.001; Fig 14, Tab 10), with infected and uninfected females and males from
Serfjorden being in the poorest condition of the four fjords (Emmeans; p << 0.001, Fig 14,

Appendix B: Tab B5).

Table 10: Generalized linear model on the effect of infection (infected and uninfected), sex (male and female)
and fjord (Masfjorden, Fensfjorden, Sgrfjorden and Osterfjorden) on Fulton’s condition factor (CF) of Benthosema
glaciale. A quasi-binomial distribution was assumed to account for overdispersion and calculated weighting
factors and Chi-square test were used.

D.f Deviance Residual. d.f  Residual deviance P
CF
Infected 1 <0.01 331 0.03 << 0.001
Sex 1 <0.01 330 0.03 0.57
Fjord 3 0.01 327 0.02 << 0.001
Infected x Sex 1 <0.01 326 0.02 0.06
Infected x fjord 3 <0.01 323 0.02 0.92
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Figure 14: Boxplot of Fulton’s condition factor (CF) between Sarcotretes scopeli infected and uninfected Benthosema glaciale from four west Norwegian fjords. Uninfected
individuals are given in white, while infected individuals are given in gray. Black points indicate individual observations.A) females B) males.
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3.8 Parasitic effect on host growth:

Mean age (Anova: p > 0.11, Fig 15,Tab 11), otolith length (LM:F1,150 = 0.48, p = 0.49, Tab 11,
Appendix C: Fig C6 & C7), otolith width (LM:F1,150 < 0.01, p = 0.99, Tab 11, Appendix C: Fig C8
& C9) and otolith shape (Anova: p > 0.05, Fig 16, Appendix B: Tab B6) were similar between
infected and uninfected fish. Females and males had similar mean age (Anova: p > 0.06, Tab
11), otolith length (LM: F1,150 < 0.01, p = 0.99) and otolith width (F1,150 < 0.01, p = 0.94, Tab 11).

B. glaciale differed in both otolith length and width between fjords (LM: otolith length:
F3150 = 6.89, p < 0.001; otolith width: F3150 = 6.81, p < 0.001, Tab 11), where fish from
Fensfjorden had larger otolith sizes than fish from the other fjords (Emmeans: otolith length:

p < 0.007, otolith width: p < 0.04, Appendix B: Tab B7 & B8).
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Figure 15: Boxplot of the age (in years) difference between infected and uninfected Benthosema glaciale from four west
Norwegian fjords. Uninfected individuals are given in white, while infected individuals are given in gray. a) Fensfjorden.
b) Masfjorden. c) Osterfjorden. d) Sgrfjorden.
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Figure 16: Mean otolith shape based on wavlet reconstuction of Sarcotretes scopeli infected and uninfected
Benthosema glaciale, from four west Norwegian fjords. A) Mean otolith shape between infected (n = 24) and
uninfected (n = 24) individuals from Sgrfjorden. B) Mean otolith shape between infected (n =10 ) and uninfected (n =
10) individuals from Osterfjorden. A) Mean otolith shape between infected (n = 18) and uninfected (n = 18) individuals
from Fensfjorden. A) Mean otolith shape between infected (n = 26) and uninfected (n = 26) individuals from
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Table 11: Linear model (LM) on the effect of infection (infected and uninfected), fjord (Masfjorden, Fensfjorden,
Sarfjorden and Osterfjorden) and sex (male and female) on the otolith length and width of Benthosema glaciale.
A F-test was used. Two-way Anova on the differences in mean age between infection (infected and uninfected)
and sex (male and female) of B. glaciale from Masfjorden, Fensfjorden, Sgrfjorden and Osterfjorden. A F-test was
used.

Sum sq. Fas) p
Otolith length
Infected 0.02 0.481,150 0.49
Fjord 0.92 6.89,150) <0.001
Sex <0.01 < 0.010,150 0.99
Infected x Fjord  0.06 0.42,146) 0.74
Infected x sex <0.01 0.091,146) 0.76
Otolith width
Infected <0.01 < 0.014,150 0.99
Fjord 1.72 6.81i.150 <0.001
Sex <0.01 < 0.010,150 0.94
Infected x Fjord  0.02 0.08,146) 0.97
Infected x sex <0.01 0.031,146) 0.87
Sum sq. Fas) p
Otolith age Masfjorden
Sex 3.82 3.17 149 0.08
Infected 3.25 3.250.49) 0.11
Sex x infection 1.6 1.33148 0.25

Otolith age Fensfjorden

Sex 0.02 0.04133 0.84
Infected 0.44 0.77 w33 0.39
Sex x infection 0.7 1.210132 0.28

Otolith age Sgrfjorden

Sex 0.37 0.491,45 0.49
Infected 0.02 0.030145) 0.87
Sex X infection 0.17 0.21144 0.65

Otolith age Osterfjorden

Sex 4 4.12119 0.06
Infected 0.05 0.051,17) 0.82
Sex x infection 0.69 0.70(1,16) 0.42
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3.9 Sarcotretes scopeli anchoring location:

Sarcotretes scopeli was primarily observed attach dorsally on the fish exterior, strictly anterior
for the dorsal fin (Fig 17A-C & F, Tab 12). The parasite was also in some cases found to attach
to the pelvic fins (Fig 17E, Tab 12), or other places (Tab 12) such as the lateral line (Fig 17F),
the head and the gill cover. A few S. scopeli were also observed to have attach their feeding
apparatus to the hosts gonads (Fig 18B, Tab 12), stomach/pyloric caeca (Fig 18A&D; Fig 19;
Tab 12), and heart (Tab 12). While most of the parasites were anchored to other places either
in the hosts visceral cavity such as the liver (Fig 18E, n = 5), kidneys (n = 3) and swimbladder
(n=5), or outside of the visceral cavity in the host flesh (Fig 18F, n = 14) and gills (Fig 18G, n =
4).

Table 12: Percentage of external and internal anchoring locations for Sarcotretes scopeli. Anchoring locations
show the location categories. Individuals (n) show the number of S. scopeli observed at a given location and
percentage is the proportion of S. scopeli found at a given location.

Anchoring location Individuals (n) Percentage
External anchoring location:
dorsal 59 65%
other 9 10%
ventral 23 25%
Internal anchoring location:
gonads 6 12%
heart 1 2%
other 31 60%
stomach/pyloric caeca 14 27%
Other:
other 18 58%
viceral 13 42%
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Figure 17: Overview of different Sarcotretes scopeli external anchoring points on Benthosema glaciale. A) B.
glaciale infected by two S. scopeli, both dorsally. B) B. glaciale with single S. scopeli infection, dorsally. C) B.
glaciale with single infection dorsally close to the head. D) B. glaciale with single lateral infection, left side. E) B.
glaciale with single ventral infection. F) B. glaciale with single lateral infection, right side.

Figure 18:Overview of different Sarcotretes scopeli internal anchoring points in Benthosema glaciale. Red arrows
indicates parasitic tissue. A) S. scopeli anchored in host stomach. B) S. scopeli anchored in host gonads. C) S.
scopeli anchored in host flesh, penetrating externally on dorsal side of host. D) S. scopeli anchored in pyloric caeca.
E) S. scopeli which was anchored in host liver. F) S. scopeli anchored in host flesh. G) S. scopeli anchored in host
gills.
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Figure 19: Micro-CT scan of an Sarcotretes scopeli infected Benthosema glaciale. A) External anchoring point of
S. scopeli. B) Internal anchoring point of S. scopeli. Parasitic tissue is highlighted in red, host gonadic tissue in
yellow, host stomach in blue, host heart in pink and host liver in green.
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3.10 Parasitic volume in relation to host volume:

The total parasitic volume showed no significant correlation with the host volume (r =-0.002,
N =9, p = 1 Fig 20A). No significant correlation was found between the external parasitic
volume and host volume (r =-0.087, N =9, p = 0.82; Fig 20B) or between the internal parasitic
volume and host volume (r =-0.18, N =9, p = 0.64; Fig 20C). The internal parasitic volume had
a strong positive correlation with the external parasitic volume (r =0.73, N =9, p = 0.026; Fig
20D, Tab 13), meaning that the internal part grows proportionally with the external part of
the parasite. The parasitic tissue occupied < 1% of the host volume on average (Appendix B:

Tab B9).
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Figure 20: A) The total parasitic volume (ml) in relation to Benthosema glaciale volume (ml). B) The external
parasitic volume (ml) in relation to B. glaciale volume (ml). C) Internal parasitic volume in relation to B. glaciale
volume (ml). D) Internal parasitic volume (ml) in relation to external parasitic volume (ml).
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Table 13: Overview of the proportions of the internal and external parts of Sarcotretes scopeli. Parasite I.D, is the
unique identification given to each parasite and corresponding host. Vini/Viot is the proportion of the internal
parasitic volume in relation to the total volume of the parasite. Vin/Viotmean = s.d, is the mean value and standard
deviation of the internal parasitic volume relative to the total parasitic volume. Vex/Viot is the proportion of the
external parasitic volume in relation to the total volume of the parasite. Vex/Viot mean # s.d, is the mean value
and standard deviation of the external parasitic volume relative to the total parasitic volume. The volumetric
measurements presented are not accurate values, thus the sum of the external and internal parts does not sum
up to 100%

) Vint/Viot Vext/ Vot
Parasite I.D Vint/Viot Mean + s.d Vext/Viot Mean + s.d
Mas149/5.01 29.4% 41.2%

Mas149/5.04 22.2% 44.4%
Mas149/5.06 41.7% 62.5%
Mas149/5.07 17.6% 52.9%
Mas149/5.08 52.0% 53.2£20.8% 72.0% 66.4 + 20.3%
Mas149/5.10 40.9% 54.5%
Mas149/5.11 44.4% 81.5%
Mas149/5.12 40.0% 95.0%
Mas149/5.14 12.5% 93.8%

4. Discussion:

Parasitic species are ubiquitous in the marine ecosystem and are known to cause adverse
health effects on their hosts. Nevertheless, the pathology of parasite-host systems in the deep
sea remains understudied. In order to bridge some of this knowledge gap, this thesis has
investigated the parasite-host relationship between the mesopelagic fish species B. glaciale
and the parasitic copepod S. scopeli. The main focus of this thesis has been on; the
pathological effects on the host species, the impact of dissolved oxygen on parasitic
prevalence, and the attachment site selectivity of the parasitic infection.

The present study shows that S. scopeli reduces the gonadal size of both sexes of B.
glaciale. Infected males had an increased liver size, whereas no effect was observed for
infected females. The infection resulted in poor body condition but remarkably did not
compromise host growth. In addition, the data showed inconclusive results for the effect of
infection on hosts cardiac size. Despite castrating the host, S. scopeli did not seem to follow
the expected allometric growth exhibited by parasitic castrators. Furthermore, the parasitic
prevalence is seemingly not affected by dissolved oxygen differences, however, Sgrfjorden

had a statistically lower prevalence than other investigated fjords. It was also found that S.
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scopeli exhibits low internal anchoring selectivity and a high affinity for external dorsal

attachment.

4.1 Parasitic castration:

In this study, the gonadal weight of both infected and uninfected male and female B. glaciale
was investigated to assess the effect of S. scopeli on the reproductive output of its host. The
data show that infected females had a remarkable reduction in ovary size compared to
uninfected conspecifics. This reduction suggests that the parasitic infection compromises
female reproduction. One way parasitic species can affect hosts reproduction is through
castration, where the parasite reduce the hosts energy canalization to reproductive organs
(Waiho et al., 2020). Castration is believed to only occur in parasite-host interactions where
the host species allocates high amounts of energy to reproduction (Lafferty & Kuris, 2009).
Inhibition of this energy allocation may allow the parasite to drain large amounts of host
energy with negligible effects on the hosts viability, thus potentially increasing its own
longevity (Lafferty & Kuris, 2009). Parasitic castration is best known from invertebrate hosts
(Calado et al., 2008; Lafferty, 1993; Shields & Wood, 1993) but have been reported from both
lantern sharks and a few small fish species (Fogelman et al., 2009; Moser & Taylor, 1978; Yano
& Musick, 2000). For instance, the parasitic copepod C. bellottii infecting the Northern
lampfish (Stenobrachius leucopsarus, Eigenmann & Eigenmann, 1890) in the mesopelagic of
the Pacific ocean, and the parasitic isopod Anilocra apogonae (Bruce, 1987) infecting the five-
lined cardinalfish (Cheilodipterus quinquelineatus, Cuvier, 1828) in Pacific reefs, has been
shown to inhibit the maturation of host eggs (Fogelman et al., 2009; Moser & Taylor, 1978).
Infected males also showed a reduced gonadosomatic index compared to uninfected
ones. Although, when differences in body weight of the fish were accounted for, Sgrfjorden
was the only area where a significant difference between infected and uninfected males could
be detected. Nonetheless, infected males from the Fensfjorden and Osterfjorden also showed
areduction in testis weight despite not being significantly lower. This may be due to very small
testis in both uninfected and infected males, which may make small differences in weight
difficult to detect. It is therefore reasonable to assume that the reproductive output is also
compromised for males. The reduction in the gonadosomatic index of the infected males is

consistent with findings from other studies of parasitic castrators of fish which have
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investigated the pathological effects on male and female hosts separately (Fogelman et al.,
2009; Hecker & Karbe, 2005; Trubiroha et al., 2010).

Parasite-induced gonad reduction might be achieved through manipulation of the host
energy allocation (manipulation hypothesis; Poulin et al., 1994) or as a by-product of the
parasitic drain of the hosts general energy reserves (energy drain hypothesis; Lafferty & Kuris,
2009). In fact, both of these modes have been shown to occur in the parasite-host relationship
of fish. For instance, L. intestinalis has been shown to cause endocrine disruption in common
breams (Abramis brama, Linnaeus, 1758), causing negligible effects on the host liver mass
(Hecker & Karbe, 2005). The cestode S. solidus, on the other hand, has been shown to cause
gonadal reduction of the three-spined stickleback in the wild, coupled with severe reduction
of the host liver (Arme & Owen, 1967; Heins & Baker, 2008). In contrast, in a laboratory
experiment by Barber and Svensson (2003), where experimentally infected three-spined
sticklebacks were fed 8% of their body weight each day, it was observed that the cestode
infection was associated with increased host ovary weight, indicating that the parasite does
not directly target host reproduction. In the data presented here, infected females generally
had similar liver weights to uninfected females, suggesting that the infection did not
compromise the energetic reserves in the liver. Given that the liver showed no sign of
starvation, the parasitic interaction aligns more with the manipulation hypothesis. One factor
that might explain this lack of effect is the production of the egg yolk precursor vitellogenin
prior to spawning (Moussavi et al., 2009). Production of this precursor is an energetically
costly process occurring in the liver and is regulated by sex steroids in the blood plasma
(Schneider, 1996) and might thus be readily manipulated by parasitic species. L. intestinalis
has, for instance, been shown to cause inhibition of the vitellogenin production of roach and
common bream by interfering with the pituitary-gonadal-axis, resulting in inhibition of host
egg maturation (Hecker & Karbe, 2005; Trubiroha et al., 2010). Considering this, it might be
hypothesized that S. scopeli also disrupts the hormonal signaling for egg maturation in the
female host.

Surprisingly, female hosts from Sgrfjorden and male hosts in all fjords showed signs of
liver enlargement resulting from the infection. Endocrine disruption of male fish exposed to
estrogen compounds has been documented to be able to cause liver enlargement due to
vitellogenin accumulation (Barse et al., 2006) due to the fact that male fish inherits the same

vitellogenin receptors found in the female liver (Sumpter & Jobling, 1995). While it might be
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speculated that the liver enlargement observed for male hosts is due to vitellogenin
accumulation, observations from roach infected with L. intestinalis have shown that infection
causes a reduction of vitellogenin also in males (Trubiroha et al., 2010). Although, since the
egg yolk precursor is transported to the gonads through the vascular system (Schneider,
1996), it may be a possibility that S. scopeli feeds directly on vitellogenin by filtering it from
the host’s blood and would thus benefit from increasing the host’s production of this protein.
If so, infected females in Sgrfjorden may overcompensate this production due to low body
condition. While the liver enlargement of the host is likely to be of biological importance in
the parasite-host relationship, the exact mechanism behind the liver enlargement cannot be
explained from the current study and needs further investigation.

Despite the generally negligible effect of the infection on the female liver and the liver
enlargement of the males, infected hosts were found to have lower condition than their
uninfected conspecifics. Multiple factors might explain this reduction in body condition; One
explanation could be that parasitic castrators might not exclusively drain energy from host
reproduction but might also have some impact on the overall energy reserves (Ocampo et al.,
2021). For B. glaciale, this energetic reserve is stored as wax-esters in the liver and adipose
tissue and makes up a large part of the species’ weight (Falk-Petersen et al., 1986). If so, one
may speculate that the parasitic infection reduces the available energy for adipose tissue
production. Another explanation could be that the presence of S. scopeli on a hosts surface
could indirectly affect the swimming cost of B. glaciale due to a potential increase in
hydrodynamic drag (Ostlund-Nilsson et al., 2005). For example, data from a laboratory
experiment by Ostlund-Nilsson et al. (2005) showed that five-lined cardinalfish infected by the
ectoparasitic isopod A. apogonae expended more energy on locomotion when infected,
resulting in decreasing body condition under low food availability. Since the external part of
S. scopeli is relatively large and protrudes out of the body surface of B. glaciale, the parasite
likely causes some disruption of the streamlining when the host swims. Thus, it is likely that
the host will experience increased drag while swimming through the water. In contrast, the
reduced body condition may not result from the infection but rather be the cause of infection.
The cestode Proteocephalus tetrastomus (Rudolphi, 1810) is, for example, more prevalent in
rainbow smelts (Osmerus mordax, Mitchill, 1814) that exhibit reduced early life growth
(Blanchet et al., 2009). While one may speculate that this is also the case for B. glaciale, the

liver and gonad indices indicate that S. scopeli mainly targets the reproductive energy of B.
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glaciale, which is also affected by the body condition of the fish (McBride et al., 2015). Atlantic
cod (Gadus morhua, Linnaeus, 1758), for instance, has been found to allocate less energy to
reproduction when the body condition is poor (Lambert & Dutil, 2000). This may also be
applicable for B. glaciale, as both species are batch spawners. If so, it is safe to assume that
infection of hosts in poor condition would be disadvantageous for parasitic survival and would
likely be selected against. Therefore, it is more likely that the infection itself causes the
observed reduction in condition factor of the infected fish.

Serfjorden deviated from the other fjords, as both infected and uninfected B. glaciale
from this fjord were found to be in the poorest condition. One potential explanation for this
may be that there is less available prey in this system as it is located furthest from the
Norwegian coast. This is supported by a study from Salvanes et al. (1995), who showed
through ecological modeling that the productivity in the fjords declined with distance from
the coastline. They also found that the copepod Calanus finmarchicus (Gunnerus, 1770), an
important prey species for B. glaciale, also became scarcer further from the coast.

Due to the decreased body weight of the infected individuals, it was expected that
infection would cause a reduction in host growth. Surprisingly, both the mean age and otolith
parameters were similar between infected and uninfected fish, indicating that the infection
does not compromise the otolith growth of the host. These findings are in contrast to
Gjgsaeter (1971) findings, who reported an average 2.8% length reduction for age groups 1 to
4. His and mine results might not be strictly comparable since we used somewhat different
measures. | used length and sex-matched B. glaciale to investigate the growth, while Gjgsaeter
(1971) combined data from both sexes and reported differences in the mean size of each age
class. Considering that otoliths grow independently of the somatic growth (Folkvord et al.,
2004), one would expect to detect larger otolith sizes of infected fish compared to uninfected
fish at the same size, assuming that somatic growth was compromised. Nevertheless, a 2.8%
size reduction might not be severe enough to cause detectable differences in otolith size.
Though, Gjgsaeter (1971) also reported a decline in the infection rate of older individuals,
suggesting that it might be due to mortality increasing with age. The data presented here show
that the length distributions of infected and uninfected fish were similar in all four
investigated fjords, and this suggests that infection is not selective on host size. Despite the
parasite not being selective on the host size, it is a possibility that increased mortality of the

infected individuals could be a factor that explains the similarities in growth between the
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infected and uninfected hosts. The condition factor and the lack of effect on growth may
indicate that S. scopeli drains large amounts of the overall host energy. Perhaps the parasite
has a fast-growing adult stage with a short lifespan, where it drains large amounts of the
overall nutrient reserves of the host over a relative short time period. If so, it is likely that the
parasite induces mortality of the host before detectable effects on the hosts somatic growth

can manifest.

