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ABSTRACT: Oxygen availability is key in determining habitat suitability for marine fish. As a
result of climate change, low oxygen conditions are predicted to occur more frequently and over
a greater geographic extent. Studies assessing the long-term chronic effects and impacts for
commercially important fish are rare. To assess the potential effects of climate-induced low oxy-
gen on fisheries, physiological data, such as critical thresholds, derived from laboratory experi-
ments on 5 commercial fish species were integrated with hindcast and future oxygen projections
from the hydrodynamic-biogeochemical model GETM-ERSEM. By using this approach, changes
in habitat suitability from the 1970s to 2100 were identified. In the North Sea, the current extent
of areas with the lowest oxygen levels is smaller than during the 1970s, with improved oxygen
conditions having less impact on species’ critical thresholds. Oxygen levels are expected to
decrease again in the coming century due to climate change, although not to the minima of pre-
vious decades. In affected areas and years, intermediate oxygen levels could have temporary
impacts in late summer on swimming, growth, ingestion and metabolic scope of adult fish.
These results demonstrate that although physical model oxygen projections help to provide
insight, they are insufficient by themselves to predict the full potential impacts of climate
change on fish distribution and fisheries. Such modelling requires underpinning through exper-
imentation, particularly of the physiological effects of climate change on different life stages so
that effects on reproduction, growth and commercial catches can be determined and tailored,
and robust management measures put in place.

KEY WORDS: Aerobic scope - Climate change - Critical thresholds - Fisheries - Hypoxia -
Metabolic rate - Metabolic scope - Normoxia

Published September 29

Resale or republication not permitted without written consent of the publisher

INTRODUCTION

Dissolved oxygen levels are decreasing in the
world's oceans (Rabalais et al. 2010, Cocco et al.
2013, Levin & Breitburg 2015), driven in part by both
climate variability and climate change (Gilbert et
al. 2010, Levin & Breitburg 2015), alongside other
anthropogenic effects. Oxygen availability is impor-
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tant in determining habitat suitability for marine fish
(Heath et al. 2012, Gallo & Levin 2016), but has not
been investigated as a climate change factor to the
same extent as warming and ocean acidification.
Much physiological research has focussed on the
effects of acute severe hypoxia of model marine
species such as Atlantic cod Gadus morhua and
Greenland halibut Reinhardtius hippoglossoides
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(e.g. Claireaux et al. 2000, Mejri et al. 2012), but
studies on long-term chronic impacts of moderately
lowered oxygen levels on commercially important
fish are comparatively rare (Townbhill et al. 2017). To
understand the implications of low oxygen conditions
(defined here as any oxygen level below full satura-
tion) for fisheries, a greater focus on commercially
exploited species is necessary. Studies designed to
predict the effects of climate change on marine fish
that include oxygen as a variable are currently few in
number (e.g. Cheung et al. 2013, 2015). The majority
of studies thus far have omitted oxygen as a variable
(e.g. Cheung et al. 2009, Jones et al. 2013, Rutterford
et al. 2015), likely due to a lack of information and
understanding of impacts to date. With the limited
availability of detailed projections of oxygen condi-
tions, it is difficult to explore whether and how com-
mercial fish may be affected by future changes.
Therefore, an understanding of how commercial fish
respond to low oxygen conditions, and whether their
physiology, behaviour and distributions are likely to
be affected, is required.

Oxygen is essential for most physiological processes,
and so fish in low oxygen conditions can experience
effects on growth, activity, survival and reproduc-
tion (Portner & Knust 2007, Levin & Breitburg 2015).
Organisms can experience synergistic effects of low
oxygen and elevated temperatures, with increased
temperature exacerbating the effects of low oxygen
levels, and decreasing low oxygen tolerance in many
species (Schurmann & Steffensen 1992, Portner &
Knust 2007, Portner 2010, 2012). The reduced solu-
bility of oxygen in warmer water reduces the avail-
ability of oxygen to aquatic species for respiration
(Portner & Knust 2007). If oxygen levels fall below a
minimum tolerance threshold, then an organism's
oxygen-demanding functions can be impaired (Clai-
reaux et al. 2000). These thresholds include respira-
tory physiology metrics of oxygen tolerances (e.g.
metabolic rate, oxygen uptake, metabolic or aerobic
scope), critical oxygen thresholds (P.;) and behav-
ioural or physiological responses. One such threshold
is metabolic or aerobic scope (MS), which is the
capacity of an organism to carry out activities above
its basal level activities such as reproducing, feeding
or swimming (Fry 1971), measured as the difference
between standard and maximum metabolic rates.
When oxygen levels fall below normoxia (fully satu-
rated oxygen conditions), MS can be reduced. It is
not clear how much time fish spend at their full MS,
but different species use their MS in different ways;
for example, an ambush predator may need to
reduce digestion to recover from a burst of swim-

