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exhibit a preparatory antioxidant response, protecting them 
from oxidative damage during migrations. The acous-
tic data showed peaks of crustacean zooplankton biomass 
in hypoxic (<2 mL L−1) and low oxygen (2–4 mL L−1) 
concentrations (depth >75 m), whereas fish shoals and A. 
aurita medusae were found in normoxic (5–6 mL L−1) 
upper water layers (<40 m), with individual fish in deeper 
water excepting that rule. Mysid shrimp from areas with 
hypoxia had significantly enhanced antioxidant potential 
compared with conspecifics from areas with no hypoxia 
and had no significant indications of oxidative damage. We 
conclude that mysids can protect themselves from oxida-
tive damage, enabling them to inhabit hypoxic water. Our 
data suggest that hypoxic and low oxygen zones (up to 
4 mL L−1) may provide some zooplankton species with a 
refuge from visual predators such as fish.

Introduction

Hypoxia (<2 mL L−1) in coastal environments around the 
world is a persistent and growing problem (Vaquer-Sunyer 
and Duarte 2008). Hypoxia has created large areas of ben-
thic ‘dead zones’ in the Baltic Sea (Modig and Ólafsson 
1998; Conley et al. 2009), yet few data exist on the effect 
of hypoxia on the pelagic community there (cf. Zhang et al. 
2009, 2014 for details of impacts in the Gulf of Mexico). 
Fish are perhaps the best studied pelagic group in terms 
of their response to and tolerance of hypoxic conditions. 
Research in the Baltic Sea on species such as cod, herring 
and sprat found that fish aggregated in normoxic surface 
waters (Neuenfeldt and Beyer 2003; Ekau et al. 2010). 
There are fewer data describing the effect of hypoxia on 
jellyfish in the Baltic Sea, but compared with both fish 
and crustacean zooplankton, scyphozoans such as Aurelia 
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aurita are more tolerant of low oxygen concentrations 
(Purcell et al. 2001), and hypoxia can even be advanta-
geous to A. aurita medusae because it enables them to cap-
ture larger numbers of larval fish in hypoxic environments 
where the swimming speed of larval fish is reduced (Shoji 
et al. 2005). In the Baltic Sea, A. aurita medusae form sea-
sonal blooms in the uppermost water layers (<20 m) during 
the summer months (Barz and Hirche 2005).

Fish and other visual predators drive the diel verti-
cal migration (DVM) of crustacean zooplankton (Hays 
2003; Brierley 2014). Vertically migrating zooplankton 
can increase the strength of the biological carbon pump 
through active carbon flux, which is the downward trans-
port of carbon by migrant zooplankton feeding in surface 
waters and defecating at depth (Angel and Pugh 2000; 
Hidaka et al. 2001; Burd et al. 2010; Hernandez-Leon et al. 
2010). This process plays an important role in biogeo-
chemical cycling, so understanding of DVM and its various 
controlling factors is needed (Brierley 2014). Crustacean 
zooplankton fall between fish and non-visual hunters such 
as the scyphozoans in terms of their tolerance to hypoxia; 
for example, copepods (Eurytemora affinis) tolerate oxy-
gen concentrations as low as 1 mL L−1 in a North Sea 
estuary, but their abundance increased when oxygen con-
centrations increased to 6 mL L−1 (Appletans et al. 2003). 
In the Gulf of Finland, Limnocalanus macrurus is one of 
the dominant copepod species by biomass and is an impor-
tant food source for commercially important fish (Viitasalo 
1992; Rajasilta et al. 2014). It is a daily vertical migrant 
in May and June, ceasing its vertical migrations in August 
due to high temperatures in the upper water layers (Bityu-
kov 1960). Aside from L. macrurus and A. aurita, mysid 
shrimp (Mysis spp.) are common macrozooplankton in the 
northern Baltic Proper (Rudstam and Hansson 1990). DVM 
by Baltic Sea mysids has been reported; however, it var-
ies seasonally, decreasing during late summer (Rudstam 
and Hansson 1990). Recently, it has been speculated that 
worsening hypoxia may partially explain why Mysis mixta 
has decreased by up to 50 % since the 1980s in an area on 
the eastern coast of Sweden (Ogonowski et al. 2013). One 
consequence of hypoxic zones at depth could be a barrier 
to the DVM of Baltic Sea mysid shrimp, as it is for some 
migrants attempting to cross oxygen minimum zones in the 
Benguela Current (Ekau et al. 2010).