4.2 Effect of infection on host cardiac function:

Parasitic species which are in part or totally embedded in the host interior can adversely affect
the hosts cardiovascular functions (Behrens et al., 2014; Coleman, 1993). Attachment to the
heart or veins of the host can, for instance, reduce the blood flow past the attachment location
(Smith et al., 2007). Blood-feeding species might also reduce the red blood cell count of the
host, resulting in anemia (Horton & Okamura, 2003). Pathological interference of the hosts
vascular system can in some cases result in a heart enlargement to compensate for the
increased strain on the cardiac musculature (Powell & Yousaf, 2017). For instance, the
parasitic copepod Lernaeocera branchialis (Linnaeus, 1767) is known to attach its feeding
apparatus to both the gills and heart of the Atlantic cod; and is believed to cause host heart
enlargement through the elevation of blood pressure (Behrens et al., 2014; Smith et al., 2007).

In this study, the heart weight of both infected and uninfected B. glaciale was
measured to investigate the effect of S. scopeli infection on the cardiac function of the host.
From the data presented here, it was found that infected fish had a higher heartsomatic index
(HASI) compared to uninfected conspecifics. While this may suggest that infection increases
the workload of the hosts' cardiac function, the model on the heart weight as a function of
fish weight did not detect a difference in heart weight between infected and uninfected fish.
These contrasting results may be due to differences in the sample size of the two models. The
generalized linear model used the whole dataset to estimate the HASI of an average infected
and uninfected fish over every length group. In contrast, the linear regression for heart weight
as a function of fish weight for the two groups was performed for each fjord separately. Due
to this difference, the linear regression may not have the statistical power needed to detect a
difference in heart weight between the infected and uninfected fish. Therefore, it is safe to
assume that larger sample sizes from each fjord are needed to reach a firm conclusion on the

effect of infection on the hosts' cardiac function.
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4.3 Volume of Sarcotretes scopeli:

Parasitic species are often small compared to their host and usually make up for less than 1%
of the host volume (Lafferty & Kuris, 2002). Species that castrates their host, on the other
hand, tend to deviate from the usual pattern observed from non-castrators, as they usually
have a volume close to the gonadic tissue of uninfected hosts but might range from 3% up to
50 % relative to the host volume (Lafferty & Kuris, 2002, 2009). The parasitic isopod A.
apogonae infecting the five-lined cardinalfish has, for example, been reported to reach a size
representing 3.8% of the host volume (Fogelman et al., 2009). In the current study, S. scopeli
was found to have a mean total volume of 0.87 + 0.37% relative to the host volume, while the
largest individual had a relative volume of 1.69%. This result indicates that S. scopeli does not
reach the relative size expected from parasitic castrators. One may speculate that S. scopeli
invests more energy into reproduction rather than growth, which could explain why the
parasite does not exhibit the large size expected for parasitic castrators.

In addition to having a large volume relative to the host, parasitic castrators are
suggested to grow allometrically relative to the host size (Kuris & Lafferty, 2000). This is since
the reproductive effort of fish increases with body size (Roff, 1983); thus, it would be expected
that parasitic castrators should also increase with host size (Hechinger et al., 2008). However,
the data presented here showed no correlation between the parasite volume and the host
volume, for neither the internal, external, or total volume of the parasite. It should be noted
that the sample size in this study was small (n = 9) and may thus not have the statistical power
to detect potential correlations. This small sample size and the roughness of the volume
measurements make it difficult to provide a firm conclusion from this study. Further
investigations on these aspects would require larger sample sizes and more accurate
volumetric measurements. One method which may be useful and gives more accurate
measurements is Micro-CT. Despite being a labor demanding method, it can provide good

resolution of both the host and parasitic volume.
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4.4 Effect of oxygen on parasitic prevalence:

In the present study, the prevalence of S. scopeli on B. glaciale from four west Norwegian fjord
systems, differing in dissolved oxygen content, was examined to investigate if decreasing
oxygen affects S. scopeli infection. Due to earlier preliminary observations of infections of fish
from Masfjorden and Fensfjorden, it was hypothesized that decreased oxygen could be a
potential explanation for an increase in infection cases. Surprisingly, the data presented here
show that oxygen did not seem to affect the prevalence of S. scopeli in the four fjord systems
investigated. This result differs from at least two studies of other parasitic copepods, which
reported decreased prevalence at low oxygen concentrations (Morales-Serna et al., 2011;
Raymond et al., 2006). However, both of the aforementioned studies regard shallow water
fish hosts, which usually experience well-oxygenated environments. The mesopelagic zone of
shallow silled west Norwegian fjords, on the other hand, has periodic low oxygen events due
to the cyclic renewal of the basin water (Aksnes et al., 2019). Repeated exposure could have
caused B. glaciale to become acclimatized to reduced oxygen conditions (Gilmore et al., 2019),
thus reducing the adverse effects on their physiology (Guillen et al., 2019). If so, B. glaciale
might not experience a higher susceptibility to parasitic infections during periods of low
oxygen. By the fact that S. scopeli is partly exposed to the exterior environment of the host, it
is safe to assume that changes in the environment would also affect this species. While
parasites are usually more sensitive to changes in the water chemistry than their hosts (Gérard
et al., 2003; Majumder et al., 2015), this does not seem to be the case for S. scopeli regarding
dissolved oxygen. One may speculate that the parasite may also have adapted to the reduced
oxygen environment, as was suggested for the host.

An alternative but not mutually exclusive explanation might be given by the vertical
migratory behavior of B. glaciale. Fish residing in low oxygen environments might experience
reduced metabolic function during the exposure time (Van Ginneken et al., 2001; Van
Waversveld et al., 1989). The bearded goby (Sufflogobius bibarbatus, Von Bonde, 1923) can,
for example, survive in hypoxic environments by decreasing its metabolic function, resulting
in the accumulation of lactic acid (Salvanes et al., 2011; Utne-Palm et al., 2010). In order to rid
itself of the metabolic waste, this species undergoes diel vertical migration to normoxic layers
during the night to breathe (Utne-Palm et al., 2010). Since B. glaciale have been shown to
perform some migration throughout the diel cycle (Dypvik et al., 2012; Kaartvedt et al., 2009),

it might be speculated that the species does not reside in the low oxygen layers of the water

60



column for prolonged periods of time, but rather migrates to the normoxic layers frequently
to breathe. If so, it could be that S. scopeli is also able to cope with restricted oxygen for short
periods but is not able to survive chronic exposure. In a laboratory experiment by
Krishnaswamy (1960) for instance, it was shown that the parasitic copepod Caligus
diaphanous (Nordmann, 1832) could survive up to 14 hours of anoxic water exposure with no
adverse effects after a half-hour recuperation period in normoxic water. Perhaps, S. scopeli
exhibits a similar behavior of metabolic reduction during low oxygen exposure as was
suggested for the host, where it needs to catch up on metabolic rent during the time the host
resides in the oxygenated layers.

Despite the observation that the prevalence of S. scopeli did not differ with decreasing
dissolved oxygen, it was found to be relatively high in three of the fjord systems (Masfjorden,
Fensfjorden, and Osterfjorden) compared to the 1.8% recorded from the North Atlantic by
Jungersen (1911). The findings from these three fjords are however in correspondence with
records from other west Norwegian fjords (3.6%) made by Gjgsaeter (1971). Sgrfjorden, on
the other hand, had a prevalence (1.76%) resembling that of the North Atlantic. The lower
prevalence in the latter fjord might be explained by both biological and environmental
differences compared to the other fjords. As mentioned earlier, uninfected hosts from
Serfjorden are in a poorer condition than the other fjords. Perhaps, there are less suitable
hosts for parasitic survival due to this fact. Sgrfjorden is also less saline in the upper part of
the water column compared to the other fjords. From other parasitic copepods, reduced
salinity has been shown to cause decreased infection and hatching success (Brazenor &
Hutson, 2013; Bricknell et al., 2006), thus decreasing the parasitic prevalence. Although, due
to likely under sampling of juvenile stages of B. glaciale, and considering that juvenile stages
of S. scopeli have a translucent coloration making them hard to spot (Jungersen, 1911), it is
safe to assume that the prevalence is in reality higher than what has been recorded in this
study. Nevertheless, the sampling methods were standardized between sampling areas and
should therefore not severely bias the results. In addition, it should be kept in mind that the
current study was a cross-sectional study and that environmental factors in each fjord were
based on one ctd-station each. This timeframe might not be sufficiently long to detect

variations in parasitic prevalence due to oxygen fluctuations.
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4.5 Parasitic site selection:

In the present study S. scopeli showed low site specificity in the internal anchoring point of
the feeding apparatus, where individuals had a random distribution both within and outside
of the host visceral cavity. This result corresponds to the findings of the original description of
S. scopeli by Jungersen (1911). From earlier studies, it has been shown that blood feeding
might be a common way of nutritional acquisition for species in the family Pennelidea (Lovy
et al., 2020; Poltev, 2010). Additionally, some pennellid species have been found to attach
their feeding apparatus to major blood-filled organs (Moser & Taylor, 1978) and blood veins
(Aneesh et al., 2021). Due to the ethanol preservation used in this study, it could not be
determined if the feeding apparatus of S. scopeli was attached to the veins of the host.
Although, it is not unlikely that the species feeds on host blood, and thus it might be
hypothesized that the feeding apparatus is attached to major blood veins; which could explain
the low attachment site specificity observed in this study. Interestingly, parts of the holdfast
of one S. scopeli observed in this study, penetrated the host exterior on the dorsal side; where
the parasite had managed to undergo metamorphosis. It should be noted that the internal
part of the holdfast was close to the location of the caudal vein, which could explain how the
specimen might have survived in this location.

Furthermore, one of the S. scopeli observed in this study was anchored near to the
heart of the host. Despite this, no evidence was found to support the hypothesis that S. scopeli
have a high affinity for anchoring in the heart of the host and thus it is rejected. One potential
explanation for the observations made by Salvanes might be that she was investigating C.
bellottii, a closely related species to S. scopeli, which is known to anchor in the bulbous
arteriosus of both the Northern lampfish and B. glaciale (Hogans, 2017; Moser & Taylor, 1978).
C. bellottii shares an almost identical morphology to S. scopeli, except for processes protruding
from the hold fast of the prior species (Hogans, 2017), and could thus easily be mistaken for
S. scopeli.

In contrast to the internal anchoring point, S. scopeli showed a high site selectivity of
the external anchoring point with an affinity for the dorsal side (65%) of the host, which is in
alignment with the previous documentation of both Jungersen (1911) and Gjgsater (1971).
The high site selectivity observed in this and previous studies might be explained by multiple
factors; Perhaps the innate immune system is less efficient near the fins of B. glaciale and thus

a higher number of S. scopeli is successfully retained at these locations. This has been shown
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to affect the attachment success of another parasitic copepod; Lepeophtheirus salmonis
(Krgyer, 1837), where most parasites were able to retain attachment at the dorsal side of the
host compared to other attachment locations, mainly the gills (Johnson, 1992). While this may
be a contributing factor, it would not by itself explain why fewer infections were observed
near the other fins compared to the dorsal one. Perhaps the dorsal fin provides a more optimal
attachment substratum during the initial attachment (Loot et al., 2004). Since S. scopeli have
specialized cheliform antenna likely used for attachment to the host during the pre-
metamorphosis stages (Jungersen, 1911), it is not unlikely that fins act as important
attachment substratum, such as for other parasitic copepods (Loot et al., 2004; Tucker et al.,
2002). If so, it might be that the paired fins are more susceptible to erosion caused by parasitic
presence, resulting in fewer individuals to be successfully retained, thus making them
unsuitable attachment points for the free-living infective stages of the parasite. Such a
mechanism could explain why only 25% of the infections were observed ventrally and 10% in
other places on the host body. It could also be argued that the parasite may be provided with
a higher fitness benefit depending on its anchoring position on the host (Timi et al., 2010). For
example, under the assumption that S. scopeli attaches the feeding apparatus to host veins, it
is a possibility that dorsal attachment gives a higher success rate of finding a suitable internal
anchoring location, as most major veins of fish are located dorsally. Rohde (1979) proposed a
hypothesis that high site selectivity might also arise due to increased chances of mate
encounters at specific locations of the host. Perhaps dorsal attachment gives a higher
encounter rate with males of the species. Considering that the life cycle S. scopeli consists of
only one host and the infective stages are all females (Jungersen, 1911), this might be a
plausible explanation. Despite this, the mechanisms behind both internal and external site
selectivity remain poorly known for both S. scopeli and parasitic copepods in general. Further
studies can unravel more of the host-parasite system and how their relationship affect the

population dynamics of both the parasite and the host.
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5. Future aspects:

Despite being one of the most common fish globally, little is known about how Benthosema
glaicale interacts with parasitic species such as Sarcotretes scopeli. In fact, our knowledge is
limited regarding parasite-host systems of deep-sea teleost’s in general, as it is difficult to
obtain sufficient samples from the deep sea. However, since west Norwegian fjords house
extensive deep-sea communities, they can provide easily accessible natural infrastructures for
such studies and grant further knowledge about the deep-sea ecosystem as a whole.

As the first comprehensive study to investigate the S. scopeli — B. glaciale interaction
in 50 years, this dataset includes observation from one winter season in four fjords systems.
The data demonstrate clearly that S. scopeli acts as a parasitic castrator on B. glaciale, and as
the host liver does not decrease following infection, it indicates that the parasite somehow
inhibits the energy transportation from the liver to the gonads. While parasitic castration is
known from other fish hosts (Fogelman et al., 2009; Moser & Taylor, 1978), the underlying
mechanisms of this pathological effect remain poorly understood.

In order to gain more knowledge on the interaction between S. scopeli and B. glaciale,
further studies should be done on the mechanism behind the castration. This could, for
example, be done by measuring hormone expression linked to reproduction from the blood
and liver of B. glaciale, as has been done for some fish hosts of L. intestinalis (Hecker & Karbe,
2005; Trubiroha et al., 2010).

As shown by the data presented here, S. scopeli attaches its feeding apparatus
randomly in the host internal. Despite this, nothing is known about how this species acquires
nutrition from its host. Histological studies on the parasite-host assemblage at the location of
the feeding apparatus could be one possible way to gain a better understanding of whether
host veins are essential for feeding or not.

Almost nothing is also known about the life history of S. scopeli, as Jungersen (1911)
only described a few life stages of the species. To describe the species early life stages, one
could collect eggs of the species and rear them in the laboratory. Since S. scopeli produces egg
strings from its external part, these eggs could easily be obtained by trawling. If the parasite
survives in a laboratory setting, it is also a possibility to do experiments on dead or living B.
glaciale. This, in order gain an understanding on which life stage the parasite infects the host,

and how infection occurs.
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Additionally, in a time of ocean warming and loss of oxygen in the seawater, the
habitats in the marine ecosystem will change. No one knows how the steady decrease of
dissolved oxygen in the ocean will impact parasite-host interactions in this system. While the
Investigated fjords presented in this study differed slightly in dissolved oxygen in the basin
water, the oxygen categories used in this study may be too rough to detect an effect on S.
scopeli prevalence. Therefore, the HypOnfjordfish group has started a time series analysis,
where they will register parasitic infection from random samples collected on future cruises
in west Norwegian fjords. Such a time series will give more accurate insight into how

environmental fluctuations influence the prevalence of S. scopeli.

6. Conclusion:

In this study, the relationship between the parasitic copepod Sarcotretes scopeli and the
globally dominating Benthosema glaciale was investigated by comparing data of one winter
season from four west Norwegian fjords. The prevalence of S. scopeli most likely fluctuates
with seasons. Thus, this study only provides a snapshot of the parasite-host interaction,
however, a thorough and well documented one. The data presented here show that
difference in dissolved oxygen in the basin water did not seem to affect S. scopeli prevalence.
Despite this, the parasite was significantly less prevalent in one of the four fjords, suggesting
that other factors might regulate the population. Infection was most often a dorsal
attachment on the host exterior, while internal attachment was not found to be associated
with a specific location. Infected female and male B. glaciale showed evidence of castration,
as they exhibited a significant reduction of gonad size. This reduction was especially apparent
for females as ovaries were small regardless of fish size. Infection was found to be associated
with liver enlargement in males but did not affect the liver mass of females. This suggests that
S. scopeli inhibits host energy allocation from the liver to reproduction. Contrastingly, S.
scopeli was found to reduce host body condition, indicating that parts of the overall energy
reserve were compromised. Despite this, host growth was not affected, as otolith sizes were
found to be similar between infected and uninfected fish. The overall data provides evidence
that S. scopeli castrates its host, however, no categorical conclusion can be drawn in favor of
either the manipulation hypothesis or the energy drain hypothesis. The literature shows that

the castratory effect of parasites can alter the host population dynamics. Since B. glaciale is a
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key species in the fjord ecosystem, further studies on the parasite-host system could increase

our understanding of the role of parasites at an ecosystem level.

66



References:

Abdel-Tawwab, M., Monier, M. N., Seyed Hossein, H., & Faggio, C. (2019). Fish response to
hypoxia stress: growth, physiological, and immunological biomarkers. Fish Physiology
and Biochemistry, 45(3), 997-1013.

Aksnes, D. L., Aure, J., Johansen, P.-O., Johnsen, G. H., & Vea Salvanes, A. G. (2019). Multi-
decadal warming of Atlantic water and associated decline of dissolved oxygen in a
deep fjord. Estuarine, Coastal and Shelf Science, 228, 106392.

Aksnes, D. L., Nejstgaard, J., Seedberg, E., & Sgrnes, T. (2004). Optical control of fish and
zooplankton populations. Limnology and Oceanography, 49(1), 233-238.

Allan, B. J. M., llling, B., Fakan, E. P., Narvaez, P., Grutter, A. S., Sikkel, P. C., McClure, E. C.,
Rummer, J. L., & McCormick, M. I. (2020). Parasite infection directly impacts escape
response and stress levels in fish. Journal of Experimental Biology, 223(16).

Alvheim, A. R., Kjellevold, M., Strand, E., Sanden, M., & Wiech, M. (2020). Mesopelagic
Species and Their Potential Contribution to Food and Feed Security—A Case Study
from Norway. Foods, 9(3).

Aneesh, P. T., Helna, A. K., Kumar, A. B., & Maran, B. A. V. (2021). A new species of parasitic
copepod of the genus Lernaeenicus (Lesueur, 1824) (Siphonostomatoida:
Pennellidae) from the torpedo scad Megalaspis cordyla (Linnaeus, 1758) off Kerala
coast of Arabian Sea, India. Marine Biology Research, 17(1), 1-11.

Arme, C., & Owen, R. W. (1967). Infections of the three-spined stickleback, Gasterosteus
aculeatus L., with the plerocercoid larvae of Schistocephalus solidus (Muller, 1776),
with special reference to pathological effects. Parasitology, 57(2), 301-314.

Averbuj, A., & Cremonte, F. (2010). Parasitic castration of Buccinanops cochlidium
(Gastropoda: Nassariidae) caused by a lepocreadiid digenean in San José Gulf,
Argentina. Journal of Helminthology, 84(4), 381-389.

Baggien, E., Kaartvedt, S., Aksnes, D. L., & Eiane, K. (2001). Vertical distribution and mortality
of overwintering Calanus. Limnology and Oceanography, 46(6), 1494-1510.

Barber, I., & Svensson, P. A. (2003). Effects of experimental Schistocephalus solidus
infections on growth, morphology and sexual development of female three-spined
sticklebacks, Gasterosteus aculeatus. Parasitology, 126(4), 359-367.

Barse, A. V., Chakrabarti, T., Ghosh, T. K., Pal, A. K., & Jadhao, S. B. (2006). One-tenth dose of
LC50 of 4-tert-butylphenol causes endocrine disruption and metabolic changes in
Cyprinus carpio. Pesticide Biochemistry and Physiology, 86(3), 172-179.

Behrens, J. W,, Seth, H., Axelsson, M., & Buchmann, K. (2014). The parasitic copepod
Lernaeocera branchialis negatively affects cardiorespiratory function in Gadus
morhua. Journal of Fish Biology, 84(5), 1599-1606.

Blanchet, S., Méjean, L., Bourque, J.-F., Lek, S., Thomas, F., Marcogliese, D. J., Dodson, J. J., &
Loot, G. (2009). Why do parasitized hosts look different? Resolving the “chicken-egg”
dilemma. Oecologia, 160(1), 37.

Boleza, K. A,, Burnett, L. E., & Burnett, K. G. (2001). Hypercapnic hypoxia compromises
bactericidal activity of fish anterior kidney cells against opportunistic environmental
pathogens. Fish & Shellfish Immunology, 11(7), 593-610.

Boxshall, G. A. (1998). Host specificity in copepod parasites of deep-sea fishes. Journal of
Marine Systems, 15(1), 215-223.

Boxshall, G. A. (2000). Parasitic copepods (Copepoda: Siphonostomatoida) from deep-sea
and mid-water fishes. Systematic Parasitology, 47(3), 173-181.