ming, while a pelagic swimmer would require more
oxygen to sustain swimming over longer periods
(Clark et al. 2013). Another measure is the critical
oxygen threshold, i.e. the oxygen level at which
a fish can no longer maintain its standard meta-
bolic rate (Nilsson et al. 2004). If a fish remains in
water with oxygen below the critical oxygen thresh-
old over time, it will eventually lose equilibrium and
die.

The experimental environment will never fully
represent real-world conditions. In many cases, the
aim of experimental research is measurement of
these values, but the studies are rarely followed by
modelling approaches which explore what these
changes may mean for fish populations. Here, to
explore how fish may be affected by oxygen levels
experienced in their natural environment, published
metrics which describe the oxygen response of a
species are integrated with modelled data on past
and future oxygen conditions in the North Sea.

The North Sea has been identified as a hotspot for
climate change (Hobday & Pecl 2014) and has been
the focus of many studies into the effects of climate
change (predominantly temperature and pH changes)
on fish (e.g. Blanchard et al. 2005, Perry et al. 2005,
Dulvy et al. 2008, Heath et al. 2012, Jones et al. 2013,
Montero-Serra et al. 2015, Rutterford et al. 2015).
The North Sea is an economically important region,
and fish stocks have changed in recent decades
owing to fishing and climatic influences (Engelhard
et al. 2014). However, there are climate change-
related stressors with the potential to significantly
impact fish populations, such as low oxygen concen-
trations, which remain to be explored. These effects
are often more subtle and may be less easy to demon-
strate, and fewer oxygen data are available when
compared with other climatic variables, such as tem-
perature and salinity, making assessments difficult.
For example, the Intergovernmental Panel on Climate
Change Assessment Report 4 (Solomon et al. 2007)
global climate models generally do not include dis-
solved oxygen as a variable, and more recent down-
scaled shelf sea climate projections do not always
include data on dissolved oxygen (e.g. UK Climate
Projections CP09, Jenkins et al. 2009).

The aim of the present study was to integrate newly
available modelled North Sea oxygen hindcast and
projection data with published data on the experi-
mentally induced physiological effects of reduced
oxygen, to identify which commercial fish species
may be affected by recent changes in oxygen condi-
tions in the North Sea, and to explore the potential
effects that future changes may have.



Townhill et al.: Low oxygen consequences for commercial fish 193

MATERIALS AND METHODS
Compilation of published oxygen metrics

Oxygen metrics for commercial North Sea fish spe-
cies were collated from published studies. If figures
were presented showing oxygen metrics but exact
values were not available in the publication, the
values were extracted using freely available Engauge
software (http://markummitchell.github.io/engauge-
digitizer/). The resulting dataset contained 36 studies
that provided metrics describing the effects of oxy-
gen on commercially important North Sea fish spe-
cies. All units were converted to mmol m~ using the
Loligo System conversion tool (www.loligosystems.
com/convert-oxygen-units?menu=77). Conversion de-
pends on water temperature and salinity, and so only
data including values for these were used.

The 36 relevant studies resulted in 84 metrics that
describe how fish at current or projected future North
Sea temperature and salinity conditions may be af-
fected by changes in oxygen concentrations (i.e.
those carried out in warmer or more saline conditions
were excluded). The 84 metrics were narrowed down
by excluding those that could not be compared across
oxygen conditions, for example metabolic rates calcu-
lated at different temperatures but only under 100 %
oxygen conditions. The remaining 16 oxygen metrics,
representing 5 species (lesser sandeel Ammodytes
tobianus, Atlantic cod, common sole Solea solea, Eu-
ropean sea bass Dicentrarchus labrax and turbot Sco-
phthalmus maximus; Table 1), were then viewed as
dissolved oxygen values with which to compare the
modelled oxygen outputs, to assess how past oxygen
levels in the North Sea may have affected commercial
fish, and from that assessment to project how much
these species may be affected in the future.