In estuarine populations exposed to rapid changes in 
oxygen conditions, temporary hypoxia and reoxygenation 
have been linked to many metabolic responses and physio-
logical disorders caused by oxidative stress (Hermes-Lima 
and Zenteno-Savín 2002). Oxidative stress is manifest as 
oxyradical-induced damage to major biomolecules (lipids, 
proteins and DNA) when production of reactive oxygen 
species (ROS) surpasses background levels and exceeds 
the antioxidant buffering capacity of the organism. In 

most vertebrates, both oxygen deprivation and its reintro-
duction resulting in ROS overproduction cause metabolic 
injuries. Hypoxia/reoxygenation cycles occurring in nature 
(e.g. tides, inflows of saline waters replacing hypoxic near-
bottom water, vertical migrations) resemble the ischaemic/
reoxygenation processes described in vertebrates, includ-
ing humans (Hermes-Lima et al. 2001). After a reduction 
in oxygen flow (ischaemia), the return to normoxia causes 
an increase in the production of ROS, leading to oxidation 
of cellular components. The electron carriers of the mito-
chondrial respiratory chain are reduced during ischaemia, 
whereas immediate reoxygenation of these carriers takes 
place after the reperfusion, leading to ROS overproduction 
(Kowaltowski and Vercesi 1999).

It is important for organisms that frequently experience 
oxygen deprivation to recover quickly and completely 
when oxygen becomes available. For example, an incident 
of hypoxia in the Bay of Somme, France, caused the cockle 
fishery to collapse in 1982, and by 1984, the benthos was 
dominated by the opportunistic polychaete Pygospio ele-
gans. The cockle (Cerastoderma edule) populations did not 
recover until 1987, and the fishery did not open again until 
1988 (Desprez et al. 1992). A wide variety of invertebrate 
species can endure extended periods of hypoxia or anoxia 
(hours to weeks), switch to normoxic conditions and 
recover from resulting damages (Hermes-Lima et al. 2001). 
To recover successfully, these animals must have effective 
mechanisms to minimise oxidative stress during the tran-
sition from hypoxic to normoxic conditions. Invertebrates 
that frequently experience predictable changes in oxygen, 
as during DVM, are capable of enhancing their antioxidant 
potential under hypoxia. This enhancement has been sug-
gested to be a preparatory mechanism evolved to deal with 
a physiological oxidative stress that occurs rapidly during 
reoxygenation (Hermes-Lima and Zenteno-Savín 2002).

The Gulf of Finland has an average depth of 38 m and 
a strong riverine freshwater influence. Maximum depths 
(123 m) are found across its western side, where the Gulf of 
Finland meets the Baltic Proper (data from www.helcom.
fi). Saline water from North Sea intrusions (Kattegat water) 
resides deep in the Baltic Proper, and tongues of this more 
saline water enter deeper areas of the Gulf of Finland on 
its western side. Anoxic and hypoxic deep water from the 
Baltic Proper enter the Gulf of Finland on its western side, 
often resulting in oxygen-deficient bottom waters. Our aim 
here was to investigate the effect of anoxia and hypoxia on 
the Gulf of Finland’s pelagic community, including fish, 
gelatinous zooplankton, mysids and copepods. By gaining 
an understanding of how the spatial distribution of various 
pelagic species responds to varying oxygen concentrations, 
we can begin to predict how hypoxia in the Baltic Sea may 
affect competition and predator–prey interactions. Our 
objectives were: (1) to investigate the vertical distribution 
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of fish and macrozooplankton using acoustics with addi-
tional macrozooplankton sampling using trawl nets to 
ground-truth acoustic data and (2) to determine the physi-
ological impacts of hypoxia on mysids using biochemi-
cal assays. We hypothesised that: (1) of the pelagic com-
munity, fish would be the least tolerant of hypoxia due to 
known physiological constraints and would be found in 
normoxic upper water layers, (2) A. aurita medusae would 
be found in the normoxic upper water layers in line with 
research from the Central Baltic Sea, which reports that 
80 % of medusae are found in the upper 20 m (Barz and 
Hirche 2005), (3) for the most common crustacean mac-
rozooplankton in the Gulf of Finland (L. macrurus and 
mysids), hypoxia would have a significant, negative effect 
on biomass, as detected by acoustic backscattering, (4) L. 
macrurus would have no significant DVM signal because 
they cease DVM in late summer (Bityukov 1960), whereas 
mysids would show a significant DVM signal, and (5) 
mysids undergoing DVM in hypoxic areas would have sig-
nificantly higher antioxidant levels compared to those from 
normoxic areas; this would be considered a physiological 
adaptation as higher antioxidant capacity would reduce risk 
of oxidative damage (i.e. a preparatory response).

Materials and methods

Sampling was conducted in the Gulf of Finland (Fig. 1) 
from the R/V Aranda. In August 2012, we examined the 
day- and night-time vertical distribution of macrozooplank-
ton, and in August 2007, M. relicta and M. mixta were 
collected for analyses of physiological effects of hypoxia. 

Sampling took place in coastal areas in northern Finn-
ish waters (>30 m) and west across the deeper opening of 
the Gulf (>80 m; Fig. 1). Physico-chemical data (salinity, 
temperature, depth, oxygen concentration) were collected 
using a SBE 911plus CTD system (12 deployments). Oxy-
gen concentration, pH, chlorophyll and nutrient (nitrogen, 
phosphorus, silicate) concentrations were measured in the 
laboratory onboard using standard methods as set out in 
the HELCOM monitoring guidelines (HELCOM 1988; 
also available online at www.helcom.fi). Percentage of 
photosynthetically available radiation (%PAR) reaching 
each depth (every 0.5 m) was calculated from Secchi depth 
measured during the cruise (Tyler 1968).