67



Brazenor, A. K., & Hutson, K. S. (2013). Effect of temperature and salinity on egg hatching
and description of the life cycle of Lernanthropus latis (Copepoda: Lernanthropidae)
infecting barramundi, Lates calcarifer. Parasitology International, 62(5), 437-447.

Bricknell, I, R., Dalesman, S., J., O’Shea, B., Pert, C., C., & Mordue Luntz, A. J. (2006). Effect
of environmental salinity on sea lice Lepeophtheirus salmonis settlement success.
Diseases of Aquatic Organisms, 71(3), 201-212.

Calado, R., Bartilotti, C., Goy, J. W., & Dinis, M. T. (2008). Parasitic castration of the
stenopodid shrimp Stenopus hispidus (Decapoda: Stenopodidae) induced by the
bopyrid isopod Argeiopsis inhacae (Isopoda: Bopyridae). Journal of the Marine
Biological Association of the United Kingdom, 88(2), 307-309.

Campbell, R. A,, Haedrich, R. L., & Munroe, T. A. (1980). Parasitism and ecological
relationships among deep-sea benthic fishes. Marine Biology, 57(4), 301-313.

Catul, V., Gauns, M., & Karuppasamy, P. K. (2011). A review on mesopelagic fishes belonging
to family Myctophidae. Reviews in Fish Biology and Fisheries, 21(3), 339-354.

Chin, A,, Guo, F. C., Bernier, N,, J., & T. K. Woo, P. (2004). Effect of Cryptobia salmositica-
induced anorexia on feeding behavior and immune response in juvenile rainbow
trout Oncorhynchus mykiss. Diseases of Aquatic Organisms, 58(1), 17-26.

Chugunova, Y. K., & Pronin, N. M. (2011). Component communities of parasites and
interaction of the parasitic faunas of noncommercial fishes in the Kacha River
(Yenisei Basin). Contemporary Problems of Ecology, 4(1), 56-63.

Coleman, F. C. (1993). Morphological and Physiological Consequences of Parasites Encysted
in the Bulbus Arteriosus of an Estuarine Fish, the Sheepshead Minnow, Cyprinodon
variegatus. The Journal of Parasitology, 79(2), 247-254.

Crowden, A. E., & Broom, D. M. (1980). Effects of the eyefluke, Diplostomum spathaceum,
on the behaviour of dace (Leuciscus leuciscus). Animal Behaviour, 28(1), 287-294.

Darelius, E. (2020). On the effect of climate trends in coastal density on deep water renewal
frequency in sill fjords—A statistical approach. Estuarine, Coastal and Shelf Science,
243, 106904.

Das, M. (1994). Age Determination and Longevity in Fishes. Gerontology, 40(2-4), 70-96.

Diaz, R. J. (2001). Overview of Hypoxia around the World. Journal of Environmental Quality,
30(2), 275-281.

Direktoratsgruppen vanndirektivet. (2018). Veileder 02:2018 Klassifisering av miljgtilstand

i vann. Retrieved from https://www.vannportalen.no/veiledere/klassifiseringsveileder/:

Dypvik, E., Klevjer, T. A., & Kaartvedt, S. (2012). Inverse vertical migration and feeding in
glacier lanternfish (Benthosema glaciale). Marine Biology, 159(2), 443-453.

Engas, A., Skeide, R., & West, C. W. (1997). The ‘MultiSampler’: a system for remotely
opening and closing multiple codends on a sampling trawl. Fisheries Research, 29(3),
295-298.

Falk-Petersen, |.-B., Falk-Petersen, S., & Sargent, J. R. (1986). Nature, origin and possible
roles of lipid deposits in Maurolicus muelleri (Gmelin, 1789) and Benthosema glaciale
(Reinhart, 1837) from Ullsfjorden, northern Norway. Polar Biology, 5(4), 235-240.

Falk-Petersen, S., Sargent, J. R., & Tande, K. S. (1987). Lipid composition of zooplankton in
relation to the sub-arctic food web. Polar Biology, 8(2), 115-120.

Fast, M. D. (2014). Fish immune responses to parasitic copepod (namely sea lice) infection.
Developmental & Comparative Inmunology, 43(2), 300-312.

68



Fjelldal, P. G., Hansen, T. J., & Karlsen, @. (2020). Effects of laboratory salmon louse infection
on osmoregulation, growth and survival in Atlantic salmon. Conservation Physiology,
8(1), coaa023.

Fogelman, R. M., & Grutter, A. S. (2008). Mancae of the parasitic cymothoid isopod, Anilocra
apogonae: early life history, host-specificity, and effect on growth and survival of
preferred young cardinal fishes. Coral Reefs, 27(3), 685.

Fogelman, R. M., Kuris, A. M., & Grutter, A. S. (2009). Parasitic castration of a vertebrate:
Effect of the cymothoid isopod, Anilocra apogonae, on the five-lined cardinalfish,
Cheilodipterus quinquelineatus. International Journal for Parasitology, 39(5), 577-
583.

Folkvord, A., Johannessen, A., & Moksness, E. (2004). Temperature-dependent otolith
growth in Norwegian spring-spawning herring (Clupea harengus L.) larvae. Sarsia,
89(5), 297-310.

Fox, J., & Weisberg, S. (2019). An R Companion to Applied Regression. Thousand Oaks {CA}:
Sage. Retrieved from https://socialsciences.mcmaster.ca/jfox/Books/Companion/

Gabagambi, N. P., Skorping, A., Chacha, M., Jonathan Kihedu, K., & Mennerat, A. (2020). Life
history shifts in an exploited African fish following invasion by a castrating parasite.
Ecology and Evolution, 10(23), 13225-13235.

Garcia-Seoane, E., Bernal, A., & Saborido-Rey, F. (2014). Reproductive ecology of the glacier
lanternfish Benthosema glaciale. Hydrobiologia, 727(1), 137-149.

Garcia-Seoane, E., Dalpadado, P., & Vazquez, A. (2013). Feeding ecology of the glacier
lanternfish Benthosema glaciale (Actinopterygii, Myctophidae) in the Flemish Cap
(North Atlantic Ocean). Hydrobiologia, 717(1), 133-146.

Gérard, C., Blanc, A., & Costil, K. (2003). Potamopyrgus antipodarum(Mollusca:Hydrobiidae)
in continental aquatic gastropod communities: impact of salinity and trematode
parasitism. Hydrobiologia, 493(1), 167-172.

Geraudie, P., Boulange-Lecomte, C., Gerbron, M., Hinfray, N., Brion, F., & Minier, C. (2010).
Endocrine effects of the tapeworm Ligula intestinalis in its teleost host, the roach
(Rutilus rutilus). Parasitology, 137(4), 697-704.

Gilmore, K. L., Doubleday, Z. A., & Gillanders, B. M. (2019). Prolonged exposure to low
oxygen improves hypoxia tolerance in a freshwater fish. Conservation Physiology,
7(1).

Giske, J., Aksnes, D. L., Balifio, B. M., Kaartvedt, S., Lie, U., Nordeide, J. T., Salvanes, A. G. V.,
Wakili, S. M., & Aadnesen, A. (1990). Vertical distribution and trophic interactions of
zooplankton and fish in Masfjorden, Norway. Sarsia, 75(1), 65-81.

Gjgseeter, J. (1971). Sarcotretes scopeli, a Lernaeid copepod new to Norway. Sarsia, 46(1),
97-100.

Gjgseeter, J. (1973). Age, growth, and mortality of the muctophid fish, Benthosema glaciale
(Reinhardt), from western Norway. Sarsia.

Gjgseeter, J. (1981). Growth, production and reproduction of the myctophid fish Benthosema
glaciale from western Norway and adjacent seas.

Glen, S. (2019). Weighting Factor, Statistical Weight: Definition, Uses. Elementary Statistics
for the rest of us! Retrieved from https://www.statisticshowto.com/weighting-
factor/

Grankoto, A., Pampoulie, C., Marques, A., & Sakiti, G. N. (2001). Myxobolus dahomeyensis
infection in ovaries of Tilapia species from Benin (West Africa). Journal of Fish
Biology, 58(3), 883-886.

69



Guillen, A. C., Borges, M. E., Herrerias, T., Kandalski, P. K., de Arruda Marins, E., Viana, D., de
Souza, M. R. D. P., Oliveira do Carmo Daloski, L., & Donatti, L. (2019). Effect of
gradual temperature increase on the carbohydrate energy metabolism responses of
the Antarctic fish Notothenia rossii. Marine Environmental Research, 150, 104779.

Halliday, R. G. (1970). Growth and Vertical Distribution of the Glacier Lanternfish,
Benthosema glaciale, in the Northwestern Atlantic. Journal of the Fisheries Research
Board of Canada, 27(1), 105-116.

Hechinger, R. F., Lafferty, K. D., Mancini, F. T., Warner, R. R., & Kuris, A. M. (2008). How large
is the hand in the puppet? Ecological and evolutionary factors affecting body mass of
15 trematode parasitic castrators in their snail host. Evolutionary Ecology, 23(5), 651.

Hecker, M., & Karbe, L. (2005). Parasitism in fish—an endocrine modulator of ecological
relevance? Aquatic Toxicology, 72(3), 195-207.

Hedd, A., & Montevecchi, W. A. (2006). Diet and trophic position of Leach’s storm-petrel
Oceanodroma leucorhoa during breeding and moult, inferred from stable isotope
analysis of feathers. Marine Ecology Progress Series, 322, 291-301.

Heins, D. C., & Baker, J. A. (2008). The Stickleback-Schistocephalus Host-Parasite System as a
Model for Understanding the Effect of a Macroparasite on Host Reproduction.
Behaviour, 145(4/5), 625-645.

Hogans, W. E. (2017). Cardiodectes medusaeus (Copepoda: Pennellidae) a synonym of
Cardiodectes bellottii, a parasite of mid-water fishes in the North Atlantic Ocean and
Mediterranean Sea. Proceedings of the Biological Society of Washington, 130(1), 249-
254.

Horton, T., & Okamura, B. (2003). Post-haemorrhagic anaemia in sea bass, Dicentrarchus
labrax (L.), caused by blood feeding of Ceratothoa oestroides (Isopoda:
Cymothoidae). Journal of Fish Diseases, 26(7), 401-406.

Howe, J. A,, Austin, W. E. N., Forwick, M., Paetzel, M., Harland, R., & Cage, A. G. (2010). Fjord
systems and archives: a review. Geological Society, London, Special Publications,
344(1), 5.

Isla, A., Scharek, R., & Latasa, M. (2015). Zooplankton diel vertical migration and contribution
to deep active carbon flux in the NW Mediterranean. Journal of Marine Systems, 143,
86-97.

Johnson, S. C. (1992). Comparative susceptibility and histopathology of the response of naive
Atlantic, chinook and coho salmon to experimental infection with Lepeophtheirus
salmonis (Copepoda: Caligidae). In (pp. 179). Amelinghausen.

Jungersen, H. F. E. (1911). On a new Gymnoblastic Hydroid (Ichthyocodium sarcotretis)
epizoic in a new Parasitic Copepod (Sarcotretes scopeli) infesting Scopelus glacialeis
Rhdt. Biodiversity Heritage Library.

Kemp, W. M., Sampou, P. A,, Garber, J., Tuttle, J., & Boynton, W. R. (1992). Seasonal
depletion of oxygen from bottom waters of Chesapeake Bay: roles of benthic and
planktonic respiration and physical exchange processes. Marine Ecology Progress
Series, 85(1/2), 137-152.

Khan, R. A, Ryan, K., Barker, D. E., & Lee, E. M. (1993). Effect of a Single Lernaeocera
branchialis (Copepoda) on Growth of Atlantic Cod. The Journal of Parasitology, 79(6),
954-958.

Kirk, R. S. (2003). The impact of Anguillicola crassus on European eels. Fisheries
Management and Ecology, 10(6), 385-394.

70



Klevjer, T. A., Melle, W., Knutsen, T., & Aksnes, D. L. (2020a). Vertical distribution and
migration of mesopelagic scatterers in four north Atlantic basins. Deep Sea Research
Part II: Topical Studies in Oceanography, 180, 104811.

Klevjer, T. A., Melle, W., Knutsen, T., Strand, E., Korneliussen, R., Dupont, N., Salvanes, A. G.
V., & Wiebe, P. H. (2020b). Micronekton biomass distribution, improved estimates
across four north Atlantic basins. Deep Sea Research Part Il: Topical Studies in
Oceanography, 180, 104691.

Klimpel, S., Busch, M. W., Sutton, T., & Palm, H. W. (2010). Meso- and bathy-pelagic fish
parasites at the Mid-Atlantic Ridge (MAR): Low host specificity and restricted parasite
diversity. Deep Sea Research Part I: Oceanographic Research Papers, 57(4), 596-603.

Klimpel, S., Palm, H., Busch, M., Kellermanns, E., & Rueckert, S. (2006). Fish parasites in the
Arctic deep-sea: Poor diversity in pelagic fish species vs. heavy parasite load in a
demersal fish. Deep Sea Research Part I: Oceanographic Research Papers, 53, 1167-
1181.

Krishnaswamy, S. (1960). On the toleration of anaerobic conditions by Caligus diaphanus
(Nordmann, 1832). Journal of the Marine Biological Association of the United
Kingdom, 39(3), 689-691.

Kristoffersen, J. B., & Salvanes, A. G. V. (1998). Effects of formaldehyde and ethanol
preservation on body and otoliths of Maurolicus muelleri and Benthosema glaciale.
Sarsia, 83(2), 95-102.

Kristoffersen, J. B., & Salvanes, A. G. V. (2009). Distribution, growth, and population genetics
of the glacier lanternfish (Benthosema glaciale) in Norwegian waters: Contrasting
patterns in fjords and the ocean. Marine Biology Research, 5(6), 596-604.

Kuris, A., & Lafferty, K. (2000). Parasite-host modeling meets reality: Adaptive peaks and
their ecological attributes. Evolutionary Biology of Host-parasite Relationships:
Theory Meets Reality, 9-26.

Kaartvedt, S., Rgstad, A, Klevjer, T. A., & Staby, A. (2009). Use of bottom-mounted echo
sounders in exploring behavior of mesopelagic fishes. Marine Ecology Progress Series,
395, 109-118.

Kaartvedt, S., Torgersen, T., Klevjer, T. A., Rgstad, A., & Devine, J. A. (2008). Behavior of
individual mesopelagic fish in acoustic scattering layers of Norwegian fjords. Marine
Ecology Progress Series, 360, 201-209.

Lafferty, K. D. (1993). Effects of parasitic castration on growth, reproduction and population
dynamics of the marine snail Cerithidea californica. Marine Ecology Progress Series,
96(3), 229-237.

Lafferty, K. D., & Kuris, A. M. (2002). Trophic strategies, animal diversity and body size.
Trends in Ecology & Evolution, 17(11), 507-513.

Lafferty, K. D., & Kuris, A. M. (2009). Parasitic castration: the evolution and ecology of body
snatchers. Trends in Parasitology, 25(12), 564-572.

Lambert, Y., & Dutil, J.-D. (2000). Energetic consequences of reproduction in Atlantic cod
(Gadus morhua) in relation to spawning level of somatic energy reserves. Canadian
Journal of Fisheries and Aquatic Sciences, 57(4), 815-825.

Libungan, L. A., & Palsson, S. (2015). ShapeR: An R Package to Study Otolith Shape Variation
among Fish Populations. PLoS One, 10(3), e0121102.

Loot, G., Poulet, N., Reyjol, Y., Blanchet, S., & Lek, S. (2004). The effects of the ectoparasite
Tracheliastes polycolpus (Copepoda: Lernaeopodidae) on the fins of rostrum dace
(Leuciscus burdigalensis). Parasitology Research, 94(1), 16-23.

71



Lovy, J., Lewis, N. L., Friend, S. E., Able, K. W., Shaw, M. J., Hinks, G. S., & Clarke, P. J. (2020).
Host, seasonal and habitat influences on incidence of Lernaeenicus radiatus
(Copepoda: Pennellidae) in the mid-Atlantic Bight. Marine Ecology Progress Series,
642, 83-101.

Luo, J., Ortner, P. B., Forcucci, D., & Cummings, S. R. (2000). Diel vertical migration of
zooplankton and mesopelagic fish in the Arabian Sea. Deep Sea Research Part Il:
Topical Studies in Oceanography, 47(7), 1451-1473.

Majumder, S., Panda, S., & Bandyopadhyay, P. K. (2015). Effect of temperature on the
prevalence of different parasites in Cirrhinus mrigala Hamilton of West Bengal.
Journal of Parasitic Diseases, 39(1), 110-112.

Marcogliese, D. J. (2002). Food webs and the transmission of parasites to marine fish.
Parasitology, 124(7), 83-99.

McBride, R. S., Somarakis, S., Fitzhugh, G. R., Albert, A., Yaragina, N. A., Wuenschel, M. J.,
Alonso-Fernandez, A., & Basilone, G. (2015). Energy acquisition and allocation to egg
production in relation to fish reproductive strategies. Fish and Fisheries, 16(1), 23-57.

Mellergaard, S., & Nielsen, E. (1995). Impact of oxygen deficiency on the disease status of
common dab Limanda limanda. Diseases of Aquatic Organisms, 22, 101-114.

Metscher, B. D. (2009). MicroCT for comparative morphology: simple staining methods allow
high-contrast 3D imaging of diverse non-mineralized animal tissues. BMC Physiology,
9(1), 11.

Morales-Serna, F. N., Rubio-Godoy, M., & Gémez, S. (2011). Seasonality of Parasitic
Copepods on Bullseye Puffer, Sphoeroides annulatus (Pisces: Tetraodontidae), From
the Northwestern Coast of Mexico. Journal of Parasitology, 97(4), 565-573.

Moser, M., & Taylor, S. (1978). Effects of the copepod Cardiodectes medusaeus on the
laternfish Stenobrachius leucopsarus with notes on hypercastration by the hydroid
Hydrichthys sp. Canadian Journal of Zoology, 56(11), 2372-2376.

Moussavi, M., Nelson, E. R., & Habibi, H. R. (2009). Seasonal regulation of vitellogenin by
growth hormone in the goldfish liver. General and Comparative Endocrinology,
161(1), 79-82.

Mufoz, J. C. V., Feld, C. K., Hilt, S., Manfrin, A., Nachev, M., Koster, D., Jochmann, M. A,,
Schmidt, T. C., Sures, B., Zikova, A., & Knopf, K. (2021). Eye fluke infection changes
diet composition in juvenile European perch (Perca fluviatilis). Scientific Reports,
11(1), 3440.

Ocampo, E. H., Pérez Garcia, M., Nufiez, J. D., & Luppi, T. A. (2021). Impact on reproductive
performance and body condition in a small limpet parasitized by a large castrator pea
crab. Journal of Morphology, 282(11), 1604-1615.

Oksanen, J., Kindt, R., Legendre, P., O’Hara, B., Simpson, G. L., Solymos, P., Stevens, M. H. H.,
& Wagner, H. (2008). Vegan: Community Ecology package. In.

Palm, H. W., & Klimpel, S. (2007). Evolution of parasitic life in the ocean. Trends in
Parasitology, 23(1), 10-12.

Pepin, P. (2013). Distribution and feeding of Benthosema glaciale in the western Labrador
Sea: Fish—zooplankton interaction and the consequence to calanoid copepod
populations. Deep Sea Research Part I: Oceanographic Research Papers, 75, 119-134.

Perkins, P. S. (1983). The Life History of Cardiodectes medusaeus (Wilson, 1908), a Copepod
Parasite of Lanternfishes (Myctophidae). Journal of Crustacean Biology, 3(1), 70-87.

Pitcher, G. C., Aguirre-Velarde, A., Breitburg, D., Cardich, J., Carstensen, J., Conley, D. J.,
Dewitte, B., Engel, A., Espinoza-Morriberdn, D., Flores, G., Garcon, V., Graco, M.,

72



Grégoire, M., Gutiérrez, D., Hernandez-Ayon, J. M., Huang, H.-H. M., Isensee, K.,
Jacinto, M. E., Levin, L., Lorenzo, A., Machu, E., Merma, L., Montes, I., Swa, N.,
Paulmier, A., Roman, M., Rose, K., Hood, R., Rabalais, N. N., Salvanes, A. G. V.,
Salvatteci, R., Sdnchez, S., Sifeddine, A., Tall, A. W., Plas, A. K. v. d., Yasuhara, M.,
Zhang, J., & Zhu, Z. Y. (2021). System controls of coastal and open ocean oxygen
depletion. Progress in Oceanography, 197, 102613.