Oxygen hindcast

Gridded oxygen hindcast data were used to repre-
sent the oxygen levels between 1970 and 2008. To de-
termine the changes in oxygen levels in the North Sea
over this period, the 3-dimensional, hydrodynamic-
biogeochemical General Estuarine Transport Model-
European Regional Seas Ecosystem Model (GETM-
ERSEM) was applied to the North Sea (methods
described by Lenhart et al. 2010, Tett et al. 2013, van
Leeuwen et al. 2013, 2015, van der Molen et al. 2014).
The freely available GETM (https://ec.europa.eu/jrc/
en/publication/eur-scientific-and-technical-research-
reports/getm-general-estuarine-transport-model; de-

tails in Burchard & Bolding 2002, Stips et al. 2004) was
used to simulate the hydrodynamics of the North Sea.
The 3D GETM model includes sea surface elevations,
drying, flooding, temperature, salinity and currents.
GETM was coupled with the ERSEM (www.meece.eu/
library/ersem.html), which captures the chemical and
biological cycles in the North Sea (Baretta et al. 1995).
GETM-ERSEM was forced with 6-hourly meteorolog-
ical data from ECMWF ERA 40 (www.ecmwtf.int). The
model simulated daily conditions in the North Sea
from 1958 to 2008, with a spatial resolution of 6 nauti-
cal miles and 26 vertical general coordinate layers.
For this study, modelled results for August and Sep-
tember (the months when oxygen is lowest) were
used to generate decadal means for the seabed and
sea surface temperatures and oxygen minima for the
1970s, 1980s, 1990s and 2000s (2000 to 2008). Model
simulations have been previously validated with field
observations from oceanographic cruises (van Leeu-
wen et al. 2013), and the mean, minimum and stan-
dard deviation of August oxygen concentrations for
each decade are shown in Fig. 1.

Oxygen projections

Future gridded model projections for oxygen are
not currently available for the North Sea, and so
instead point data for 3 locations were used as pub-
lished by van der Molen et al. (2013; Fig. 2). Three
sites with distinct physical characteristics were cho-
sen as the foci of our study within the North Sea
(Oyster Grounds, North Dogger Bank and Southern
Bight; Fig. 2), which each represent larger areas with
similar seabed and water column conditions (van der
Molen et al. 2013). The Oyster Grounds have a water
depth of 45 m, a muddy-sand sediment with a shal-
low oxic layer (~1 cm), sparse fauna and seasonal
stratification. The North Dogger Bank is a deeper
area (~80 m) with seasonal stratification, and has a
muddy-sand seabed and a very shallow oxic layer
(<1 cm). Bioturbation by macrofaunal organisms is
significant and controls the oxic layer depth. The
Southern Bight is a shallow (<30 m), vertically mixed
area, with mobile, sandy seabed which leads to a
deeper oxic layer (~2-6 cm) and deeper nutrient
generation than the other sites.

The coupled hydrodynamic-biogeochemical water
column model GOTM-ERSEM-BFM (Biogeochemical
Flux Model) was used to generate daily oxygen
projection data for the 3 sites, forced by climate
data from the HadRM3-PPE-UK (Met Office Hadley
Centre 2012) regional climate model for 1950-2100,