Acoustics

Split beam 70 and 120 kHz transducers, and a single beam 
200 kHz transducer driven by Simrad EK60 echosound-
ers were installed onto a towed body. All three transduc-
ers were circular with 7° beam widths. Calibrations were 
performed with standard copper spheres, as recommended 
by the manufacturer. A ping rate of 2 s−1 and a pulse dura-
tion of 512 µs were used. Depth of towed body was kept 
constant (2 m), and depth was recorded using a Sensus 
Ultra (ReefNet Inc.) depth sensor. Ship speed was 3.5 knots 
during acoustic data collections. Post-processing of acous-
tic data was carried out using the software Echoview v4.9. 
The nearfield was calculated for 70 kHz as 4 m, 120 kHz as 
3 m, 200 kHz as 5 m and was excluded for all frequencies 
from further analysis. To compensate for signal loss with 
beam spreading and absorption, time varied gain (TVG) 
was applied (function 20logR + 2αR), and amplified 

Fig. 1  Bathymetric map of the 
Baltic Sea with enlarged Gulf of 
Finland area showing stations 
sampled in August 2007 and 
2012 from the R/V Aranda. A 
grey dot represents a CTD cast, 
and black lines mark an acoustic 
transect

http://www.helcom.fi
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background noise from regions of the echogram that were 
essentially blank was removed (Watkins and Brierley 
1996). Acoustic backscattering, expressed as mean volume 
backscattering strength Sv (dB re 1 m−1), was calculated 
separately for each frequency over a grid of 60 pings (30 s) 
horizontally × 0.5 m vertically.

Echoes arising from crustacean macrozooplankton (L. 
macrurus, Mysis spp.), A. aurita and fish were discrimi-
nated and classified using the relative frequency response 
classification procedure (Korneliussen and Ona 2003). 
Sv values from each frequency for each cell were used to 
produce frequency responses for each cell (De Robertis 
et al. 2010). Fish with swimbladders are expected to yield 
a stronger echo at 70 than at 120 or 200 kHz (Kloser et al. 
2002; Knudsen 2009). After a threshold of −60 dB re 
1 m−1, appropriate to Baltic fish surveys (Peltonen and 
Balk 2005), was applied to 70 kHz data, cells for which 
Sv 70 > 120 > 200 kHz were classified as ‘fish’. Grid cells 
with this characteristic were excluded from analyses of 
macrozooplankton distributions. Organisms such as A. 
aurita medusae, mysids and copepods can be considered 
fluid-like scatterers (Simmonds and MacLennan 2005) 
because their bodies have a sound speed and density simi-
lar to sea water. Various empirical observations and mod-
els (Greenlaw 1979; Holliday and Pieper 1980; Stanton 
et al. 1993) have shown that zooplankton, such as mysids 
and large copepods, produce higher backscatter at 200 
than 120 kHz (Stanton et al. 1994). Cells for which Sv was 
70 < 120 < 200 kHz were ascribed crustacean zooplank-
ton. Scyphozoan medusae are also fluid-like zooplankton, 
and although there are fewer data on gelatinous plankton 
than crustaceans, it has been observed that ‘jellyfish’ have 
higher target strengths at lower frequencies than crustacean 
zooplankton of similar mass. (Mutlu 1996; Colombo et al. 
2003; Warren and Smith 2007, Brierley et al. 2005). We 
classified cells for which Sv was 70 < 120 > 200 kHz as 
large fluid-like zooplankton, using trawl data (see below) to 
confirm the presence of A. aurita. All frequency differences 
included a ±2 dB margin of error (Bertrand et al. 2010), 
after which a Boolean mask (true/false) was applied to each 
frequency, and the three scattering types were classified by 
colour for display as a synthesised echogram (Korneliussen 
and Ona 2003).

Trawl sampling

To sample macrozooplankton, and ground-truth acoustic 
data, a three-bag opening and closing Tucker trawl (500 µm 
mesh size, opening 0.25 m2) was deployed obliquely and 
towed at a speed of 1.5 knots (three deployments). The 
mode of operation for the net is that as the net descends, 
the first net is open. As the net one closes, the second net 
opens. As that closes, the third net opens and remains open 

until recovery. This means that both the first and third nets 
sample whilst descending and ascending as well as during 
the oblique tow at the target depth. The trawl was equipped 
with a Simrad PI32 net monitoring system with depth sen-
sor which enabled real-time control of trawling depth. A 
recording Sensus Ultra depth sensor was attached to the 
upper bar of each of the three trawl bags. When a bag was 
closed, it caused an immediate 0.5 m depth increase, and 
this depth change was used to check that the bag opening/
closing took place as intended. Any gelatinous zooplank-
ton in the sample were immediately counted, measured 
and identified to the lowest possible taxonomic level on 
board. Remaining catch material was preserved in 70 % 
ethanol and counted, measured and identified later in the 
laboratory.