Poltev, Y. N. (2010). Infestation of the Pacific cod Gadus macrocephalus by the parasitic
copepod Haemobaphes diceraus (Copepoda: Pennellidae) at the eastern coast of the
northern Kuril Islands and Southeast Kamchatka. Russian Journal of Marine Biology,
36(1), 34-42.

Poulin, R., Blasco-Costa, I., & Randhawa, H. S. (2016). Integrating parasitology and marine
ecology: Seven challenges towards greater synergy. Journal of Sea Research, 113, 3-
10.

Poulin, R., Brodeur, J., & Moore, J. (1994). Parasite Manipulation of Host Behaviour: Should
Hosts Always Lose? Oikos, 70(3), 479-484.

Poulin, R., & Morand, S. (2000). The Diversity of Parasites. The Quarterly Review of Biology,
75(3), 277-293.

Powell, M. D., & Yousaf, M. N. (2017). Cardiovascular Effects of Disease: Parasites and
Pathogens. In A. K. Gamperl, T. E. Gillis, A. P. Farrell, & C. J. Brauner (Eds.), Fish
Physiology (Vol. 36, pp. 435-470): Academic Press.

Priede, I. G., Raid, T., & Watson, J. J. (1995). Deep-Water Spawning of Atlantic Mackerel
Scomber Scombrus, West of Ireland. Journal of the Marine Biological Association of
the United Kingdom, 75(4), 849-855.

Pusineri, C., Magnin, V., Meynier, L., Spitz, J., Hassani, S., & Ridoux, V. (2007). Food and
feeding ecology of the common dolphin (Delphinus delphis) in the oceanic Northeast
Atlantic and comparison with its diet in neritic areas. Marine Mammal Science, 23,
30-47.

Quinn, T. P., Kendall, N. W., Rich, H. B., & Chasco, B. E. (2012). Diel vertical movements, and
effects of infection by the cestode Schistocephalus solidus on daytime proximity of
three-spined sticklebacks Gasterosteus aculeatus to the surface of a large Alaskan
lake. Oecologia, 168(1), 43-51.

R Core Team. (2021). R: A Language and Environment for Statistical Computing. .

Raymond, K. M. N., Chapman, L. L., & Lanciani, C. A. (2006). Host, macrohabitat, and
microhabitat specificity in the gill parasite Afrodiplozoon polycotyleus (Monogenea).
Journal of Parasitology, 92(6), 1211-1217.

Roff, D. A. (1983). An Allocation Model of Growth and Reproduction in Fish. Canadian
Journal of Fisheries and Aquatic Sciences, 40(9), 1395-1404.

Rohde, K. (1979). A Critical Evaluation of Intrinsic and Extrinsic Factors Responsible for Niche
Restriction in Parasites. The American Naturalist, 114(5), 648-671.

RStudio Team. (2021). RStudio: Integrated Development Environment for R.

Russell, V. L. (2022). emmeans: Estimated Marginal Means, aka Least-Squares Means.

Salvanes, A. G. V., Aksnes, D., Foss3, J. H., & Giske, J. (1995). Simulated carrying capacities of
fish in Norwegian fjords. Fisheries Oceanography, 4(1), 17-32.

Salvanes, A. G. V., Devine, J., Glenner, H., Hestetun, J. T., Jensen, K. H., Sjgtun, K., & Sjgtun,
K. (2018). Marine Ecological Field Methods : A Guide for Marine Biologists and
Fisheries Scientists. Newark, UNITED KINGDOM: John Wiley & Sons, Incorporated.

73



Salvanes, A. G. V., & Kristoffersen, J. B. (2001). Mesopelagic fishes. Academic Press, pp. 1711-
1717.

Salvanes, A. G. V., Utne-Palm, A. C,, Currie, B., & Braithwaite, V. A. (2011). Behavioural and
physiological adaptations of the bearded goby, a key fish species of the extreme
environment of the northern Benguela upwelling. Marine Ecology Progress Series,
425, 193-202.

Sameoto, D. D. (1988). Feeding of lantern fish Benthosema glaciale off the Nova Scotia Shelf.
Marine Ecology Progress Series, 44(2), 113-129.

Saunders, R. A., Collins, M. A., Shreeve, R., Ward, P., Stowasser, G., Hill, S. L., & Tarling, G. A.
(2018). Seasonal variation in the predatory impact of myctophids on zooplankton in
the Scotia Sea (Southern Ocean). Progress in Oceanography, 168, 123-144.

Schneider, C. A., Rasband, W. S., & Eliceiri, K. W. (2012). NIH Image to Imagel: 25 years of
image analysis. Nature Methods, 9(7), 671-675.

Schneider, W. J. (1996). Vitellogenin Receptors: Oocyte-Specific Members of the Low-
Density Lipoprotein Receptor Supergene Family. In K. W. Jeon (Ed.), International
Review of Cytology (Vol. 166, pp. 103-137): Academic Press.

Seppaéla, 0., Karvonen, A., & Tellervo Valtonen, E. (2004). Parasite-induced change in host
behaviour and susceptibility to predation in an eye fluke—fish interaction. Animal
Behaviour, 68(2), 257-263.

Shields, J. D., & Wood, F. E. I. (1993). Impact of parasites on the reproduction and fecundity
of the blue sand crab Portunus pelagicus from Moreton Bay, Australia. Marine
Ecology Progress Series, 92(1/2), 159-170.

Smith, J. L., Wootten, R., & Sommerville, C. (2007). The pathology of the early stages of the
crustacean parasite, Lernaeocera branchialis (L.), on Atlantic cod, Gadus morhua L.
Journal of Fish Diseases, 30(1), 1-11.

Staby, A, Rgstad, A., & Kaartvedt, S. (2011). Long-term acoustical observations of the
mesopelagic fish Maurolicus muelleri reveal novel and varied vertical migration
patterns. Marine Ecology Progress Series, 441, 241-255.

Sumpter, J. P., & Jobling, S. (1995). Vitellogenesis as a biomarker for estrogenic
contamination of the aquatic environment. Environmental Health Perspectives,
103(suppl 7), 173-178.

Sunde, S. M. (2018). Fadebiologi til nordlig lysprikkfisk (Benthosema glaciale, Reinhardt
1837) i fire Nordatlantiske havbassenger. (Master Thesis). The University of Bergen,

The GIMP Development Team. (2019). GIMP [Internet] (Version 2.0). Retrieved from
https://www.gimp.org

Timi, J. T., Lanfranchi, A. L., & Poulin, R. (2010). Consequences of microhabitat selection for
reproductive success in the parasitic copepod Neobrachiella spinicephala
(Lernaeopodidae). Parasitology, 137(11), 1687-1694.

Timi, J. T., & Poulin, R. (2020). Why ignoring parasites in fish ecology is a mistake.
International Journal for Parasitology, 50(10), 755-761.

Trubiroha, A., Kocour Kroupova, H., Frank, S., Sures, B., & Kloas, W. (2010). Inhibition of
gametogenesis by the cestode Ligula intestinalis in roach (Rutilus rutilus) is
attenuated under laboratory conditions. Parasitology, 138, 648-659.

Tucker, C. S., Sommerville, C., & Wootten, R. (2002). Does size really matter? Effects of fish
surface area on the settlement and initial survival of Lepeophtheirus salmonis, an
ectoparasite of Atlantic salmon Salmo salar. Diseases of Aquatic Organisms, 49(2),
145-152.

74



Umberger, C. M., de Buron, I., Roumillat, W. A., & McElroy, E. J. (2013). Effects of a muscle-
infecting parasitic nematode on the locomotor performance of their fish host.
Journal of Fish Biology, 82(4), 1250-1258.

Utne-Palm, A. C., Salvanes, A. G. V., Currie, B., Kaartvedt, S., Nilsson, G. E., Braithwaite, V. A.,
Stecyk, J. A. W., Hundt, M., Bank, M. v. d., Flynn, B., Sandvik, G. K., Klevjer, T. A,,
Sweetman, A. K., Briichert, V., Pittman, K., Peard, K. R,, Lunde, |. G., Strandabg, R. A.
U., & Gibbons, M. J. (2010). Trophic Structure and Community Stability in an
Overfished Ecosystem. Science, 329(5989), 333-336.

Van Ginneken, V. J. T., Onderwater, M., Olivar, O. L., & van den Thillart, G. E. E. J. M. (2001).
Metabolic depression and investigation of glucose/ethanol conversion in the
European eel (Anguilla anguilla Linnaeus 1758) during anaerobiosis. Thermochimica
Acta, 373(1), 23-30.

Van Waversveld, J., Addink, A. D. F., & Van Den Thillart, G. (1989). Simultaneous Direct and
Indirect Calorimetry on Normoxic and Anoxic Goldfish. Journal of Experimental
Biology, 142(1), 325-335.

Varghese, T., Rejish Kumar, V., Gopan, A., Valappil, R. K., Sajina, K. A., Mishal, P., & Pal, A. K.
(2020). Dietary arginine modulates nonspecificimmune responses in Indian Major
Carp, Cirrhinus mrigala exposed to hypoxia. Aquaculture, 529, 735613.

Venables, W. N., & Ripley, B. D. (2002). Modern Applied Statistics with S. New York: Springer.
Retrieved from http://stats.ox.ac.uk/pub/MASS4/

Vestheim, H., & Kaartvedt, S. (2009). Vertical migration, feeding and colouration in the
mesopelagic shrimp Sergestes arcticus. Journal of Plankton Research, 31(11), 1427-
1435.

Waiho, K., Fazhan, H., Zhang, Y., Afigah-Aleng, N., Moh, J. H. Z., Ikhwanuddin, M., Hassan,
M., Norainy, M. H., & Ma, H. (2020). Gonadal transcriptomic analysis of the mud crab
Scylla olivacea infected with rhizocephalan parasite Sacculina beauforti. Genomics,
112(5), 2959-2969.

Webb, T. J., Edward Vanden, B., & O'Dor, R. (2010). Biodiversity's Big Wet Secret: The Global
Distribution of Marine Biological Records Reveals Chronic Under-Exploration of the
Deep Pelagic Ocean. PLoS One, 5(8).

Welker, T. L., McNulty, S. T., & Klesius, P. H. (2007). Effect of Sublethal Hypoxia on the
Immune Response and Susceptibility of Channel Catfish, Ictalurus punctatus, to
Enteric Septicemia. Journal of the World Aquaculture Society, 38(1), 12-23.

Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L., Francois, R., Grolemund, G.,
Hayes, A., Henry, L., Hester, J., Kuhn, M., Pedersen, T., Miller, E., Bache, S., Miiller, K.,
Ooms, J., Robinson, D., Seidel, D., Spinu, V., Takahashi, K., Vaughan, D., Wilke, C.,
Woo, K., & Yutani, H. (2019). Welcome to the tidyverse. J. Open Source Softw., 4(43),
1686.

Williams, E. H., & Bunkley-Williams, L. (2019). Life Cycle and Life History Strategies of
Parasitic Crustacea. In N. J. Smit, N. L. Bruce, & K. A. Hadfield (Eds.), Parasitic
Crustacea: State of Knowledge and Future Trends (pp. 179-266). Cham: Springer
International Publishing.

Yano, K., & Musick, J. A. (2000). The Effect of the Mesoparasitic Barnacle Anelasma on the
Development of Reproductive Organs of Deep-sea Squaloid Sharks, Centroscyllium
and Etmopterus. Environmental Biology of Fishes, 59(3), 329-339.

75



Yves, C., & Geoffrey, A. B. (2004). Sarcotretes (Copepoda: Pennellidae) parasitizing
myctophid fishes in the Southern Ocean: new information from seabird diet. Journal
of Parasitology, 90(6), 1288-1292.

Ostlund-Nilsson, S., Curtis, L., Nilsson, G. E., & Grutter, A. S. (2005). Parasitic isopod Anilocra
apogonae, a drag for the cardinal fish Cheilodipterus quinquelineatus. Marine Ecology
Progress Series, 287, 209-216.

76



Appendix A:

Figure A1: Overview figure of scales and dissection microscopes used for biological measurements. A) Satorius
micro M3P. B) Satorius Entris Il. C) Leica MZ95 dissection microscope. D) Leica M125 dissection microscope. E)
Fermaks drying oven.

Figure A2: Overview figure of equipment and methodology used for micro-CT experiment: A) Skyscan 1172. B)
Benthosema glaciale submerged in a 10% Lugol solution. C) The Lugol solution used to make the 10% dilution
to contrast fish before micro-CT scanning.
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Figure A3: Overview picture of equipment and methodology used for parasitic volume measurements: A) Leica
MZ95 dissection microscope. B) two mechanical pipettes; 0.5-10 uL on the left and 50-200 uL on the right. C) the
setup of the Olympus TG-6 and the measuring tubes for parasitic volume, used to standardized pictures. D) DNA
tube used for volume measurement, with initial water level marked off with a scalpel. E) measuring container
used to record the volume of Benthosema glaciale.
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Appendix B:

Table B1: Overview of external and internal Sarcotretes scopeli anchoring locations. Fish ID is the unique I.D given
to each host. Parasite (n) shows the number of parasites on each host (1 for one and 2 for two parasites). External
anchoring point gives the external location of S. scopeli. Side external shows which side the external anchoring
point was located. Internal anchoring point shows the exact location of the holdfast. NA values indicated values
that unfortunatly were not recored.

Fish ID Parasite (n) External anchoring point Side external Internal anchoring point
0st.16.02.21.147.1.01 1 ventral NA NA
0st.16.02.21.147.1.02 1 ventral NA NA
0st.16.02.21.147.1.03 1 dorsal NA NA
0st.16.02.21.147.1.04 1 dorsal NA NA
Ost.16.02.21.147.1.05 1 dorsal NA NA
0st.16.02.21.147.1.06 1 dorsal NA NA
0st.16.02.21.147.1.07 1 dorsal NA NA
0st.16.02.21.147.1.08 1 dorsal NA NA
0st.16.02.21.147.1.09 1 dorsal right NA
0st.16.02.21.147.1.10 1 dorsal left NA
Ost.16.02.21.147.1.11 1 dorsal NA NA
Mas.18.02.21.148.2.01 1 dorsal-head NA kidney
Mas.18.02.21.148.2.02 1 dorsal left flesh-close to gills
Mas.18.02.21.149.5.01 1 dorsal NA flesh
Mas.18.02.21.149.5.02 1 ventral left pyloric caeca
Mas.18.02.21.149.5.03 1 dorsal NA swimbladder
Mas.18.02.21.149.5.04 1 dorsal NA flesh
Mas.19.02.21.150.8.01 1 lateral right pyloric_caeca
Mas.19.02.21.150.8.02 1 dorsal NA NA
Mas.19.02.21.150.9.01 2 dorsal right stomach
Mas.19.02.21.150.9.01 2 dorsal left stomach
Mas.19.02.21.150.9.02 1 dorsal NA gonads
Mas.19.02.21.150.9.03 1 ventral right NA
Mas.19.02.21.150.9.04 1 dorsal right stomach
Mas.19.02.21.150.9.05 1 dorsal right gonads
Mas.19.02.21.150.9.06 1 dorsal NA NA

Mas.21.02.21.156.23.01 1 dorsal-head NA gills
Mas.21.02.21.156.23.02 1 dorsal NA flesh
Mas.21.02.21.156.23.03 1 dorsal right pyloric_caeca
Mas.21.02.21.156.23.04 1 dorsal left flesh
Mas.21.02.21.157.24.01 1 lateral right gonads
Mas.21.02.21.157.24.02 1 dorsal right liver
Mas.21.02.21.157.24.03 1 dorsal NA kidney
Mas.21.02.21.157.24.04 1 dorsal right liver
Mas.21.02.21.157.24.05 1 dorsal NA flesh
Mas.21.02.21.157.24.06 1 dorsal NA flesh
Mas.21.02.21.157.24.07 1 ventral NA NA
Mas.21.02.21.158.25.01 1 ventral left NA
Mas.21.02.21.158.25.02 1 dorsal-head left flesh
Mas.21.02.21.158.25.03 1 dorsal NA stomach
Mas.21.02.21.158.25.04 1 dorsal right liver
Mas.21.02.21.158.25.05 1 ventral right NA
Mas.21.02.21.158.25.06 1 dorsal NA flesh
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Table continous

Fish ID Parasite (n) External anchoring point Side external Internal anchoring point
Fen.19.02.21.151.11.01 1 dorsal NA swimbladder
Fen.19.02.21.151.11.02 1 ventral-gillcover NA near eye
Fen.19.02.21.151.11.03 1 dorsal-gillcover left in gills
Fen.19.02.21.151.11.04 1 dorsal NA near heart
Fen.19.02.21.153.17.01 1 lateral right swimbladder
Fen.19.02.21.153.17.02 1 dorsal left swimbladder
Fen.19.02.21.153.17.03 1 dorsal NA kidney
Fen.19.02.21.153.17.04 1 dorsal NA swimbladder
Fen.19.02.21.153.17.05 1 dorsal right flesh
Fen.19.02.21.153.17.06 2 dorsal NA stomach
Fen.19.02.21.153.17.06 2 dorsal left gills
Fen.20.02.21.154.21.01 1 dorsal left flesh
Fen.20.02.21.154.21.02 1 dorsal NA flesh
Fen.20.02.21.154.21.03 1 dorsal right stomach
Fen.20.02.21.154.21.04 1 dorsal NA NA
Fen.20.02.21.154.21.08 1 dorsal NA NA
Fen.20.02.21.155.22.01 1 ventral left pyloric_caeca
Fen.20.02.21.155.22.02 1 dorsal left NA
Fen.20.02.21.155.22.03 1 ventral right gonads
Fen.20.02.21.155.22.04 1 dorsal right NA
Fen.20.02.21.155.22.05 1 ventral right NA
Fen.20.02.21.155.22.06 1 ventral left liver
Fen.20.02.21.155.22.07 1 dorsal left flesh
Fen.20.02.21.155.22.08 1 ventral left liver
Ser.22.02.21.160.29.01 | NA NA NA
Ser.22.02.21.160.29.02 1 ventral NA NA
Ser.22.02.21.160.29.03 1 dorsal NA NA
Ser.22.02.21.160.29.04 1 ventral NA NA
Ser.22.02.21.160.29.05 1 NA NA NA
Ser.22.02.21.160.29.11 1 dorsal NA NA
Ser.22.02.21.160.29.13 1 ventral NA NA
Ser.22.02.21.160.29.15 1 ventral NA NA
Ser.22.02.21.161.32.01 1 ventral NA NA
Ser.22.02.21.161.32.02 1 ventral NA NA
Ser.22.02.21.161.32.03 1 dorsal right NA
Ser.22.02.21.161.32.04 1 dorsal left NA
Ser.22.02.21.161.32.05 1 ventral left NA
Ser.22.02.21.161.32.06 1 ventral left NA
Ser.22.02.21.161.32.10 1 ventral left NA
Ser.22.02.21.161.32.13 1 dorsal NA NA
Ser.22.02.21.161.32.37 1 dorsal NA NA
Ser.22.02.21.161.32.68 1 NA NA NA
Ser.23.02.21.162.35.01 1 ventral right gonads
Ser.23.02.21.162.35.02 1 dorsal NA stomach
Ser.23.02.21.162.35.03 1 ventral NA gonads
Ser.23.02.21.162.35.04 1 dorsal NA NA
Ser.23.02.21.162.35.05 1 dorsal NA pyloric_caeca
Ser.23.02.21.162.35.06 1 dorsal NA gills
Ser.23.02.21.163.36.01 1 ventral-gillcover left pyloric_caeca
Ser.23.02.21.163.36.02 | dorsal right stomach
Ser.23.02.21.163.36.03 1 dorsal NA NA
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Table B2: Emmeans post-hoc test for pairwise comparison of the gonadosomatic index (GSI) of male
Benthosema glaciale between fjords. A Tuckey adjustment was used.

contrast odds.ratio SE z.ratio P

Pairwise comparison of GSI of males between fjords

Fensfjorden / Masfjorden 0.92 0.08 -0.94 0.78
Fensfjorden / Osterfjorden 0.99 0.14 -0.1 1
Fensfjorden/ Sgrfjorden 0.70 0.06 -4.34 <0.001
Masfjorden / Osterfjorden 1.07 0.15 0.48 0.96
Masfjorden / Sgrfjorden 0.76 0.05 -4.14 <0.001
Osterfjorden / Sgrfjorden 0.71 0.10 -2.51 0.06

Table B3: Emmeans post-hoc test for pairwise comparison of the hepatosomatic index (HSI) of male Benthosema
glaciale for the interaction effect of Infected x Sex. Infection was coded as O for uninfected and 1 for infected and
Sex was coded as F for female and M for male. A tuckey adjustment was used. Emmeans post-hoc test for pairwise
comparison for the interaction effect of Infected x fjord. Infection was coded as 0 for uninfected and 1 for infected
and fjord was coded as Masfjorden, Fensfjorden, Osterfjorden and Sgrfjorden. A tuckey adjustment was used.