Biochemical assays

We used: (1) total oxygen radical absorbance capacity 
(ORAC; represents level of antioxidant defences) and (2) 
lipid peroxidation (TBARS; thiobarbituric acid reactive 
substances represent level of oxidative damage) as prox-
ies for antioxidant capacity and oxidative damage, respec-
tively. These biomarkers have been found to be informative 
for detecting and interpreting oxidative responses in amphi-
pods exposed to a combination of hypoxia and contami-
nated sediments (Gorokhova et al. 2013). Both biomark-
ers were expressed here as measures normalised to protein 
content, which was measured in concert.

CTD data and specimens were obtained in August 2007 
from the same sampling stations as for the acoustic studies 
described above. Mysid shrimp were identified to species 
level and length-measured (body length, BL, from the tip of 
the rostrum to the base of the telson), and individuals were 
snap-frozen at −80 °C. Only juveniles or females with-
out embryos in brood pouches were used for the analyses, 
which were conducted within a week of collection. Two 
species that were present throughout the study area in both 
normoxic and hypoxic areas were analysed: M. mixta (91 
individuals, BL range 10.2–21.2 mm) and M. relicta (28 
individuals, BL range 4.6–18.9 mm). For extraction, whole 
bodies (i.e. a single individual per sample) were homog-
enised (20 % w/v) in a cold (4 °C) buffer (pH 7.2, contain-
ing 50 mmol L−1 TRIS, 0.15 mol L−1 NaCl, 1 mmol L−1 
EDTA, 0.02 mol L−1 NaH2PO4, and 0.1 % Triton X−100) 
for 2 min using a FastPrep homogenizer with cooling 
function. The homogenate was centrifuged at 15,000×g 
for 15 min at 4 °C, and two 40 µL aliquots of the super-
natant were taken, one for direct ORAC measurements 
and one for total protein content. The remaining superna-
tant was used for TBARS assays. All biochemical analyses 
were performed using microplate reader FLUOstar Optima 
(BMG Lab Technologies, Germany) with absorbance and 
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fluorescence configurations, depending on a particular 
assay. All measurements were performed in duplicates.

Protein assay

Protein concentration (mg mL−1) was measured using the 
bicinchoninic acid assay (BCA, Pierce Ltd.) with bovine 
serum albumin (BSA) as the standard according to the 
manufacturer’s instructions. For each assay, 20 µL of the 
homogenate were used; the absorbance was measured at 
540 nm, with integration time of 3 s; 10 measurements 
were made per well.

ORAC assay

We used the modified ORACFL method (Prior et al. 2003) 
with fluorescein (Fluka; 79.6 nM well−1) as a fluorescent 
probe, 2,29-azobis (2-amidinopropane) dihydrochloride 
(AAPH; Sigma-Aldrich; 23 mM well−1) as a peroxyl radi-
cal source and Trolox (Sigma-Aldrich; 21.7 mM well−1) as 
a standard. For each assay, 20 µL of the homogenate were 
used to measure ORAC during 120-min assay; the remain-
ing fluorescence never exceeded 5 % of the initial value. 
The ORAC values were expressed in Trolox equivalents in 
mg protein−1.

TBARS assay

Quantification of a specific end product of the oxidative 
degradation process of lipids, malondialdehyde (MDA), 
was conducted according to Mihara and Uchiyama (1978). 
Briefly, lipid peroxidation was measured in 200 µL 
homogenate mixed 1:1 ice-cold trichloroacetic acid. The 
mixture was incubated on ice for 5 min and centrifuged 
at 10,000×g for 5 min. Reaction solution consisting of 
200 µL of 83 mM thiobarbituric acid (TBA) mixed with 
12.5 μL of sodium dodecyl sulphate (8.1 %) and glacial 
acetic acid (20 %, pH 3.5) was added to 200 µL of super-
natant and incubated for 60 min at 100 °C. After cooling, 
220 µL of 1-butanol/pyridin (15:1, v/v; Sigma-Aldrich, 
Germany) mixture was added to all samples and standards 
and mixed for 2 × 10 s. Concentrations were derived from 
a standard curve of 1,1,3,3-tetramethoxypropane measured 
as fluorescence in the organic phase at excitation/emis-
sion wavelengths of 540/590 nm, and 50 mM monobasic 
sodium phosphate buffer was used as a blank. The TBARS 
values were expressed in nmol MDA mg protein−1.

Statistical modelling

To investigate our null hypothesis that the distribution of 
crustacean zooplankton would not be significantly affected 
by hypoxia, we explored the distributions of zooplankton 

in depth/time using generalised additive models (GAMs; 
Hastie and Tibshirani 1990). GAMs are a regression 
method that fits smoothing functions between explana-
tory variables and the response variable and allow for 
nonlinear relationships (Hastie and Tibshirani 1990). In 
GAMs, cross-validated cubic spline smoothers (Hamming 
1973) replace the least squares estimate of the multiple 
linear regression. Acoustic grid cell data (original reso-
lutions) were further binned into 30 s × 0.5 m intervals 
before fitting GAMS to facilitate computational model fit-
ting. GAMs were used because we did not expect a lin-
ear response between zooplankton biomass as detected 
by acoustic backscattering and explanatory variables. 
A gamma error distribution and a log-link function were 
found to be the most appropriate because they did not vio-
late model assumptions (Wood 2006). To address any geo-
graphic non-independence of data, we incorporated lati-
tude/longitude and depth smooths into the models. It was 
not possible with present computing constraints to incor-
porate a temporal autocorrelation structure into the mod-
els so we limited the degrees of freedom to six and used 
penalised splines to reduce the complexity of the smooths 
and avoid overfitting of the model (Zuur et al. 2009). To 
begin with, we had 16 environmental parameters that zoo-
plankton biomass could be related to laboratory-derived 
variables (pH of sea water, concentration of chlorophyll, 
silicate, nitrogen and phosphorus), CTD-derived variables 
(depth, temperature, salinity, oxygen concentration), plus 
day/night, station number, average and maximum depth, 
and %PAR. Akaike information criteria (AIC) were used 
to assess the candidate GAMs (Akaike 1974). Statisti-
cal modelling and analyses were conducted within the R 
software environment v2.13.2 using lattice (Sarkar 2008), 
glme (Hastie and Tibshirani 1990) and mgcv packages 
(Wood 2006).

We used generalised linear models (GLMs) to investi-
gate our final null hypothesis, which was the expectation 
of no preparatory antioxidant response in mysid shrimp, to 
evaluate whether bottom oxygenation status (oxygen sta-
tus; normoxic vs. hypoxic) could explain the variation in 
ORAC and TBARS in two co-occurring Mysis species (M. 
mixta and M. relicta). Analyses were conducted in (GLZ 
module) in STATISTICA 8.0 (StatSoft 2001, Tulsa, USA) 
with normal error function and log-link function. As oxi-
dative status biomarkers are known to vary ontogeneti-
cally in similar crustaceans such as the grass shrimp and 
the freshwater prawn (Dandapat et al. 2003; Hoguet and 
Key 2007), body length (BL; a proxy for age) was used 
in all GLMs as a covariate. Since BL range varied among 
the collections and species, data centring was applied to 
facilitate interpretation of main effects (Schielzeth 2010). 
The measured values are shown as mean and standard 
deviation.
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Results

Acoustic sampling and net trawls

The final synthesised echogram for the entire cruise 
track covers areas which were normoxic at all depths 
and areas which were hypoxic (Fig. 2). Hypoxic condi-
tions (oxygen concentration <2 mL L−1) were only ever 
encountered below 75 m and encompassed about 18 % 
of the total water column. At hypoxic locations, normal 
oxygen concentrations (5–6 mL L−1) were present from 
the surface to c. 40 m, followed by a gradient of decreas-
ing oxygen concentration to hypoxic conditions at 75 m, 
reaching anoxia (<0.2 mL L−1) between 85 m and the 
seabed.

The vast majority of fish echoes occurred in normoxic 
sea waters both day and night, but occasional single fish 
were detected at depth, even in anoxic sea water (Fig. 2). 
The only gelatinous zooplankton collected were medusae 
of A. aurita. Grid cells with the backscatter characteristic 
of medusae occurred mostly in the upper 20 m both day 
and night (Fig. 2), and the trawl net sampled an average 
density of 0.2 ± 0.1 indiv m−3 (mean ± SE; Fig. 3). The 
manner in which the net was fished (nets one and three 
open from/to the surface) means that only the second of 
the three nets provides a sample clean from contamina-
tion from other depths. In Fig. 3, the clean net samples are 
those at 85, 75 and 24 m for Fig. 3a–c, respectively. Crus-
tacean macrozooplankton were found spread throughout 
the water column but were concentrated in a dense layer 

Fig. 2  Synthesised echogram displaying the three scattering types; 
fish (pink), A. aurita (green) and macrozooplankton (mysids and L. 
macrurus copepods; yellow) during hypoxic/normoxic and day/night 
acoustic transects using three frequencies (70, 120 and 200 kHz) 

from a towed body in the Gulf of Finland August 2012. Echogram 
is overlain with the CTD casts showing oxygen (solid line) and tem-
perature (dotted line) profiles. Labelling (a, b, c) identifies location of 
trawl sites and corresponds to Fig. 3
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in the hypoxic zone from 75 to 85 m both day and night 
(Fig. 2). This layer was confirmed by trawl data to con-
sist of mysids, dominated by M. mixta at 1.7 ± 0.8 indiv 
m−3 (mean ± SE) and high densities (66 ± 28 indiv m−3; 
mean ± SE) of the copepod L. macrurus (Fig. 3). When 
the trawls (Fig. 3a, b) that targeted the acoustic backscat-
tering layer were deployed, the layer was at 75 and 80 m, 
respectively (see also Fig. 2).