contrast odds.ratio SE z.ratio p
Interaction effect of Infected x Sex on hepatosomatic index

OF/1F 0.97 0.08 -0.32 0.99
OF/0M 2.39 0.10 21.06 << 0.001
1F/1M 1.04 0.13 0.34 0.99
oM/1M 0.42 0.04 -8.12 << 0.001

Interaction effect of Infected x Fjord on the hepatosomatic index

0 Fensfjorden / 1 Fensfjorden 0.74 0.10 -2.25 0.32
0 Fensfjorden / 0 Masfjorden 1.06 0.06 1.16 0.94
0 Fensfjorden / 0 Osterfjorden 0.87 0.07 -1.78 0.64
0 Fensfjorden / 0 Sgrfjorden 1.04 0.06 0.73 1

1 Fensfjorden / 1 Masfjorden 1.10 0.19 0.59 1

1 Fensfjorden / 1 Osterfjorden 0.81 0.16 -1.03 0.97
1 Fensfjorden / 1 Sgrfjorden 0.61 0.10 -3.11 0.04
0 Masfjorden/ 1 Masfjorden 0.77 0.09 -2.21 0.34
0 Masfjorden / 0 Osterfjorden 0.82 0.05 -2.99 0.06
0 Masfjorden / 0 Sgrfjorden 0.98 0.05 -0.35 1

1 Masfjorden / 1 Osterfjorden 0.73 0.15 -1.56 0.77
1 Masfjorden / 1 Sgrfjorden 0.56 0.08 -3.94 0.002
0 Osterfjorden / 1 Osterfjorden 0.69 0.12 -2.16 0.37
0 Osterfjorden / 0 Sgrfjorden 1.19 0.09 2.44 0.22
1 Osterfjorden / 1 Sgrfjorden 0.76 0.14 -1.47 0.82
0 Sgrfjorden / 1 Sgrfjorden 0.44 0.05 -7.92 << 0.001
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Table B4: Emmeans post-hoc test for pairwise comparison of the heartsomatic index of Benthosema glaciale
between Masfjorden, Fensfjorden, Sgrfjorden and Osterfjorden. A tuckey adjustment was used.

contrast odds.ratio SE z.ratio P
Pairwise comparison of HASI between fjords

Fensfjorden / Masfjorden 1.03 0.08 0.34 0.99
Fensfjorden / Osterfjorden 0.76 0.08 -2.51 0.06
Fensfjorden / Sgrfjorden 0.76 0.06 -3.54 0.002
Masfjorden / Osterfjorden 0.74 0.07 -3.09 0.01
Masfjorden / Sgrfjorden 0.74 0.05 -4.76 << 0.001
Osterfjorden / Sgrfjorden 0.99 0.10 -0.09 1

Table B5: Emmeans post-hoc test for pairwise comparison of Fulton’s condition factor of Benthosema glaciale
between Masfjorden, Fensfjorden, Sgrfjorden and Osterfjorden. A tuckey adjustment was used.

contrast odds.ratio SE z.ratio P
Pairwise comparison of CF between fjords

Fensfjorden / Masfjorden 1.03 0.02 1.82 0.26
Fensfjorden / Osterfjorden 0.10 0.03 -0.08 1
Fensfjorden / Sgrfjorden 1.30 0.03 13.31 << 0.001
Masfjorden / Osterfjorden 0.97 0.02 -1.40 0.5
Masfjorden / Sgrfjorden 1.26 0.02 13.71 << 0.001
Osterfjorden / Sgrfjorden 1.31 0.03 10.11 << 0.001
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Table B6: Canonical Analysis of Principal coordinates (CAP) on the variation in otolith shape between
infected and uninfected Benthosema glaciale from Masfjorden, Fensfjorden, Sgrfjorden and
Osterfjorden. An Anova-like premutation test (1000 permutations) was used.

Fjord Sum sq. Fuaf p

Mean otolith shape
between infected and
uninfected B. glaciale

Masfjorden 0.67 1.05(1,50) 0.39
Fensfjorden 0.65 1.09(1,34) 0.33
Serfjorden 1.21 2.06(145) 0.053
Osterfjorden 0.52 1.28(1,18) 0.23

Table B7: Mean and standard deviation (mean + s.d) of the otolith length and
width of Benthosema glaciale from Masfjorden, Fensfjorden, Sgrfjorden and
Osterfjorden. n gives the number of individuals measured in each fjord.

Fiord otolith length otolith width
(mean % s.d) (mean £ s.d)
Fensfjorden 36 1.54£0.158 mm 1.96+0.253 mm
Masfjorden 52 143 +0.271 mm 1.7910.347 mm
Osterfjorden 20 1.29+0.213 mm 1.60+0.286 mm
Serfjorden 48 1.38+0.161 mm 1.79 £0.240 mm
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Table B8: Emmeans post-hoc test for pairwise comparison of the otolith length of Benthosema glaciale between
Masfjorden, Fensfjorden, Sgrfjorden and Osterfjorden. A tuckey adjustment was used. Emmeans post-hoc test for
pairwise comparison of the otolith width of B. glaciale between Masfjorden, Fensfjorden, S@rfjorden and

Osterfjorden. A tuckey adjustment was used.

contrast estimate SE df t.ratio P
Pairwise comparison of otolith length between fjords
Fensfjorden / Masfjorden 0.11 0.06 150 2.33 0.96
Fensfjorden / Osterfjorden 0.25 0.06 150 4.28 <0.001
Fensfjorden / Sgrfjorden 0.15 0.05 150 3.28 0.007
Masfjorden / Osterfjorden 0.15 0.06 150 2.61 0.049
Masfjorden / Sgrfjorden 0.05 0.04 150 1.09 0.70
Osterfjorden / Sgrfjorden -0.10 0.06 150 -1.76 0.30

contrast estimate SE df t.ratio P
Pairwise comparison of otolith width between fjords
Fensfjorden / Masfjorden 0.17 0.06 150 2.69 0.04
Fensfjorden / Osterfjorden 0.36 0.08 150 4.43 <0.01
Fensfjorden / Sgrfjorden 0.17 0.06 150 2.64 0.04
Masfjorden / Osterfjorden 0.19 0.08 150 2.48 0.07
Masfjorden / Sgrfjorden <0.01 0.06 150 <0.01 1
Osterfjorden / Sgrfjorden -0.19 0.08 150 -2.45 0.07
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Table B9: Overview table of Sarcotretes scopeli and Benthosema glaciale volume measurments and relative proportions of parasitic volume. Fish ID is the unige I.D given to each fish and corresponding
parasite. Volume fish is the volume of B. glaciale (ml). Total parasite volume is the volume of the whole parasite (ml). Vior/Vx shows the volume of the whole parasite volume relative to host volume for
each individual sample. Vio/Ve MeantS.d shows the mean value with standard deviation for the total parasitic volume relative to host volume. External parasite volume is the volume of the external
part of the parasite (ml). Vex/Vn shows the volume of the external parasitic volume relative to host volume for each individual sample. Vex/Vy MeanzS.d shows the mean value with standard deviation
for the external parasitic part relative to host volume. Internal parasite volume is the volume of the internall part of the parasite (ml). Vin/Vi shows the volume of the internal parasitic part relative to
host volume for each individual sample. Vin/Vy MeanzS.d shows the mean value with standard deviation for the internal parasitic volume relative to host volume.

Internal
Fish I1.D Volume Fish  Total parasite Viot/ Vi Viot/ Vi External parasite  Vex/Vx Vext/VH parasite Vint/VH Vint/ Vi
(ml) volume (ml) Mean £ S.d volume (ml) Mean £S.d volume (ml) Mean £S.d
Mas 149/5.01 3.00 0.017 0.57% 0.007 0.23% 0.005 0.17%
Mas 149/5.04 1.25 0.009 0.72% 0.004 0.32% 0.002 0.16%
Mas 149/5.06 1.60 0.024 1.5% 0.015 0.94% 0.010 0.62%
Mas 149/5.07 3.00 0.017 0.57% 0.009 0.3% 0.003 0.1%
Mas 149/5.08 2.50 0.025 1% 0.933 £ 0.405% 0.018 0.72%  0.638 + 0.405% 0.013 0.52%  0.344 £ 0.243%
Mas 149/5.10 2.40 0.022 0.92% 0.012 0.5% 0.009 0.38%
Mas 149/5.11 1.60 0.027 1.69% 0.022 1.37% 0.012 0.75%
Mas 149/5.12 2.50 0.020 0.8% 0.019 0.76% 0.008 0.32%
Mas 149/5.14 2.50 0.016 0.64% 0.015 0.6% 0.002 0.08%
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Appendix C:
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Figure C1: Relationship between dry gutted weight and dry gonad weight for Sarcotretes scopeli infected
and uninfected female Benthosema glaciale. Plots have been produced with untransformed data. Infected
individuals are given in gray and uninfected indiviuals are given in black. A) infected and uninfected females
from Fensfjorden. B) infected and uninfected females from Masfjorden. C) infected and uninfected females
from Osterfjorden. D) infected and uninfected females from Sgrfjorden.
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Figure C2: Relationship between dry gutted weight and dry gonad weight for Sarcotretes scopeli infected
and uninfected male Benthosema glaciale. Plots have been produced with untransformed data. Infected
individuals are given in gray and uninfected indiviuals are given in black. A) infected and uninfected males
from Fensfjorden. B) infected and uninfected males from Masfjorden. C) infected and uninfected males
from Osterfjorden. D) infected and uninfected males from Sgrfjorden.
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Figure C3: Relationship between dry gutted weight (g) and dry liver weight (g) for Sarcotretes scopeli
infected and uninfected female Benthosema glaciale. Plots have been produced with untransformed data.
Infected individuals are given in gray and uninfected indiviuals are given in black. A) infected and
uninfected individuals from Fensfjorden. B) infected and uninfected individuals from Masfjorden. C)

infected and uninfected individuals from Osterfjorden. D) infected and uninfected individuals from
Sarfjorden.
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Figure C4: Relationship between dry gutted weight (g) and dry liver weight (g) for Sarcotretes scopeli
infected and uninfected male Benthosema glaciale. Plots have been produced with untransformed data.
Infected individuals are given in gray and uninfected indiviuals are given in black. A) infected and
uninfected individuals from Fensfjorden. B) infected and uninfected individuals from Masfjorden. C)
infected and uninfected individuals from Osterfjorden. D) infected and uninfected individuals from
Sarfjorden.
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Figure C5: Relationship between dry gutted weight (g) and dry heart weight for Sarcotretes scopeli infected and
uninfected Benthosema glaciale. Plots have been produced with untransformed data. Infected individuals are
given in gray and uninfected indiviuals are given in black. A) infected and uninfected individuals from Fensfjorden.
B) infected and uninfected individuals from Masfjorden. C) infected and uninfected individuals from Osterfjorden.
D) infected and uninfected individuals from Sgrfjorden.
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Figure C6: Relationship between standard fish length (mm) and otolith length (mm) for Sarcotretes infected and
uninfected female Benthosema glaciale, from four west Norwegian fjords. Infected individuals are given in gray
and uninfected individuals are given in black. a) Fensfjorden. b) Masfjorden. c) Osterfjorden. D) Sgrfjorden.
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Figure C7: Relationship between standard fish length (mm) and otolith length (mm) for Sarcotretes infected and
uninfected male Benthosema glaciale from four west Norwegian fjords. Infected individuals are given in gray and
uninfected individuals are given in black. a) Fensfjorden. b) Masfjorden. c) Osterfjorden. D) Sgrfjorden.
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Figure C8: Relationship between standard fish width (mm) and otolith width (mm) for Sarcotretes infected and
uninfected female Benthosema glaciale from four west Norwegian fjords. Infected individuals are given in gray
and uninfected individuals are given in black. a) Fensfjorden. b) Masfjorden. c) Osterfjorden. D) Sgrfjorden.
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Figure C9: Relationship between standard fish width (mm) and otolith width (mm) for Sarcotretes infected and
uninfected male Benthosema glaciale from four west Norwegian fjords. Infected individuals are given in gray and
uninfected individuals are given in black. a) Fensfjorden. b) Masfjorden. c) Osterfjorden. D) Sarfjorden.
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Appendix D:

Prevalence and effect of oxygen analysis:

> prev.modl <- glmmPQL(parasitized ~ foxy_cat,

+ random = ~ 1 |farea, family = quasibinomial, data

iteration 1
iteration 2
iteration 3
> summary(prev.modl)

Linear mixed-effects model fit by maximum likelihood

Data: fjordprev4.df
AIC BIC loglLik
NA NA NA

Random effects:
Formula: ~1 | farea

(Intercept) Residual
StdDev:  0.2631148 0.9880164

Variance function:
Structure: fixed weights
Formula: ~invwt

Fixed effects: parasitized ~ foxy_cat

Value Std.Error

DF

t-value p-value

(Intercept) -3.702826 0.2895317 2773 -12.789018
foxy_catHigh ©.412122 0.2855073 2773

Correlation:
(Intr)
foxy_catHigh -0.809

Standardized Within-Group Residuals:

Min Q1

Med
-0.2190626 -0.2115806 -0.1833277 -0.1712023 7.3636647

Number of Observations: 2778

Number of Groups: 4

> Anova(prev.modl, type= 3)
Analysis of Deviance Table (Type III tests)

Response: zz

Q3

Chisq Df Pr(>Chisq)

(Intercept) 163.6768
foxy_cat 2.0851

Signif. codes: @ ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05

1
1

<2e-16 ***

0.1487

Prevalence between fjords:

> prev.mod2 <- glm(parasitized ~ farea, family = quasibinomial, data

> summary(prev.mod2)

Call:

glm(formula = parasitized ~ farea, family = quasibinomial, data

Deviance Residuals:
Min 1Q Median

3Q

-0.3124 -0.2977 -0.2437 -0.1885

Coefficients:

Max

2.8422

Estimate Std. Error t value Pr(>1tl)
0.2800 -14.362

(Intercept) -4.0212
fareaFensfjord 0.5190
fareaMasfjord 0.9268
fareaOsterfjord  1.0255

0.3571
0.3234
0.3657

1.453
2.866
2.804

< 2e-16
0.14627
0.00419
0.00508

Signif. codes: @ ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’

(Dispersion parameter for quasibinomial family taken to be 1.001521)

1.443474

sokok

0.1 ¢’ 1

Null deviance: 814.67 on 2777 degrees of freedom
Residual deviance: 802.62 on 2774 degrees of freedom

AIC: NA

Number of Fisher Scoring iterations: 6

¢

0.1

’

fjordprev4.df)

1

= fjordprev4.df)

fjordprev4.df)
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> anova(prev.mod2, test = "Chisq")
Analysis of Deviance Table

Model: quasibinomial, link: logit
Response: parasitized
Terms added sequentially (first to last)
Df Deviance Resid. Df Resid. Dev Pr(>Chi)

NULL 2777 814.67
farea 3 12.054 2774 802.62 0.007262 **

Signif. codes: @ ‘***’ 9.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘* ’ 1

Cumulative length distribution Sgrfjorden:

> ks.test(ser_cSlength_mm, ser_p$length_mm)
Two-sample Kolmogorov-Smirnov test

data: ser_c$length_mm and ser_p$length_mm

D = ©.28393, p-value = 0.2546

alternative hypothesis: two-sided

Warning message:

In ks.test(ser_cSlength_mm, ser_p$length_mm) :
cannot compute exact p-value with ties

Cumulative length distribution Osterfjorden:

> ks.test(ost_cSlength_mm, ost_p$length_mm)
Two-sample Kolmogorov-Smirnov test

data: ost_c$length_mm and ost_p$length_mm

D = 0.15, p-value = 0.8102

alternative hypothesis: two-sided

Warning message:

In ks.test(ost_cSlength_mm, ost_p$length_mm) :
cannot compute exact p-value with ties
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Cumulative length distribution Masfjorden:

> ks.test(mas_cS$length_mm, mas_p$length_mm)
Two-sample Kolmogorov-Smirnov test

data: mas_c$length_mm and mas_p$length_mm

D = ©.15852, p-value = 0.2914

alternative hypothesis: two-sided

Warning message:

In ks.test(mas_cSlength_mm, mas_p$length_mm) :
p-value will be approximate in the presence of ties

Cumulative length distribution Fensfjorden:

> ks.test(fens_c$length_mm, fens_p$length_mm)
Two-sample Kolmogorov-Smirnov test

data: fens_c$length_mm and fens_p$length_mm

D = ©.13199, p-value = @.8696

alternative hypothesis: two-sided

Warning message:

In ks.test(fens_c$length_mm, fens_p$length_mm) :
p-value will be approximate in the presence of ties

Analysis of GSI for males with interaction term:

> GSISM <—'glh(gsi_bin ~ fparasitized * farea , weights = sample_wt, family = quasibinomial
, data = effect_male.df )
> summary(GSISM)

Call:
glm(formula = gsi_bin ~ fparasitized * farea, family = quasibinomial,
data = effect_male.df, weights = sample_wt)

Deviance Residuals:
Min 1Q Median 3Q Max
-0.116412 -0.019394 -0.004472 0.012787 0.137366

Coefficients:

Estimate Std. Error t value Pr(>1tl)
(Intercept) -6.6961694 0.0713193 -93.890 < 2e-16 ***
fparasitizedl -0.4201246 0.3660820 -1.148 0.253
fareaMasfjord 0.0932616 0.0876916 1.064 0.289
fareaOsterfjord -0.0006312 0.1525245 -0.004 0.997
fareaSorfjord 0.3688986 0.0843213  4.375 2.26e-05 ***

fparasitizedl:fareaMasfjord -0.4476228 ©.5135903 -0.872 0.385
fparasitizedl:fareaOsterfjord ©.1588272 0.6323830 0.251 0.802
fparasitizedl:fareaSorfjord -0.4763006 ©.5661895 -0.841 0.402

Signif. codes: @ ‘***’ 9.001 ‘**’ 90.01 ‘*’ 0.05 ‘.’ 0.1 ¢’ 1

(Dispersion parameter for quasibinomial family taken to be 0.0009404227)
Null deviance: ©.17725 on 157 degrees of freedom

Residual deviance: ©0.13436 on 150 degrees of freedom

AIC: NA

Number of Fisher Scoring iterations: 10
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> anova(GSISM, test = "Chisq")
Analysis of Deviance Table

Model: quasibinomial, link: logit
Response: gsi_bin

Terms added sequentially (first to last)

Df Deviance Resid. Df Resid. Dev Pr(>Chi)

NULL 157 0.17725

fparasitized 1 0.015527 156 0.16172 4.839e-05 ***
farea 3 0.025842 153 0.13588 4.670e-06 ***
fparasitized:farea 3 0.001513 150 0.13436 0.6574

Signif. codes: @ ‘***’ 9.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ¢’ 1

Analysis of GSI males without interaction term:

> GSISM2 <- glm(gsi_bin ~ fparasitized + farea, family = quasibinomial, weights = sample_wt ,
data = effect_male.df)
> summary(GSISM2)

Call:
glm(formula = gsi_bin ~ fparasitized + farea, family = quasibinomial,
data = effect_male.df, weights = sample_wt)

Deviance Residuals:
Min 1Q Median 3Q Max
-0.115813 -0.019246 -0.004551 0.013330 ©.137902

Coefficients:

Estimate Std. Error t value Pr(>ltl)
(Intercept) -6.68764 .06969 -95.966 < 2e-16 ***
fparasitizedl -0.67326 .20074 -3.354 0.001 **
fareaMasfjord 0.08044 .08565 0.939 0.349
fareaOsterfjord 0.01420 .14668 0.097 0.923
fareaSorfjord 0.35766 .08248 4.336 2.62e-05 ***

[SESESESES]

Signif. codes: @ ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 * ’ 1

(Dispersion parameter for quasibinomial family taken to be 0.0009264584)
Null deviance: ©0.17725 on 157 degrees of freedom

Residual deviance: ©.13588 on 153 degrees of freedom

AIC: NA

Number of Fisher Scoring iterations: 10
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> anova(GSISM2, test = "Chisq")
Analysis of Deviance Table

Model: quasibinomial, link: logit
Response: gsi_bin

Terms added sequentially (first to last)

Df Deviance Resid. Df Resid. Dev Pr(>Chi)

NULL 157 0.17725
fparasitized 1 0.015527 156 0.16172 4.244e-05 ***
farea 3 0.025842 153 0.13588 3.823e-06 ***

Signif. codes: @ ‘***’ @.001 ‘**’ 0.01 ‘*’ .05 ‘.” 0.1 * ’ 1

Post-hoc test:

> emmeans(GSISM2, specs = pairwise ~ farea, type = "response")
$emmeans
farea prob SE df asymp.LCL asymp.UCL

Fensfjord 0.000889 0.000104 Inf ©.000707 ©.00112
Masfjord ©.000964 0.000104 Inf ©.000780 ©.00119
Osterfjord 0.000902 0.000142 Inf ©0.000662 ©.00123
Sorfjord 0.001271 0.000136 Inf 0.001030 0.00157

Results are averaged over the levels of: fparasitized
Confidence level used: 0.95
Intervals are back-transformed from the logit scale

$contrasts
contrast odds.ratio SE df null z.ratio p.value
Fensfjord / Masfjord 0.923 0.0790 Inf 1 -0.939 0.7837
Fensfjord / Osterfjord 0.986 0.1446 Inf 1 -0.097 0.9997
Fensfjord / Sorfjord 0.699 0.0577 Inf 1 -4.336 0.0001
Masfjord / Osterfjord 1.068 0.1481 Inf 1 0.478 0.9640
Masfjord / Sorfjord 0.758 0.0508 Inf 1 -4.137 0.0002
Osterfjord / Sorfjord 0.709 0.0970 Inf 1 -2.512 0.0581

Results are averaged over the levels of: fparasitized
P value adjustment: tukey method for comparing a family of 4 estimates
Tests are performed on the log odds ratio scale
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Analysis of GSI for females with interaction term:

> GSISF <- glm(gsi_bin ~ fparasitized * farea , weights = sample_wt, family = quasibinomial
, data = effect_female.df )
> summary(GSISF)

Call:
glm(formula = gsi_bin ~ fparasitized * farea, family = quasibinomial,
data = effect_female.df, weights = sample_wt)

Deviance Residuals:
Min 1Q Median 3Q Max
-0.69238 -0.08662 -0.01203 0.04951 0.90726

Coefficients:

Estimate Std. Error t value Pr(>Itl)
(Intercept) -2.71726 0.07995 -33.989 < 2e-16 ***
fparasitizedl -2.31328 0.61569 -3.757 0.000238 ***
fareaMasfjord -0.03414 0.09034 -0.378 0.706019
fareaOsterfjord 0.14230 0.12305 1.157 0.249133
fareaSorfjord 0.03729 0.11115 ©0.336 0.737664
fparasitizedl:fareaMasfjord -0.41226 0.92639 -0.445 0.656886
fparasitizedl:fareaOsterfjord -0.11499 1.05515 -0.109 0.913348
fparasitizedl:fareaSorfjord 0.01618 0.82229 0.020 0.984323

Signif. codes: @ ‘***’ 9.001 ‘**’ 9.01 ‘*’ 0.05 ‘.’ 0.1 ¢ > 1
(Dispersion parameter for quasibinomial family taken to be 0.03365639)

Null deviance: 10.0525 on 173 degrees of freedom
Residual deviance: 5.3671 on 166 degrees of freedom
AIC: NA

Number of Fisher Scoring iterations: 8

> anova(GSISF, test = "Chisq")
Analysis of Deviance Table

Model: quasibinomial, 1link: logit
Response: gsi_bin

Terms added sequentially (first to last)

Df Deviance Resid. Df Resid. Dev Pr(>Chi)

NULL 173 10.0525

fparasitized 1 4.5669 172 5.4856 <2e-16 ***
farea 3 0.1087 169 5.3769 0.3577
fparasitized:farea 3 0.0099 166 5.3671 0.9613

Signif. codes: @ ‘***’ 9.001 ‘**’ 0.01 ‘*’ ©0.05 ‘.’ 0.1 ¢’ 1
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Analysis of GSI for females without interaction term:

> GSISF2 <- glm(gsi_bin ~ fparasitized + farea , weights = sample_wt, family = quasibinomial

, data = effect_female.df )
> summary(GSISF2)

Call:
glm(formula = gsi_bin ~ fparasitized + farea, family = quasibinomial,
data = effect_female.df, weights = sample_wt)

Deviance Residuals:
Min 1Q Median 3Q Max
-0.69186 -0.08998 -0.01635 0.04997 0.90725

Coefficients:

Estimate Std. Error t value Pr(>1tl)
(Intercept) -2.71540 0.07891 -34.412 < 2e-16 ***
fparasitizedl -2.43018 0.32276 -7.529 2.92e-12 ***
fareaMasfjord  -0.03727 0.08919 -0.418 0.677
fareaOsterfjord 0.14046 0.12139 1.157 0.249
fareaSorfjord 0.03793 0.10942 0.347 0.729

Signif. codes: @ ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ > 1

(Dispersion parameter for quasibinomial family taken to be 0.03321698)
Null deviance: 10.0525 on 173 degrees of freedom

Residual deviance: 5.3769 on 169 degrees of freedom

AIC: NA

Number of Fisher Scoring iterations: 8

> anova(GSISF2, test = "Chisq")

Analysis of Deviance Table

Model: quasibinomial, link: logit
Response: gsi_bin

Terms added sequentially (first to last)

Df Deviance Resid. Df Resid. Dev Pr(>Chi)

NULL 173 10.0525
fparasitized 1 4.5669 172 5.4856 <2e-16 ***
farea 3  0.1087 169 5.3769 0.3517

Signif. codes: @ ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ¢
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Analysis of HSI:

> HSIS <- glm(Chsi_bin ~ fparasitized * fsex
= "quasibinomial", data = effect.df)
> summary(HSIS)

Call:
glm(formula = hsi_bin ~ fparasitized * fsex
family = "quasibinomial", data = effect.

Deviance Residuals:

Min 1Q Median 3Q
-0.174159 -0.043441 -0.009678 0.037081
Coefficients:

Estimate Std.

(Intercept) -4.02314 0
fparasitizedl -0.1159%4 0
fsexM -0.87314 0
fareaMasfjord -0.06151 0
fareaOsterfjord 0.1339% 0
fareaSorfjord -0.04425 0
fparasitizedl:fsexM 0.83195 0
fparasitizedl:fareaMasfjord -0.03805 0
fparasitizedl:fareaOsterfjord 0.07724 0
fparasitizedl:fareaSorfjord 0.53097 0
€ kkxk) Ckx? €%

Signif. codes: 0 0.001 0.01

+ farea*fparasitized, weights

+ farea * fparasitized,

df, weights = sample_wt)
Max

0.307482

Error t value Pr(>1tl)
.04817 -83.528 < 2e-16 ***
.14130 -0.821 0.41252
.04147 -21.056 < 2e-16 ***
.05298 -1.161 0.24654
.07536 1.777 0.07643 .
.06038 -0.733 0.46415
.12923  6.438 4.38e-10 ***
.17712  -0.215 0.83003
.21791  0.354 0.72322
.16754 3.169 0.00167 **
0.05 ‘.’ 0.1 <’ 1

(Dispersion parameter for quasibinomial family taken to be 0.005406991)

Null deviance: 4.8096 on 332 degrees of freedom
Residual deviance: 1.6604 on 323 degrees of freedom

AIC: NA

Number of Fisher Scoring iterations: 7

> anova(HSIS, test = "Chisq")
Analysis of Deviance Table

Model: quasibinomial, link: logit
Response: hsi_bin

Terms added sequentially (first to last)

Df Deviance Resid. Df Res
NULL 332
fparasitized 1 0.25468 331
fsex 1 2.55808 330
farea 3 0.05087 327
fparasitized:fsex 1 0.19573 326
fparasitized:farea 3 0.08986 323
Signif. codes: @ ‘***’ 0.001 ‘**’ 0.01 ‘*’

id. Dev
4.8096
4.5550
1.9969
1.9460
1.7503
1.6604

Pr(>Chi)
6.737e-12 **x*
< 2.2e-16
0.0243355
1.781e-09
0.0008461

% %k
*

% %k
% % %k

0.05 *.7 0.1 <’ 1
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Post-hoc test Parasiteized * area:

> emmeans(HSIS, specs =

$emmeans

fparasitized farea

Prorororae

Results are averaged over the levels of:
Confidence level used: 0.95

Fensfjord
Fensfjord
Masfjord
Masfjord
Osterfjord
Osterfjord
Sorfjord
Sorfjord

pairwise ~ fparasitized:farea, type

0.
0.
0.

0.
0.
0.
0.
0.

prob
0114
0154
0108

0131
0189
0109
0248

0
0
0
0139 0.
0
0
0
0

SE
.000510 Inf
.001895 Inf
.000309 Inf

001577 Inf

Intervals are back-transformed from the

$contrasts

contrast

Fensfjord
Fensfjord
Fensfjord
Fensfjord
Fensfjord
Fensfjord
Fensfjord
Fensfjord
Fensfjord
Fensfjord
Fensfjord
Fensfjord
Fensfjord
Masfjord
Masfjord
Masfjord
Masfjord
Masfjord
Masfjord
Masfjord
Masfjord
Masfjord
Osterfjord
Osterfjord
Osterfjord
Osterfjord
Osterfjord
Sorfjord /

NN N NN NN NN

OSFRPrPFPOSOSORRPRPPPOOSOSOSORRFRPRPRPPRPPRPOOSOSOSSS
PNNNN\NPFRPORFRPORFRPROROR

Results are averaged over the levels of:

NN N NN NN NNNNNN
PORPSOFRSORPOROROR

Fensfjord
Masfjord
Masfjord
Osterfjord
Osterfjord
Sorfjord
Sorfjord
Masfjord
Masfjord
Osterfjord
Osterfjord
Sorfjord
Sorfjord
Masfjord
Osterfjord
Osterfjord
Sorfjord
Sorfjord
Osterfjord
Osterfjord
Sorfjord
Sorfjord
1 Osterfjord
@ Sorfjord
1 Sorfjord
@ Sorfjord
1 Sorfjord
Sorfjord

odds.ratio

0.

S ORPORFRPROORORPROOOOOOOOORRORPRFPFPOFRPROOOSOR

741
063
818
875
600
045
455
436
105
181
810
411
615
770
822
564
983
428
069
733
277
556
686
195
521
743
759
436

SE
.0986
0563
.1009
.0659
.1016
.0631
0487
.1845
.1867
.1644
.1655
.1854
.0961
.0911
0542
.0935
.0489
.0434
.1389
.1456
.1552
.0828
1195
.0874
.0597
.2929
.1425
.0457

LSIESSIRCSRRCS IS IS ISR CS IS IS IS IS RIS IS IS IECS IS IS SIS IS IS RS IS

fsex

.000786 Inf
.003030 Inf
.000432 Inf
.002345 Inf

fsex

0.

[SESESISE SIS

0105

.0121
.0102
.0112
.0116
.0138
.0101
.0206

logit scale

0.

(SIS SIS EGSERGS IS

df null z.ratio p.value

Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf

1

PRRPRPPPPPRPRPRPRRPRPRPREPEPRPPPRPRRPRLRRLRLERER

-2.
1.
-1.
-1.
-3.
0.
-7.
2.
Q.
1.
-1.

2

-3.
-2.
-2.
-3.
-0.
-8.

0.

-1

2.
-3.
-2.

2.
-5.

3.
-1.

-7

255
161
626
777
018
733
350
814
589
193
033
.620
114
214
968
454
347
373
512
.564
014
939
165
436
695
305
467
.918

3191
9428
7347
6355
0519
9960
0001
0916
9990
9343
9695
1485
0390
3434
0599
0129
0000
0001
9996
7720
4720
0021
3733
2240
0001
0213
8249
0001

P value adjustment: tukey method for comparing a family of 8 estimates

Tests are performed on the log odds ratio scale
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= "response")

df asymp.LCL asymp.UCL

0125

.019%
.0114
.0174
.0147
.0259
.0118
.0298



Post-hoc test parasitized*sex:

> emmeans(HSIS, specs = pairwise ~ fparasitized:fsex, type = "response")
$emmeans

fparasitized fsex prob SE df asymp.LCL asymp.UCL

0 F 0.01770 0.000467 Inf 0.01681 ©0.01864

1 F 0.01817 0.001383 Inf 0.01565 ©0.02109

0 M 0.00747 0.000257 Inf 0.00698 ©.00799

1 M 0.01745 0.001712 Inf 0.01439 0.02115

Results are averaged over the levels of: farea
Confidence level used: 0.95
Intervals are back-transformed from the logit scale

$contrasts

contrast odds.ratio SE df null z.ratio p.value
OF/1F 0.974 0.0799 Inf 1 -0.324 0.9882
OF/0M 2.394 0.0993 Inf 1 21.056 <.0001
OF /1M 1.015 0.1049 Inf 1 0.141 0.9990
1F/0M 2.459 0.2088 Inf 1 10.595 <.0001
1F/ 1M 1.042 0.1275 Inf 1 0.337 0.9869
oM/ 1M 0.424 0.0448 Inf 1 -8.123 <.0001

Results are averaged over the levels of: farea
P value adjustment: tukey method for comparing a family of 4 estimates
Tests are performed on the log odds ratio scale

Analysis of HASI with interaction term:

> HASIS <- glmChasi_bin ~ fparasitized * fsex + farea * fparasitized,
+ weights = sample_wt, family = "quasibinomial", data = effect.df)
> summary(HASIS)

Call:
glm(formula = hasi_bin ~ fparasitized * fsex + farea * fparasitized,
family = "quasibinomial", data = effect.df, weights = sample_wt)

Deviance Residuals:
Min 1Q Median 3Q Max
-0.146568 -0.028439 -0.007922 ©.017697 0.280140

Coefficients:

Estimate Std. Error t value Pr(>ltl)
(Intercept) -5.98045 0.07628 -78.398 < 2e-16 ***
fparasitizedl -0.02451 0.24180 -0.101 ©.91933
fsexM 0.01782 0.05822 0.306 0.75978
fareaMasfjord -0.04053 0.08038 -0.504 0.61442
fareaOsterfjord 0.21885 0.11530 1.898 0.05858 .
fareaSorfjord 0.25902 0.08289 3.125 0.00194 **
fparasitizedl:fsexM 0.12971 0.20297 0.639 0.52323

fparasitizedl:fareaMasfjord 0.09997 0.29182 0.343 0.73215
fparasitizedl:fareaOsterfjord 0.42561 0.33132 1.285 0.19986
fparasitizedl:fareaSorfjord 0.23929 0.28069 0.852 0.39457

Signif. codes: @ ‘***’ 9.001 ‘**’ 0.01 ‘*’ 0.05 ‘.” 0.1 ¢’ 1

(Dispersion parameter for quasibinomial family taken to be 0.002743706)
Null deviance: 0.88780 on 332 degrees of freedom

Residual deviance: ©.78458 on 323 degrees of freedom

AIC: NA

Number of Fisher Scoring iterations: 8
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> anova(HASIS, test = "Chisq")
Analysis of Deviance Table

Model: quasibinomial, link: logit
Response: hasi_bin

Terms added sequentially (first to last)

Df Deviance Resid. Df Resid. Dev Pr(>Chi)

NULL 332 0.88780

fparasitized 1 0.012472 331 0.87533 0.0330 *
fsex 1 0.005159 330 0.87017 0.1703
farea 3 0.079374 327 0.79079 2.317e-06 ***
fparasitized:fsex 1 0.000886 326 0.78991 0.5699
fparasitized:farea 3 0.005325 323 0.78458 0.5848

Signif. codes: @ ‘***’ 0.001 ‘**’ 90.01 ‘*’ ©.05 ‘.’ 0.1 ° ’ 1

Analysis of HASI without interaction term:

> HASIS2 <- glmChasi_bin ~ fparasitized + fsex + farea,
+ weights = sample_wt, family = "quasibinomial", data = effect.df)
> summary(HASIS2)

Call:
glm(formula = hasi_bin ~ fparasitized + fsex + farea, family = "quasibinomial",
data = effect.df, weights = sample_wt)

Deviance Residuals:
Min 1Q Median 3Q Max
-0.145085 -0.028748 -0.007994 0.017780 0.278752

Coefficients:

Estimate Std. Error t value Pr(>1tl)
(Intercept) -6.00356 07335 -81.851 < 2e-16 ***
fparasitizedl 0.20487 09976  2.054 0.040801 *
fsexM 0.02789 05546 0.503 0.615467

fareaMasfjord -0.02584
fareaOsterfjord 0.27014
fareaSorfjord 0.27936

Signif. codes: @ ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ¢ > 1

07700 -0.336 0.737355
10741  2.515 0.012385 *
07900 3.536 0.000464 ***

0.
0.
0.
0.
0.
0.
(Dispersion parameter for quasibinomial family taken to be 0.002730709)
Null deviance: ©.88780 on 332 degrees of freedom
Residual deviance: ©0.79079 on 327 degrees of freedom

AIC: NA

Number of Fisher Scoring iterations: 8
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> anova(HASIS2, test = "Chisq")
Analysis of Deviance Table

Model: quasibinomial, link: logit
Response: hasi_bin

Terms added sequentially (first to last)

Df Deviance Resid. Df Resid. Dev Pr(>Chi)

NULL 332 0.88780

fparasitized 1 0.012472 331 0.87533 0.03259 *
fsex 1 0.005159 330 0.87017  0.16927
farea 3 0.079374 327 0.79079 2.168e-06 ***

Signif. codes: @ ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 * ’ 1

Post-hoc test for area:

> emmeanstHASISZ, specs = pairwise ~ farea, type = "response")
$emmeans
farea prob SE df asymp.LCL asymp.UCL

Fensfjord 0.00277 0.000207 Inf ©0.00239 0.00320
Masfjord 0.00270 0.000165 Inf ©0.00239 0.00304
Osterfjord 0.00362 0.000340 Inf ©0.00301 0.00435
Sorfjord 0.00366 0.000228 Inf ©.00323 0.00413

Results are averaged over the levels of: fparasitized, fsex
Confidence level used: 0.95
Intervals are back-transformed from the logit scale

$contrasts
contrast odds.ratio SE df null z.ratio p.value
Fensfjord / Masfjord 1.026 0.0790 Inf 1 0.336 0.9870
Fensfjord / Osterfjord 0.763 0.0820 Inf 1 -2.515 0.0576
Fensfjord / Sorfjord 0.756 0.0597 Inf 1 -3.536 0.0023
Masfjord / Osterfjord 0.744 0.0712 Inf 1 -3.092 0.0107
Masfjord / Sorfjord 0.737 0.0473 Inf 1 -4.757 <.0001
Osterfjord / Sorfjord 0.991 0.0979 Inf 1 -0.093 0.9997

Results are averaged over the levels of: fparasitized, fsex
P value adjustment: tukey method for comparing a family of 4 estimates
Tests are performed on the log odds ratio scale
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Analysis of Condition factor with interaction term:

> KS <- glm(K ~ fparasitized * fsex + farea*fparasitized,

+ weights = sample_wt, family = "quasibinomial", data = effect.df)
> summary(KS)
Call:
glm(formula = K ~ fparasitized * fsex + farea * fparasitized,

family = "quasibinomial", data = effect.df, weights = sample_wt)
Deviance Residuals:

Min 1Q Median 3Q Max
-0.0279999 -0.0037575 0.0002445 0.0039948 0.0210715
Coefficients:
Estimate Std. Error t value Pr(>Itl)

(Intercept) -6.864410 ©.017430 -393.819 < 2e-16 ***
fparasitizedl -0.109334 0.059652 -1.833 0.067741 .
fsexM 0.053783  0.013991 3.844 0.000146 ***
fareaMasfjord -0.030742 ©0.018006 -1.707 0.088714 .
fareaOsterfjord 0.003095 0.027838 0.111 0.911542
fareaSorfjord -0.263610 0.020589 -12.804 < 2e-16 ***
fparasitizedl:fsexM -0.116570 ©.059702 -1.953 0.051738 .
fparasitizedl:fareaMasfjord 0.009585 0.072714 0.132 0.895215
fparasitizedl:fareaOsterfjord -0.001387 0.096650 -0.014 0.988556
fparasitizedl:fareaSorfjord -0.043992 0.081703 -0.538 0.590647

kK

Signif. codes: 0@ 0.001 ‘**’ 0.01 ‘** 0.05 ‘.’ 0.1 ¢’ 1

(Dispersion parameter for quasibinomial family taken to be 5.826253e-05)
Null deviance: ©.035990 on 332 degrees of freedom

Residual deviance: 0.018786 on 323 degrees of freedom

AIC: NA

Number of Fisher Scoring iterations: 10

> anova(KS, test = "Chisq")
Analysis of Deviance Table

Model: quasibinomial, link: logit
Response: K

Terms added sequentially (first to last)

Df Deviance Resid. Df Resid. Dev Pr(>Chi)

NULL 332 0.035990

fparasitized 1 0.0020727 331 0.033917 2.455e-Q9 ***
fsex 1 0.0000189 330 0.033898 0.56948
farea 3 0.0148684 327  0.019030 < 2.2e-16 ***
fparasitized:fsex 1 0.0002144 326 0.018816 ©.05509
fparasitized:farea 3 0.0000300 323 0.018786 ©0.91547