Statistical modelling of acoustic data

From 16 parameters (see ‘Materials and methods’ sec-
tion), our final best-fit GAM used just two variables and 
described 38 % (r2

adj = 0.38) of the variation in crustacean 
zooplankton backscatter in space and timer:

Svis = αi + f
(

Oxygens
)

+ f (%PARi)+ εis εis ∼ N

(

0, σ 2
)

where Svis is Sv values at time i at depth s, f are smooth-
ing functions and ɛis are residuals independently, normally 
distributed with expectation 0 and variance σ2. The GAM 
predicted a strong positive effect of hypoxic sea water on 
crustacean zooplankton (mysids and L. macrurus) back-
scatter (i.e. as oxygen concentration declined, zooplankton 
backscatter increased; F = 70, df = 5, p < 0.001; Fig. 4a). 
Intermediate levels of %PAR (6–8 %) had a positive effect 
on crustacean zooplankton backscatter (Fig. 4b; F = 64, 
df = 3, p < 0.001). Note that neither a day/night factor nor 
date/time explained a significant amount of the variation in 
crustacean zooplankton backscatter.

Oxidative biomarker responses

The measured values of ORAC (M. mixta: 205 ± 30 and 
M. relicta: 209 ± 29 Trolox equivalents in mg protein−1) 
and TBARS (M. mixta: 19 ± 2 and M. relicta: 18 ± 2 nmol 

Fig. 3  Results from the trawl nets towed in the Gulf of Finland from R/V Aranda in August 2012. Data were log (x + 1)-transformed. Labelling 
(a, b, c) corresponds to location of trawl sites and is marked on Fig. 2

Fig. 4  Results from the final 
best-fit general additive model 
(GAM) which used two varia-
bles, oxygen (a) and percentage 
of photosynthetically available 
radiation (%PAR; b) to explain 
38 % of zooplankton backscat-
ter as derived from acoustic data 
collected from a towed body in 
the Gulf of Finland in August 
2012
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MDA mg protein−1) were similar between the species. 
However, the regression slopes between the biomarkers and 
explanatory variables (species, oxygen status and body size) 
were significantly different for the two species of mysids, 
with both two-way and three-way interactions. The sam-
ple composition was highly skewed towards M. mixta so 
the effect of oxygen concentration was evaluated for each 
species separately. Oxygen concentrations of bottom water 
(73–96 m) were hypoxic, between 0.1 and 1.9 mL L−1. In 
both species, significant effects of oxygen status on ORAC 
values were observed, indicating that average ORAC levels 
were significantly higher in the animals from the areas with 
anoxic bottom water (Table 1). In M. relicta, a significantly 
higher slope of the relationship between ORAC and body 
size was found for the animals collected at the stations 
with anoxic bottom water (Table 1). No significant oxygen 
status effects on TBARS were observed in either species 
(Table 2). Body size (BL) was the only significant varia-
ble affecting levels of TBARS (i.e. larger individuals had 
higher levels of TBARS), with the effect size being similar 
between the species.

Discussion

Hypoxia and anoxia were found in deep (>75 m) western 
areas, in keeping with expectations regarding the inflow 
of hypoxic Baltic Sea water into the Gulf of Finland. 
As expected, non-larval fish were aggregated above the 

oxycline in normoxic surface waters. Fish aggregations 
were found in the upper 40 m (approx. 40 % of the avail-
able water column), with the well-defined aggregation edge 
marking the start of the oxycline. This is in line with other 
Baltic Sea studies on cod, herring and sprat (Neuenfeldt 
and Beyer 2003; Ekau et al. 2010). Indeed, everywhere 
that hypoxia at depth has been studied, this spatial distribu-
tion pattern of fish is revealed (Chesapeake Bay: Costantini 
et al. 2008; Ludsin et al. 2009; the northwestern Gulf of 
Mexico: Zhang et al. 2009; Hazen et al. 2009; Craig and 
Bosman 2013; and freshwater lakes: Baldwin et al. 2002; 
Vanderploeg et al. 2009). In addition, research into mid-
water hypoxia—oxygen minimum zones (OMZ) and lay-
ers (OML)—reports fish avoidance of hypoxia, which, as 
in our study, reduces overlap with target prey species such 
as euphausiids and other crustacean that are able to toler-
ate low oxygen conditions (Ekau and Verheye 2005; Prince 
and Goodyear 2006; Parker-Stetter and Horne 2009; Ber-
trand et al. 2010). Although most fish were found in nor-
moxic waters in our study, a few individual fish were found 
in the hypoxic zone. Previous studies have shown that fish 
are capable of hunting forays into hypoxic waters (Ludsin 
et al. 2009; Kaartvedt et al. 2009), but hypoxic conditions 
would be expected to disrupt schooling behaviour (Brierley 
and Cox 2010).

Aurelia aurita are more tolerant of hypoxia than fish 
(Purcell et al. 2001). In our study, A. aurita medusae were 
all within the upper 20 m and there was no evidence from 
acoustic data of jellyfish in deeper hypoxic waters. This is 

Table 1  GLM results with oxygen radical absorbance capacity (ORAC) as a response variable and oxygen status (1 = oxic, 0 = anoxic), mysid 
body length (BL) and oxygen status × mysid body length (BL) interaction as effect variables

In areas with anoxic bottoms, M. mixta and M. relicta have significantly higher average ORAC levels as indicated by significant effect of oxygen 
status. For M. relicta, the slope of the ORAC to mysid body length regression is significantly affected by oxygen status as indicated by the sig-
nificance of the interaction term, with higher slope in the animals sampled over anoxic bottoms

Dependent variable M. mixta M. relicta

Estimate Standard error Z score (Wald statistic) p value Estimate Standard error Z score (Wald statistic) p value

Oxygen status −0.09 0.01 76.3 <0.001 −0.08 0.01 26.0 <0.001

BL 0.05 0.01 81.5 <0.001 0.02 0.01 19.6 <0.001

Oxygen status × BL −0.01 0.01 1.6 0.2 −0.01 0.01 4.3 0.4

Table 2  GLM results with thiobarbituric acid reactive substances (TBARS) as a response variable and oxygen status (1 = oxic, 0 = anoxic), 
mysid body length (BL) and oxygen status × mysid body length (BL) interaction as effect variables

Results indicate that mysid body length is the only variable significantly affecting TBARS in both species

Dependent variable M. mixta M. relicta

Estimate Standard error Z score (Wald statistic) p value Estimate Standard error Z score (Wald statistic) p value

Oxygen status −0.001 0.01 0 0.9 0.003 0.01 0.1 0.7

BL 0.03 0.01 37.9 <0.001 0.03 0.003 77.0 <0.001

Oxygen status × BL −0.01 0.01 1.0 0.3 −0.004 0.004 1.3 0.3
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consistent with Möller’s (1980) observation that A. aurita 
in the Baltic Sea do not descend towards the bottom until 
they begin to reduce their swimming movements and die 
before winter (Möller 1980). Net data showing A. aurita 
at 85 m (Fig. 3b) are most likely due to the open style of 
the net upon ascending which will have caught medusae 
in the upper 20 m. Even though A. aurita medusae were 
not evident in hypoxic waters in our study, hypoxia may 
still benefit A. aurita populations by increasing planu-
lae settlement through decreased benthic competitors at 
hypoxic settlement sites (Miller and Graham 2012). The 
volumetric density of jellyfish we detected, although high 
(0.2 ± 0.1 indiv m−3) (Schneider and Behrends 1994), was 
not quite at bloom levels, such as A. aurita blooms in Tokyo 
Bay or Taiwan (0.3–2.4 indiv m−3; Toyokawa et al. 2000; 
Lo et al. 2008). Any population response of A. aurita due 
to low oxygen concentrations will probably be linked with 
a response to low salinity in the Gulf of Finland because 
the number of ephyrae from strobilae has been shown to 
decline with decreasing salinity (Palmén 1954).

In keeping with our third null hypothesis, which was that 
crustacean zooplankton would not avoid hypoxic waters, we 
found that mysids and L. macrurus formed dense aggrega-
tions in the hypoxic layer rather than throughout the rest of 
the normoxic water column. An increased biomass of crus-
tacean zooplankton has been detected previously in hypoxic 
layers in both the northwestern Gulf of Mexico and in Chesa-
peake Bay (Pierson et al. 2009; Kimmel et al. 2010) which 
they suggest is a predator avoidance strategy. In the Gulf 
of Mexico, Zhang et al. (2014) report very similar hypoxic 
conditions, varying from 5 to 19 % of the total water col-
umn (averages) in 2003 and in 2006 (cf. 18 % in this study), 
whereas in Chesapeake Bay, hypoxia can be up to 75 % of the 
total water column (Ludsin et al. 2009). Zhang et al. (2014) 
found that at these relatively low fractions of water column 
hypoxia, there was not a significant relationship between 
habitat quality for fish and hypoxia; however, habitat qual-
ity for fish was significantly influenced by zooplankton con-
centration. Whilst hypoxia may not affect the concentration 
or abundance of zooplankton directly (Roman et al. 2012), 
our study shows that even at relatively low vertical extents, 
hypoxia can cause a vertical separation of fish and their 
zooplankton prey, which effectively reduces the abundance 
of zooplankton prey available to predatory fish. The use of 
hypoxic zones by zooplankton as a refuge from fish preda-
tion has been reported (Vanderploeg et al. 2009), but it is not 
clear why in our study, zooplankton were inhabiting hypoxic 
conditions, whilst there was still a vertical gap of almost 
30 m separating them from aggregated adult fish predators. 
It is possible, however, that as fish make the aforementioned 
short hunting forays into hypoxic waters, zooplankton would 
still be exposed to a considerable predation risk if they occu-
pied a shallower depth (cf. Holliland et al. 2012). Also, in late 

summer, the population of L. macrurus cease their vertical 
migrations due to high temperatures in the upper water lay-
ers (Bityukov 1960), and mysids could have been using their 
antennal mechanosensors and sensitive eyes to hunt the L. 
macrurus within this depth layer (Lindström 2000).