Signif. codes: @ ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ¢’ 1
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Analysis of condition factor without interaction:

> KS2 <- glm(K ~fparasitized + fsex + farea ,
+ weights = sample_wt, family = "quasibinomial", data = effect.df)
> summary(KS2)

Call:
glm(formula = K ~ fparasitized + fsex + farea, family = "quasibinomial",
data = effect.df, weights = sample_wt)

Deviance Residuals:
Min 1Q Median 3Q Max
-0.0282108 -0.0041482 0.0000401 0.0039764 0.0215285

Coefficients:

Estimate Std. Error t value Pr(>1tl)
(Intercept) -6.860202 .016898 -405.978 < 2e-16 ***
fparasitizedl -0.162110 .028916 -5.606 4.4e-08 ***
fsexM 0.047851 013555 3.530 0.000475 ***

fareaMasfjord -0.031769
fareaOsterfjord 0.002188
fareaSorfjord -0.265088

Signif. codes: @ ‘***’ 0.001 ‘**’ .01 ‘*’ 0.05 ‘.” 0.1 <’ 1

.017426  -1.823 0.069208 .
.026662 0.082 0.934635
.019915 -13.311 < 2e-16 ***

(SIS IS IS IS

(Dispersion parameter for quasibinomial family taken to be 5.831059e-05)

Null deviance: ©0.03599 on 332 degrees of freedom
Residual deviance: ©.01903 on 327 degrees of freedom
AIC: NA

Number of Fisher Scoring iterations: 10

> anova(KS2, test = "Chisq")
Analysis of Deviance Table

Model: quasibinomial, link: logit
Response: K

Terms added sequentially (first to last)

Df Deviance Resid. Df Resid. Dev Pr(>Chi)

NULL 332  0.035990

fparasitized 1 0.0020727 331 0.033917 2.492e-0Q9 ***
fsex 1 0.0000189 330 0.033898 0.5696
farea 3 0.0148684 327 0.019030 < 2.2e-16 ***

Signif. codes: @ ‘***’ 9.001 ‘**’ 0.01 ‘*’ ©.05 ‘.’ 0.1 <’ 1
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Post-hoc for area:

> emmeans(KS2, specs = pairwise ~ farea, type = "response™)
$emmeans
farea prob SE df asymp.LCL asymp.UCL

Fensfjord 0.000989 1.87e-05 Inf ©.000953 0.001027
Masfjord ©.000959 1.57e-05 Inf 0.000928 0.000990
Osterfjord 0.000992 2.51e-05 Inf 0.000944 0.001042
Sorfjord 0.000759 1.43e-05 Inf 0.000732 0.000788

Results are averaged over the levels of: fparasitized, fsex
Confidence level used: 0.95
Intervals are back-transformed from the logit scale

$contrasts

contrast odds.ratio SE df null z.ratio p.value
Fensfjord / Masfjord 1.032 0.0180 Inf 1 1.823 0.2624
Fensfjord / Osterfjord 0.998 0.0266 Inf 1 -0.082 0.9998
Fensfjord / Sorfjord 1.304 0.0260 Inf 1 13.311 <.0001
Masfjord / Osterfjord 0.967 0.0234 Inf 1 -1.401 0.4985
Masfjord / Sorfjord 1.263 0.0215 Inf 1 13.713 <.0001
Osterfjord / Sorfjord 1.306 0.0345 Inf 1 10.110 <.0001

Results are averaged over the levels of: fparasitized, fsex
P value adjustment: tukey method for comparing a family of 4 estimates
Tests are performed on the log odds ratio scale

Linear relationship of gonad weight and dried qutted weight of males:

Sgrfiorden with interaction:

> sgr_gonadM <- Im(trans_gonad ~ dry_weight_gutted * parasitized,
+ weights = sample_wt, data = effect_sor_M.df)

> Anova(sgr_gonadM, type = "III")

Anova Table (Type III tests)

Response: trans_gonad
Sum Sq Df F value Pr(>F)

(Intercept) 50.208 1 5.4203e+06 < 2.2e-16 ***
dry_weight_gutted 0.001 1 6.1968e+01 8.452e-10Q ***
parasitized 0.000 1 1.3680e-01 0.7133
dry_weight_gutted:parasitized 0.000 1 3.1730e-01 0.5763
Residuals 0.000 42

Signif. codes: @ “***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 < ’ 1
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Sgrfiorden without interaction:

> sgr_gonadM2 <- 1m(trans_gonad ~ dry_weight_gutted + parasitized,
+ weights = sample_wt, data = effect_sor_M.df)
> Anova(sgr_gonadM2, type = "III")

Anova Table (Type III tests)

Response: trans_gonad
Sum Sq Df F value Pr(>F)

(Intercept) 51.196 1 5.6161le+06 < 2.2e-16 ***
dry_weight_gutted 0.001 1 6.3006e+01 5.811le-1Q ***
parasitized 0.000 1 6.3293e+00 ©.01569 *
Residuals 0.000 43

Signif. codes: @ ‘***’ 9.001 ‘**’ 0.01 ‘*’ ©0.05 ‘.’ 0.1 ¢’ 1

Osterfjorden with interaction:

> ost_gonadM <- lm(trans_gonad ~ dry_weight_gutted * parasitized,
+ weights = sample_wt, data = effect_ost_M.df)
> Anova(ost_gonadM, type = "III")

Anova Table (Type III tests)

Response: trans_gonad
Sum Sq Df  F value Pr(>F)

(Intercept) 476.19 1 1123.5593 9.007e-15 ***
dry_weight_gutted 4.07 1 9.6052 0.007845 **
parasitized 0.40 1 0.9330 0.350482
dry_weight_gutted:parasitized 0.22 1 0.5190 ©0.483136
Residuals 5.93 14

Signif. codes: @ ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ¢ * 1

Osterfjorden without interaction:

> ost_gonadM2 <- Im(trans_gonad ~ dry_weight_gutted + parasitized,
+ weights = sample_wt, data = effect_ost_M.df)
> Anova(ost_gonadM2, type = "III")

Anova Table (Type III tests)

Response: trans_gonad
Sum Sq Df  F value Pr(>F)

(Intercept) 481.21 1 1173.0148 1.171e-15 ***
dry_weight_gutted 4.27 1 10.4192 0.005633 **
parasitized 0.75 1 1.8224 ©.197050
Residuals 6.15 15

Signif. codes: @ “***’ 9.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 <’ 1
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Fensfjorden with interaction:

> fen_gonadM <- 1m(trans_gonad ~ dry_weight_gutted * parasitized,
- weights = sample_wt, data = effect_fens_M.df)
> Anova(fen_gonadM, type = "III")

Anova Table (Type III tests)

Response: trans_gonad
Sum Sq Df F value Pr(>F)

(Intercept) 23.8803 1 3.9027e+05 < 2.2e-16 ***
dry_weight_gutted 0.0012 1 2.0147e+01 7.826e-05 ***
parasitized 0.0000 1 6.0670e-01 0.4414
dry_weight_gutted:parasitized ©.0000 1 6.6600e-02 0.7979
Residuals 0.0021 34

Signif. codes: @ ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 * ’ 1

Fensfjorden without interaction:

> fen_gonadM2 <- Im(trans_gonad ~ dry_weight_gutted + parasitized,
+ weights = sample_wt, data = effect_fens_M.df)
> Anova(fen_gonadM2, type = "III")

Anova Table (Type III tests)

Response: trans_gonad
Sum Sq Df F value Pr(>F)

(Intercept) 25.5496 1 4.2900e+05 < 2.2e-16 ***
dry_weight_gutted 0.0014 1 2.2925e+01 3.038e-05 ***
parasitized 0.0001 1 2.1226e+00 0.1541
Residuals 0.0021 35

Signif. codes: @ ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ¢’ 1

Linear relationship of gonads weight and dried qutted weight of females:

Sgrfiorden with interaction:

> sgr_gonadF <- lm(trans_gonad ~ dry_weight_gutted * parasitized,
- weights = sample_wt, data = effect_sor_F.df)
> Anova(sgr_gonadF, type = "III")

Anova Table (Type III tests)

Response: trans_gonad
Sum Sq Df F value Pr(>F)

(Intercept) 308.052 1 469.3620 < 2.2e-16 ***
dry_weight_gutted 14.915 1 22.7254 3.906e-05 ***
parasitized 6.903 1 10.5171 0.002766 **
dry_weight_gutted:parasitized ©0.146 1 0.2218 0.640860
Residuals 21.002 32

Signif. codes: @ “***’ 9.001 ‘**’ 9.01 ‘*’ 0.05 ‘.’ 0.1 <’ 1
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Sgrfiorden without interaction:

> sgr_gonadF2 <- 1m(trans_gonad ~ dry_weight_gutted + parasitized,
+ weights = sample_wt, data = effect_sor_F.df)
> Anova(sgr_gonadF2, type = "III")

Anova Table (Type III tests)

Response: trans_gonad
Sum Sq Df F value Pr(>F)

(Intercept) 332.42 1 518.728 < 2.2e-16 ***
dry_weight_gutted 15.49 1 24.176 2.356e-05 ***
parasitized 85.66 1 133.673 3.793e-13 ***
Residuals 21.15 33

Signif. codes: @ ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘. 0.1 ‘1

Osterfjorden with interaction:

> ost_gonadF <- lm(trans_gonad ~ dry_weight_gutted * parasitized,
+ weights = sample_wt, data = effect_ost_F.df)

> Anova(ost_gonadF, type = "III")

Anova Table (Type III tests)

Response: trans_gonad
Sum Sq Df F value Pr(>F)

(Intercept) 58.214 1 576.2138 4.039e-15 ***
dry_weight_gutted 0.721 1 7.1322 ©@.01559 *
parasitized 0.322 1 3.1827 ©.09129 .
dry_weight_gutted:parasitized 0.012 1 0.1221 0.73080
Residuals 1.819 18

Signif. codes: @ “***’ 9.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 <’ 1

Osterfjorden without interaction:

> ost_gonadF2 <- Im(trans_gonad ~ dry_weight_gutted + parasitized,
+ weights = sample_wt, data = effect_ost_F.df)

> Anova(ost_gonadF2, type = "III")

Anova Table (Type III tests)

Response: trans_gonad
Sum Sq Df F value Pr(>F)

(Intercept) 63.478 1 658.7527 3.277e-16 ***
dry_weight_gutted ©0.738 1 7.6617 0.0122477 *
parasitized 2.267 1 23.5282 0.0001111 ***
Residuals 1.831 19

Signif. codes: @ ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ¢’ 1
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Masfjorden with interaction:

> mas_gonadF <- 1lm(trans_gonad ~ dry_weight_gutted * parasitized,
+ weights = sample_wt, data = effect_mas_F.df)
> Anova(mas_gonadF, type = "III")

Anova Table (Type III tests)

Response: trans_gonad
Sum Sq Df F value Pr(GF)

(Intercept) 185.894 1 19495.2647 < 2e-16 ***
dry_weight_gutted 1.697 1 177.9326 < 2e-16 ***
parasitized 0.045 1 4.7541 0.03259 *
dry_weight_gutted:parasitized 0.084 1 8.7694 0.00418 **
Residuals 0.667 70

Signif. codes: @ ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ¢’ 1

Fensfjorden with interaction:

> fen_gonadF <- 1lm(trans_gonad ~dry_weight_gutted * parasitized,
+ weights = sample_wt, data = effect_fens_F.df)
> Anova(fen_gonadF, type = "III")

Anova Table (Type III tests)

Response: trans_gonad
Sum Sq Df F value Pr(>F)

(Intercept) 21.2989 1 633.9169 < 2.2e-16 ***
dry_weight_gutted 0.2005 1 5.9675 0.019331 *
parasitized 0.2877 1 8.5615 0.005766 **
dry_weight_gutted:parasitized 0.0002 1 0.0064 0.936652
Residuals 1.2768 38

Signif. codes: @ “***’ @9.001 ‘**’ 0.01 ‘*’ 0.05 ‘.” 0.1 <’ 1

Fensfjorden without interaction:

> fen_gonadF2 <- 1m(trans_gonad ~ dry_weight_gutted + parasitized,
+ weights = sample_wt, data = effect_fens_F.df)
> Anova(fen_gonadF2, type = "III")

Anova Table (Type III tests)

Response: trans_gonad
Sum Sq Df F value Pr(>F)

(Intercept) 26.8752 1 820.797 < 2.2e-16 ***
dry_weight_gutted 0.2640 1 8.063 0.007141 **
parasitized 2.1023 1 64.207 9.097e-10Q ***
Residuals 1.2770 39

Signif. codes: @ ‘***’ 0.001 ‘**’ 90.01 ‘** 0.05 ‘.” 0.1 < ’ 1
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Linear relationship of liver weight and dried gutted weight of males:

Sgrfjorden with interaction:

> Sgr_liver_M <- 1m(trans_liver ~ dry_weight_gutted * parasitized,
+ weights = sample_wt, data = effect_sor_M.df)

> Anova(Ser_liver_M, type = "III")

Anova Table (Type III tests)

Response: trans_liver
Sum Sq Df F value Pr(>F)

(Intercept) 118489 1 187.4133 < 2.2e-16 ***
dry_weight_gutted 7008 1 11.0853 0.001819 **
parasitized 320 1 0.5001 0.480773
dry_weight_gutted:parasitized 16 1 0.0258 0.873109
Residuals 26554 42

Signif. codes: @ ‘***’ 9.001 ‘**’ 0.01 ‘*’ .05 ‘.” 0.1 * ’ 1

Sgrfiorden without interaction:

> Sgr_liver_M2 <- lm(trans_liver ~ dry_weight_gutted + parasitized,
+ weights = sample_wt, data = effect_sor_M.df)

> Anova(Sgr_liver_M2, type = "III")

Anova Table (Type III tests)

Response: trans_liver
Sum Sq Df F value Pr(>F)

(Intercept) 121223 1 196.1826 < 2.2e-16 ***
dry_weight_gutted 7263 1 11.7549 0.001349 **
parasitized 3642 1 5.8946 0.019447 *
Residuals 26570 43

Signif. codes: @ ‘***’ @.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 <’ 1

Osterfjorden with interaction:

> Ost_liver_M <- lm(trans_liver ~ dry_weight_gutted * parasitized,
+ weights = sample_wt, data = effect_ost_M.df)

> Anova(Ost_liver_M, type = "III")

Anova Table (Type III tests)

Response: trans_liver
Sum Sq Df  F value Pr(>F)

(Intercept) 64.920 1 3613.2599 < 2.2e-16 ***
dry_weight_gutted 0.189 1 10.4921 0.005939 **
parasitized 0.001 1 0.0566 0.815408
dry_weight_gutted:parasitized 0.014 1 0.7991 0.386475
Residuals 0.252 14

Signif. codes: @ ‘***’ @9.001 ‘**’ 90.01 ‘*’ 0.05 ‘.’ 0.1 ‘1
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Osterfjorden without interaction:

> Ost_liver_M2 <- 1m(trans_liver ~ dry_weight_gutted + parasitized,
+ weights = sample_wt, data = effect_ost_M.df)

> Anova(Ost_liver_M2, type = "III")

Anova Table (Type III tests)

Response: trans_liver
Sum Sq Df F value Pr(>F)

(Intercept) 65.532 1 3696.841 < 2.2e-16 ***
dry_weight_gutted ©.199 1 11.251 0.004348 **
parasitized 0.192 1 10.845 0.004928 **
Residuals 0.266 15

Signif. codes: @ ‘***’ 9.001 ‘**’ 0.01 ‘*’ 0.05 ‘.” 0.1 * ’ 1

Masfjorden with interaction:

> Mas_liver_M <- Im(trans_liver ~ dry_weight_gutted * parasitized,
+ weights = sample_wt, data = effect_mas_M.df)

> Anova(Mas_liver_M, type = "III")

Anova Table (Type III tests)

Response: trans_liver
Sum Sq Df F value Pr(>F)

(Intercept) 110.697 1 85425.8957 < 2.2e-16 ***
dry_weight_gutted 0.088 1 67.6199 5.661le-11 ***
parasitized 0.001 1 0.64006 0.4271
dry_weight_gutted:parasitized 0.000 1 0.0002 0.9890
Residuals 0.067 52

Signif. codes: @ “***’ 9.001 ‘**’ 0.01 ‘*’ 0.05 ‘.” 0.1 ‘ ’ 1

Masfjorden without interaction:

> Mas_liver_M2 <- Im(trans_liver ~ dry_weight_gutted + parasitized,
+ weights = sample_wt, data = effect_mas_M.df)

> Anova(Mas_liver_M2, type = "III")

Anova Table (Type III tests)

Response: trans_liver
Sum Sq Df F value Pr(>F)

(Intercept) 113.387 1 89184.2145 < 2.2e-16 ***
dry_weight_gutted 0.090 1 70.8097 2.447e-11 ***
parasitized 0.004 1 3.5185 0.0662 .
Residuals 0.067 53

Signif. codes: @ ‘***’ 0.001 ‘**’ 9.01 ‘*’ 0.05 ‘.’ 0.1 * ’ 1
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Fensfjorden with interaction:

> fen_liver_M <- Im(trans_liver ~ dry_weight_gutted * parasitized,
+ weights = sample_wt, data = effect_fens_M.df)
> Anova(fen_liver_M, type = "III")

Anova Table (Type III tests)

Response: trans_liver
Sum Sq Df F value Pr(GF)

(Intercept) 26.2560 1 22806.2389 < 2.2e-16 ***
dry_weight_gutted 0.0104 1 8.9944 0.005037 **
parasitized 0.0020 1 1.7324 0.196907
dry_weight_gutted:parasitized 0.0005 1 0.3937 0.534531
Residuals 0.0391 34

Signif. codes: @ ‘***’ 9.001 ‘**’ 0.01 ‘*’ ©.05 ‘.’ 0.1 * ’ 1

Fensfjorden without interaction:

> fen_liver_M2 <- lm(trans_liver ~ dry_weight_gutted + parasitized,
+ weights = sample_wt, data = effect_fens_M.df)

> Anova(fen_liver_M2, type = "III")

Anova Table (Type III tests)

Response: trans_liver
Sum Sq Df F value Pr(>F)

(Intercept) 28.0259 1 24772.6683 < 2.2e-16 ***
dry_weight_gutted ©0.0099 1 8.7814 0.005443 **
parasitized 0.0044 1 3.8949 0.056370 .
Residuals 0.039%6 35

Signif. codes: @ ‘***’ 9.001 ‘**’ 0.01 ‘** 0.05 ‘. 0.1 ¢’ 1

Linear relationship of liver weight and dried gutted weight of females:

Sgrfiorden with interaction:

> Sgr_liver_F <- lm(trans_liver ~ dry_weight_gutted * parasitized,
+ weights = sample_wt, data = effect_sor_F.df)
> Anova(Sgr_liver_F, type = "III")

Anova Table (Type III tests)

Response: trans_liver
Sum Sq Df F value Pr(>F)

(Intercept) 233.818 1 3657.4860 < 2.2e-16 ***
dry_weight_gutted 3.431 1 53.6692 2.497e-08 ***
parasitized 0.000 1 0.0017 0.9672
dry_weight_gutted:parasitized 0.124 1 1.9456 0.1727
Residuals 2.046 32

Signif. codes: @ ‘***’ 9.001 ‘**’ 9.01 ‘*’ 0.05 ‘.’ 0.1 <’ 1
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Sgrfiorden without interaction:

> Sgr_liver_F2 <- lm(trans_liver ~ dry_weight_gutted + parasitized,
+ weights = sample_wt, data = effect_sor_F.df)

> Anova(Ser_liver_F2, type = "III")

Anova Table (Type III tests)

Response: trans_liver
Sum Sq Df F value Pr(>F)

(Intercept) 258.995 1 3938.453 < 2.2e-16 ***
dry_weight_gutted 4.249 1 64.620 2.825e-09 ***
parasitized 1.137 1 17.288 0.0002144 ***
Residuals 2.170 33

Signif. codes: @ ‘***’ 0.001 ‘**’ 9.01 ‘*’ 0.05 ‘.’ 0.1 ¢ ’ 1

Osterfjorden with interaction:

> Ost_liver_F <- Im(trans_liver ~ dry_weight_gutted * parasitized,
- weights = sample_wt, data = effect_ost_F.df)

> Anova(Ost_liver_F, type = "III")

Anova Table (Type III tests)

Response: trans_liver
Sum Sq Df F value Pr(GF)

(Intercept) 13309.3 1 187.8574 5.774e-11 ***
dry_weight_gutted 1402.6 1 19.7975 0.0003097 ***
parasitized 119.4 1 1.6848 0.2106758
dry_weight_gutted:parasitized 32.0 1 0.4512 0.5103186
Residuals 1275.3 18