The relative frequency response classification procedure 
is the most effective for identifying layers or multiple tar-
gets (Korneliussen and Ona 2003). The production of the 
synthesised echogram, clearly identifying the layer of crus-
tacean zooplankton within the hypoxic zone, requires the 
spatial overlap of the beams to be over 85 %, which in our 
study was achieved at a depth of 12 m (Korneliussen et al. 
2008). Another potential source of error is that each volume 
segment or cell can only be identified as one type of scat-
terer, meaning weaker scatterers may be underestimated 
when adult fish are present in large numbers. This did not 
affect the identification of the weakly scattering crustacean 
zooplankton in the hypoxic layer as adult fish were largely 
absent. In addition, the identification of the layer was sup-
ported by ‘clean’ net samples from the middle trawl net 
which provided species information and density estimates.

In our study, mysids from hypoxic areas (between 0.1 
and 1.9 mL L−1) had significantly higher antioxidant capac-
ity than the conspecifics from normoxic areas, and there was 
no evidence of significant oxidative damage. Higher antioxi-
dant capacity and no sign of oxidative damage are consist-
ent with mysid migration from hypoxic to normoxic waters; 
these observations support our fifth hypothesis. A similar 
response was observed in some myctophid fishes inhabit-
ing oxygen minimum zones and frequently experiencing 
shifts from hypoxic to normoxic areas (Lopes et al. 2013). 
Although we found no evidence of a significant DVM signal 
for crustacean zooplankton, we suggest that mysids may be 
undertaking non-synchronised vertical migration or the foray 
type behaviour of crustacean zooplankton described by Cot-
tier et al. (2006) in a high Arctic fjord from June to Septem-
ber. Alternatively, our mysid DVM signal could have been 
masked by the aforementioned high densities of non-migrat-
ing L. macrurus. Although day/night did not significantly 
affect crustacean zooplankton distribution in this study, pho-
tosynthetically available radiation (%PAR) did have a sig-
nificant influence on zooplankton distribution. Intermediate 
levels of %PAR (6–8 %) had a positive effect on zooplank-
ton backscatter, whilst higher levels (8–12 %) had a nega-
tive influence on zooplankton backscatter. At intermediate 
levels, %PAR probably enabled zooplankton to hunt their 
own pelagic prey more effectively (Viherluoto and Viitasalo 
2001), whilst the negative effect at higher levels of %PAR 
fits with the generally accepted hypothesis that zooplankton 
avoid the predation risks associated with higher light levels 
(Pearre 2003).

The two species of mysids (M. mixta and M. relicta) 
may differ in the mechanisms of their response to hypoxia 
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in the Baltic Sea, as indicated by the changes in anti-
oxidant capacity as a function of body size. Other studies 
show that many biomarkers, including those involved in 
regulating redox state, vary with ontogeny and body size 
(reviewed in Metcalfe and Alonso-Alvarez 2010). Whereas 
the body size effect on lipid oxidation levels (TBARS) was 
similar between the two species (Table 2), its effect on 
the antioxidant levels (ORAC) was nearly twofold higher 
in M. mixta compared to M. relicta (Table 1), which indi-
cates stronger ontogenetic influence on antioxidative sta-
tus in the former species. Moreover, we observed signifi-
cantly higher slope in the ORAC body size regression for 
M. relicta collected in hypoxic areas compared to that in 
normoxic areas (Table 2). The altered slope suggests that 
physiological and/or behavioural adaptations to these habi-
tats may induce changes in total antioxidant capacity that 
are associated with higher maintenance or maturation costs, 
which may translate into lower investment to other func-
tions, such as somatic growth, immune defence and prog-
eny quality. The data on such physiological strategies for 
adaptation to oxygen variability in Baltic mysids are valu-
able for understanding how different species might respond 
to the impacts of environmental stressors (e.g. expanding 
bottom and mesopelagic hypoxia) coupled with variation in 
fish stocks.

In summary, during August in the Gulf of Finland, A. 
aurita medusae were not in hypoxic waters but were almost 
at bloom levels of abundance in the upper 20 m. Fish were 
aggregated in normoxic upper water layers (<40 m), with 
evidence of a few individual forays into deeper hypoxic 
water. Crustacean zooplankton were found aggregated 
within this deep hypoxic layer, possibly as a refuge from 
fish predation. Coupled with the vertical heterogeneity of 
oxygen concentrations, mysid shrimp physiology showed a 
preparatory antioxidant response with no evidence of oxi-
dative stress, yet there was no evidence of a synchronised 
vertical migration. We suggest that non-synchronous mysid 
vertical migration occurred from hypoxic to normoxic 
water layers, but the statistical significance of this was 
masked by the high densities of non-migrating L. macrurus 
copepods, which shared their hypoxic refuge.
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