Signif. codes: @ ‘***’ 9.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘* ’ 1

Osterfjorden without interaction:

> Ost_liver_F2 <- Im(trans_liver ~ dry_weight_gutted + parasitized,

- weights = sample_wt, data = effect_ost_F.df)
> Anova(Ost_liver_F2, type = "III")
Anova Table (Type III tests)

Response: trans_liver
Sum Sq Df F value Pr(>F)

(Intercept) 15077.0 1 219.1383 6.941e-12 ***
dry_weight_gutted 1724.3 1 25.0623 7.840e-05 ***
parasitized 175.0 1  2.5429 0.1273
Residuals 1307.2 19

Signif. codes: 0@ ‘***’ 0.001 ‘**’ 0.01 ‘*’ .05 ‘.’ 0.1 ¢’ 1
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Masfjorden with interaction:

> Mas_liver_F <- Im(trans_liver ~ dry_weight_gutted * parasitized,
+ weights = sample_wt, data = effect_mas_F.df)

> Anova(Mas_liver_F, type = "III")

Anova Table (Type III tests)

Response: trans_liver
Sum Sq Df F value Pr(>F)

(Intercept) 151.616 1 1.2349e+05 < 2.2e-16 ***
dry_weight_gutted 0.127 1 1.0339e+02 1.988e-15 ***
parasitized 0.000 1 2.7500e-02 0.8689
dry_weight_gutted:parasitized 0.001 1 8.2000e-01 0.3683
Residuals 0.086 70

Signif. codes: @ ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘. 0.1 * ’ 1

Masfjorden without interaction:

> Mas_liver_F2 <- Im(trans_liver ~ dry_weight_gutted + parasitized,
+ weights = sample_wt, data = effect_mas_F.df)

> Anova(Mas_liver_F2, type = "III")

Anova Table (Type III tests)

Response: trans_liver
Sum Sq Df F value Pr(>F)

(Intercept) 162.552 1 1.3273e+05 < 2.2e-16 ***
dry_weight_gutted ©0.131 1 1.0723e+@02 7.788e-16 ***
parasitized 0.002 1 1.5679e+00 0.2146
Residuals 0.087 71

Signif. codes: @ “***’ 9.001 ‘**’ 0.01 ‘** 0.05 ‘. 0.1 ¢’ 1

Fensfjorden with interaction:

> fen_liver_F <- Im(trans_liver ~ dry_weight_gutted * parasitized,
o+ weights = sample_wt, data = effect_fens_F.df)
> Anova(fen_liver_F, type = "III")

Anova Table (Type III tests)

Response: trans_liver
Sum Sq Df F value Pr(>F)

(Intercept) 17.3443 1 10891.8918 < 2.2e-16 ***
dry_weight_gutted 0.0395 1 24.8133 1.407e-05 ***
parasitized 0.0044 1 2.7432 0.1059
dry_weight_gutted:parasitized 0.0022 1 1.3506 0.2524
Residuals 0.0605 38

Signif. codes: @ ‘***’ 9.001 ‘**’ 0.01 ‘*’ 0.05 ‘.” 0.1 ‘1
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Fensfjorden without interaction:

> fen_liver_F2 <- 1lm(trans_liver ~ dry_weight_gutted + parasitized,
+ weights = sample_wt, data = effect_fens_F.df)
> Anova(fen_liver_F2, type = "III")

Anova Table (Type III tests)

Response: trans_liver
Sum Sq Df F value Pr(>F)

(Intercept) 22.0431 1 13719.3519 < 2.2e-16 ***
dry_weight_gutted 0.0620 1 38.6172 2.6le-@7 ***
parasitized 0.0040 1 2.4978 0.1221
Residuals 0.0627 39

Signif. codes: @ ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ¢ * 1

Linear relationship of heart weight and dried gutted weight:

Sgrfiorden with interaction:

> sgr_heart <- Im(trans_heart ~ dry_weight_gutted * parasitized,
+ weights = sample_wt, data = effect_sor.df)

> Anova(sgr_heart, type = "III")

Anova Table (Type III tests)

Response: trans_heart
Sum Sq Df  F value Pr(>F)

(Intercept) 4878.9 1 1139.3351 < 2.2e-16 ***
dry_weight_gutted 54.4 1 12.7047 0.0006225 ***
parasitized 5.6 1 1.3055 0.2566542
dry_weight_gutted:parasitized 9.3 1 2.1706 0.1446455
Residuals 338.3 79

Signif. codes: @ ‘***’ @.001 ‘**’ 0.01 ‘*’ .05 ‘.’ 0.1 ¢’ 1

Sgrfiorden without interaction:

> sgr_heart2 <- Im(trans_heart ~ dry_weight_gutted + parasitized,
+ weights = sample_wt, data = effect_sor.df)

> Anova(sgr_heart2, type = "III")

Anova Table (Type III tests)

Response: trans_heart
Sum Sq Df F value Pr(>F)

(Intercept) 5172.5 1 1190.4582 < 2.2e-16 ***
dry_weight_gutted 67.3 1 15.4974 0.0001753 ***
parasitized 2.2 1 0.4999 0.4816018
Residuals 347.6 80

Signif. codes: @ ‘***’ 0.001 ‘**’ 0.01 ‘*’ ©.05 ‘.’ 0.1 <’ 1
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Masfjorden with interaction:

> mas_heart <- Im(trans_heart ~ dry_weight_gutted * parasitized,
+ weights = sample_wt, data = effect_mas.df)

> Anova(mas_heart, type = "III")

Anova Table (Type III tests)

Response: trans_heart
Sum Sq Df F value Pr(>F)

(Intercept) 3772.6 1 9412.4638 <2e-16 ***
dry_weight_gutted 45.3 1 113.0738 <2e-16 ***
parasitized 0.1 1 0.2656 0.6072
dry_weight_gutted:parasitized 0.1 1 0.2894 0.5916
Residuals 50.5 126

Signif. codes: @ ‘***’ 9.001 ‘**’ 0.01 ‘*’ 0.05 ‘.” 0.1 <’ 1

Masfjorden without interaction:

> mas_heart2 <- lm(trans_heart ~ dry_weight_gutted + parasitized,
+ weights = sample_wt, data = effect_mas.df)

> Anova(mas_heart2, type = "III")

Anova Table (Type III tests)

Response: trans_heart
Sum Sq Df F value Pr(>F)

(Intercept) 3935.9 1 9875.06000 <2e-16 ***
dry_weight_gutted 46.7 1 117.1898 <2e-16 ***
parasitized 0.0 1 0.0084 0.927
Residuals 50.6 127

Signif. codes: @ ‘***’ @.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 * ’ 1

Fensfjorden with interaction:

> fen_heart <- Im(trans_heart ~ dry_weight_gutted * parasitized,
+ weights = sample_wt, data = effect_fens.df)

> Anova(fen_heart, type = "III")

Anova Table (Type III tests)

Response: trans_heart
Sum Sq Df F value Pr(>F)

(Intercept) 36.020 1 3.7658e+05 < 2.2e-16 ***
dry_weight_gutted 0.002 1 1.6971e+01 9.571e-05 ***
parasitized 0.000 1 1.4372e+00 0.2343
dry_weight_gutted:parasitized 0.000 1 9.0180e-01 0.3453
Residuals 0.007 76

Signif. codes: @ ‘***’ @9.001 ‘**’ 9.01 ‘*’ 0.05 ‘.’ 0.1 1
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Fensfjorden without interaction:

> fen_heart2 <- lm(trans_heart ~ dry_weight_gutted + parasitized,
+ weights = sample_wt, data = effect_fens.df)

> Anova(fen_heart2, type = "III")

Anova Table (Type III tests)

Response: trans_heart
Sum Sq Df F value Pr(>F)

(Intercept) 40.976 1 4.2893e+05 < 2.2e-16 ***
dry_weight_gutted 0.002 1 2.2820e+01 8.332e-06 ***
parasitized 0.000 1 7.256Qe-01 0.3969
Residuals 0.007 77

Signif. codes: @ ‘***’ @9.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ¢ ’ 1

Mean Otolith shape analysis:

Sgrfjorden:

> sgr.mod <- anova(cap.resl, by = "terms", step = 1000)
> sgr.mod

Permutation test for capscale under reduced model

Terms added sequentially (first to last)

Permutation: free

Number of permutations: 999

Model: capscale(formula = getStdWavelet(shape) ~ getMasterlist(shape)$parasitized)

Df SumOfSgs F Pr(>F)
getMasterlist(shape)$parasitized 1 1.2102 2.0571 0.053 .
Residual 46 27.0625

Signif. codes: @ ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.” 0.1 <’ 1

Osterfjorden:

> ost.mod <- anova(cap.resZ, by = "terms", step = 1000)
> ost.mod

Permutation test for capscale under reduced model

Terms added sequentially (first to last)

Permutation: free

Number of permutations: 999

Model: capscale(formula = getStdWavelet(shape) ~ getMasterlist(shape)$parasitized)

Df SumQfSqs F Pr(>F)
getMasterlist(shape)$parasitized 1 ©.5171 1.2837 0.228
Residual 18 7.2511
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Masfjorden:

> mas.mod

Permutation test for capscale under reduced model
Terms added sequentially (first to last)
Permutation: free

Number of permutations: 999

Model: capscale(formula = getStdWavelet(shape) ~ getMasterlist(shape)$parasitized)
Df SumOfSgs F Pr(>F)
getMasterlist(shape)$parasitized 1 0.665 1.05 0.39

Residual 50 31.678

Fensfjorden:
> fens.mod <- anova(cap.res4, by = "terms", step = 1000)
> fens.mod

Permutation test for capscale under reduced model
Terms added sequentially (first to last)
Permutation: free

Number of permutations: 999

Model: capscale(formula = getStdWavelet(shape) ~ getMasterlist(shape)$parasitized)

Df SumOfSqgs F Pr(>F)
getMasterlist(shape)$parasitized 1 ©.6512 1.0949 @.331
Residual 34 20.2219

Analysis of otolith length with interaction:

> otolith_lenght_lm <- lm(otolith.length ~ parasitized * area + parasitized*sex, data = Data2)
> anova(otolith_lenght_1m)
Analysis of Variance Table

Response: otolith.length
Df Sum Sq Mean Sq F value Pr(>F)

parasitized 1 0.0213 0.021322 0.4692 0.4944348
area 3 0.9187 0.306246 6.7393 0.0002735 ***
sex 1 0.0037 0.003714 ©.0817 0.7753728
parasitized:area 3 0.0574 0.019123 0.4208 0.7383380
parasitized:sex 1 0.0043 0.004303 ©0.0947 0.7587412
Residuals 146 6.6345 0.045442

Signif. codes: @ ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.” 0.1 <’ 1

Analysis of otolith length without interaction:

> otolith_lenght_1m2 <- lm(otolith.length ~ parasitized + sex + drea, data = Data2)
> anova(otolith_lenght_1m2)
Analysis of Variance Table

Response: otolith.length

Df Sum Sq Mean Sq F value Pr(>F)
parasitized 1 0.0213 0.021322 @.4776 0.4905660
sex 1 0.0000 0.000002 ©.0001 0.9940773
area 3 0.9224 0.307483 6.8879 0.0002236 ***
Residuals 150 6.6962 0.044641

Signif. codes: @ “***’ 9.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 * ’ 1
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Post-hoc for otolith length:

> emmeans(otolith_lenght_1lm2, specs = pairwise ~ area, type = "response™)
$emmeans

area emmean SE df lower.CL upper.CL

Fensfjord 1.54 0.0354 150 1.47 1.61

Masfjord 1.43 0.0294 150 1.37 1.49

Osterfjord 1.28 0.0478 150 1.19 1.38

Serfjord 1.38 0.0311 150 1.32 1.44

Results are averaged over the levels of: pa

Confidence level used: 0.95

$contrasts
contrast estimate

SE df

Fensfjord - Masfjord 0.1068 0.0458 150
Fensfjord - Osterfjord ©@.2522 ©.0590 150
Fensfjord - Serfjord 0.1531 0.0466 150
Masfjord - Osterfjord 0.1454 0.0558 150
Masfjord - Serfjord 0.0463 0.0424 150
Osterfjord - Serfjord -0.0991 0.0562 150

Results are averaged over the levels of: pa
P value adjustment: tukey method for comparing a family of 4 estimates

Analysis of otolith width with interaction:

rasitized, sex

t.ratio p.value
2.331 0.0956
4.275 0.0002
3.284 0.0069
2.608 0.0488
1.092 0.6951
-1.762 @.2957

rasitized, sex

> otolith_width_1m <- 1m(otolith.width ~ parasitized * area + parasitized * sex, data = Data2)

> anova(otolith_width_1m)
Analysis of Variance Table

Response: otolith.width

Df Sum Sq Mean Sq F value

parasitized 1 0.0000 0.00003 0O
area 3 1.7193 0.57310 6
sex 1 0.0005 0.00048 0
parasitized:area 3 0.0220 0.00734 0
parasitized:sex 1 0.0025 0.00246 ©
Residuals 146 12.6029 0.08632

Signif. codes: @ ‘***’ 9.001 ‘**’ 0.01

.0003 0.9
.6391 0.0
.0055 0.9
.0850 0.9
.0285 0.8

‘*? 0.05

Pr(>F)
862695
003103 ***
409255
681499
660820

7011

Analysis of otolith length without interaction:

> 5tolith_width_1m2 <- ImCotolith.width ~ parasitized + area + sex, data = Data2)

> anova(otolith_width_1m2)
Analysis of Variance Table

Response: otolith.width

Df Sum Sq Mean Sq
parasitized 1 0.0000 0.00003
area 3 1.7193 0.57310
sex 1 0.0005 0.00048
Residuals 150 12.6274 0.08418

Signif. codes: @ ‘***’ 9.001 ¢

F value Pr(>F)
0.0003 0.9860956
6.8078 0.0002473 ***
0.0057 0.9401784

*¥*2 9.01 ‘¥ 0.05 °.” 0.1 <1
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Post-hoc for otolith width:

> emmeans(otolith_width_1lm2, specs = pairwise ~ area, type = "response™)
$emmeans

area emmean SE df lower.CL upper.CL

Fensfjord 1.96 0.0487 150 1.87 2.06

Masfjord 1.79 0.0404 150 1.71 1.87

Osterfjord 1.60 0.0656 150 1.47 1.73

Serfjord 1.79 0.0426 150 1.71 1.88

Results are averaged over the levels of: parasitized, sex
Confidence level used: 0.95

$contrasts
contrast estimate SE df t.ratio p.value
Fensfjord - Masfjord 1.69e-01 0.0629 150 2.691 ©.0393
Fensfjord - Osterfjord 3.59e-01 0.0810 150 4.429 0.0001
Fensfjord - Sgrfjord 1.69e-01 0.0640 150 2.644 0.0444
Masfjord - Osterfjord 1.90e-01 0.0766 150 2.475 0.0679
Masfjord - Serfjord 6.00e-07 ©0.0582 150 0.000 1.0000
Osterfjord - Serfjord -1.90e-01 0.0772 150 -2.454 0.0716

Results are averaged over the levels of: parasitized, sex
P value adjustment: tukey method for comparing a family of 4 estimates

Analysis of otolith age:

Sgrfjorden with interaction:

> aov_sgr <- aov(age ~ sex * parasitized, data = growth_sgr.df)
> summary(aov_s@r)
Df Sum Sq Mean Sq F value Pr(>F)

sex 1 0.37 0.3750 0.482 0.491
parasitized 1 0.02 0.0208 0.027 0.871
sex:parasitized 1 0.17 0.1667 0.214 0.646
Residuals 44 34.25 0.7784

Sgrfiorden without interaction:

> aov_sgr <- dov(age ~ sex + parasitized, data = growth_sgr.df)
> summary(aov_sgr)
Df Sum Sq Mean Sq F value Pr(>F)
sex 1 0.37 0.3750 0.490 0.487
parasitized 1 0.02 0.0208 0.027 0.870
Residuals 45 34.42 0.7648

Osterfjorden with interaction:

> aov_ost <- aov(age ~ sex * parasitized, data = growth_ost.df)
> summary(aov_ost)
Df Sum Sq Mean Sq F value Pr(>F)

sex 1 4.002 4.002 4.051 0.0613 .
parasitized 1 0.050 0.050 0.051 0.8249
sex:parasitized 1 0.688 0.688 0.696 0.4163
Residuals 16 15.810 0.988

Signif. codes: @ ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 * ’ 1
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Osterfjorden without interaction:

> aov_ost <- aov(age ~ sex + parasitized, data = growth_ost.df)

> summary(aov_ost)

Df Sum Sq Mean Sq F value Pr(>F)

sex 1 4.002 4.002 4.124 0.0582 .
parasitized 1 0.050 0.050 0.052 0.8231
Residuals 17 16.498 0.970

Signif. codes: @ “***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.” 0.1 ¢’ 1

Masfjorden with interaction:

> aov_mas <- dov(age ~ sex * parasitized, data = growth_mas.df)

> summary(aov_mas)

Df Sum Sq Mean Sq F value Pr(>F)

sex 1 3.82 3.818 3.193 0.0803 .
parasitized 1 3.25 3.250 2.718 0.1057
sex:parasitized 1 1.60 1.595 1.334 0.2538
Residuals 48 57.39 1.19

Signif. codes: @ ‘***’ 0.001 ‘**’ 0.01

Masfjorden without interaction:

> aov_mas <- dov(age ~ sex + parasitized, data =

> summary(aov_mas)

Df Sum Sq Mean Sq F value Pr(GF)

sex 1 3.82 3.818 3.172 0.0811 .
parasitized 1 3.25 3.250 2.700 0.1068
Residuals 49 58.99 1.204

Signif. codes: @ ‘***’ 0.001 ‘**’ 0.01 ‘*’

Fensfjorden with interaction:

* .05 <.’ 0.1 ¢’ 1

growth_mas.df)

0.05 . 0.1 1

> aov_fens <- aov(age ~ sex * parasitized, data = growth_fens.df)

> summary(aov_fens)

Df Sum Sq
sex 1 0.023
parasitized 1 0.444
sex:parasitized 1 0.698
Residuals 32 18.390

Mean Sq F value Pr(GF)
0.0231 0.040 0.842
0.4444 0.773 0.386
0.6984 1.215 0.279
0.5747

Fensfjorden without interaction:

> aov_fens <- aov(age ~ sex + parasitized, data

> summary(aov_fens)

Df Sum Sq Mean Sq F value Pr(>F)

sex 1 0.023 0.
parasitized 1 0.444 0.
Residuals 33 19.088 0.

0231 0.040 0.843
4444  0.768 0.387
5784
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Analysis of parasite volume relative to host:

Correlation of total parasite volume:

> cor_tot_vol <- cor.test(volume.df$volume_fish,

+ volume.df$par_tot_ml, method=c("pearson"))
> cor_tot_vol

Pearson's product-moment correlation

data: volume.df$volume_fish and volume.df$par_tot_ml
t = -0.006282, df = 7, p-value = 0.9952
alternative hypothesis: true correlation is not equal to @
95 percent confidence interval:
-0.6654467 ©.6627925
sample estimates:
cor
-0.002374353

Correlation of the external parasite volume:

> cor_ext_vol <- cor.test(volume.df$volume_fish,

+ volume.df$par_extern_ml, method=c("pearson"))
> cor_ext_vol

Pearson's product-moment correlation

data: volume.df$volume_fish and volume.df$par_extern_ml
t = -0.23004, df = 7, p-value = 0.8246
alternative hypothesis: true correlation is not equal to @
95 percent confidence interval:
-0.7099029 0.6127518
sample estimates:
cor
-0.08661859

Correlation of the internal parasite volume:

> cor_int_vol <- cor.test(volume.df$volume_fish,

+ volume.df$par_intern_ml, method=c("pearson"))
> cor_int_vol

Pearson's product-moment correlation

data: volume.df$volume_fish and volume.df$par_intern_ml
t = -0.49037, df = 7, p-value = 0.6389
alternative hypothesis: true correlation is not equal to @
95 percent confidence interval:
-0.7549863 0.5482339
sample estimates:
cor
-0.1822405
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Correlation of the internal and external parasite volume:

> cor_par_vol <- cor.test(volume.df$par_extern_ml,
+ volume.df$par_intern_ml, method=c("pearson"))
> cor_par_vol

Pearson's product-moment correlation

data: volume.df$par_extern_ml and volume.df$par_intern_ml
t = 2.8235, df = 7, p-value = 0.02565
alternative hypothesis: true correlation is not equal to 0
95 percent confidence interval:
0.1272332 0.9388465
sample estimates:
cor
0.7296968
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