Mar Ecol Prog Ser 580: 191-204, 2017

194

AT o oL 9 b 8RRV LT T L LT, MG LR BT SR 59 24
mmmmmmmmmmmmwmmmmm%@%MMmW%mmmmmemmmmmm@mmm R
R e P R L I AR R 5 TZis
%2} —_ + - A o - - N u i
SR EEC g Rt s fEEto0d e cmg 2 88 BE2550% % £°%98
o 9 o 2N & 04 = o o 5 VLo =B 4ndtﬂ\)m e o) ) o = O g 2 =
SStmmﬁhnrcapdthOVSherhOOk o ] — Se.wmdLe n © O eeO
— c o O c = HO0 0 uEBgRR fdntwet.n).DgeOOdrrumnTmYMf. > O v O = 3
. .38 8rpgbe s 030 M, 593 B NG EEESQ2983A82E 38838 25 938 an
Ega—-8txE35 S 288 _-agd3=02vilm A 8GE v >alRr g8 0 == 2°9¢8
SELSg Qg ESERFO T I E E 58 0G50 s 05028808008 S 7880y TE o v OEF
28285380 ud B30 5ES 28RS RESER S8 BEDE S 2 BE8%
a ) 17} 3] S = ° S 5 E @ o & Z i ] 8% 0+ 5 g ¥z [SEN ]
ot S g0 930 &S q h._urDm =3} S S D O . WL O — o ® e.em ) > o g
E0 T ELC g S0 ESS8 030020830y RSdE58ERE T IYEWREZ 855 9%
A om B S 8o S 2o Y L9 oE T~ e85t 08 g = 8 "o 30 T £ &£ 8%
229885 B2 231 o5E 888 72 5F i E8 B8 .53 g8 cEES
o s - PO =H o - = H o = & o [N = w0 = =B [3] prte
89 ,888~40 , 2098080858 ;8% 50T E SI¥Icxg _CmEmD LB e g8m 2
1 0 [0) d NI R B= T W= O o ¢ s o 9 g 'S oo B =0 e &8 = S 83
o2 2o 8oLl SoH = 96 g g O T G705 9 8® 05078 d = i < oo = 9
o .. Wmm.MITH)B%kl tymyut.h D o = O nOh.mwon.mdaeg.mhm Ada
N ,l.lguaFS [ eel 4.mue2reyger“a Ornmh — © ee
e R 0838 S 88  B8EESTPERAEl0 585588 EsRBE9Es%2 R
(z007) @10pIRbERT B USOIRIN (6'6) 001S¢€ (0'8) 00%£¥ (¥'6) 00455 (8'11) 00969 1€1 oyeidn usbAxo eWIIXRW PEINPAY
joqingy,
(6661) @19pIebeT B XNEBIRID (£'7) 00001 (5'2) 00571 (0°€) 00641 (6°€) 006ZT 0% D.0T ¥ g
(6661) o19pIebeT 7B XNEAIR]D (£'1) 0066 (¥'2) 00Z¥1T (6'2) 00741 (8'¢) 00£TT 69 DoGT M@ g
sse(q eas ueadoanyg
(£002) xneairer) 7 sodueIeT (0°8¢) v00¥zZ (9'68) 00gesT (£'1€) 008981 (0°€8) 005761 981 D091 18 YNIN Ul 9SP2I09D JurdHIubIS
(£00¢) xnearre[D B sloduele] (9'1) 00TOT (€'2) 006¥%1T (8'2) 00Z81T (6'€) 00zTET 14 DoCl 1 ™d
(£007) xneairer) » srodueiye] (9'1) 0096 (£'2) 00£€T (8'2) 00£91 (£'€) 0081C £9 D97 e g
Q[0S uowWwo)
(8007) xneairer) B joqey)
'(0002) 'Te 1@ xneaIRD  (9°96) 00S18S (z°86) 002645 (£°£6) 007946 (8°£6) 000446 ¥8C  D.0I 12 (I-DY -4 O buw 601) wnwrxews je SN
(8007) xneaire[D ® 0qeyDd  (G°4F) 00708C (79%) 005€4T (6 0p)0011¥C (ezp) 00P6FC 661 peonpai uonsebur pue yimoIn
(8007) xneairer) B joqey)
'(0007) 'Te 10 XNERBIRD (9'%1) 00£98 (S"£1) 00TE0T (0°£1) 00Z00T (8'81) 006011 65T paurensuod AJATOY
(8002) xneairer) R joqeyd D001 e uebAxo 9 06 1o
'(0002) ‘Te 10 XNERBIRD (z'8) 0058¥ (8°01) 006€9 (z'z1) 00ETL (S'%1) 00458 44 (1B ,_q 0 Bt G£) petomor st SIN
(8007) xneairer) ® joqey) D001 e uebixo 9 0¢ e
'(0002) ‘Te 10 XNERBIRD ((z'2) oozet (7€) 00661 (0'%) 00£€T (8'%) 00¥8C G8 (,-B3 ,_q °0 Bbw G'z¢) peremor st SN
800¢) xneaIre[) R j0qey)
'(00072) ‘Te 10 XNERBIRD (9'1) 0026 (z'2) ootet (9'2) 00SST (5°€) 00607 79 =B g ?0 b g st SN
(0002) 'Te 30 XnE2ITR[D (€'1) 0064 (0'2) 00911 (€'2) ooset (z'€) 00681 €4S D.0T ¥ g
(0002) ‘TR 10 XnEdIR[D (€'1) 0082 (0'2) 00911 (z'2) oo¥et (2'€) 00681 6'96 DoST 1o g
pod dnueny
(£007) uosuojjels B susIyayg (6°0) 0015 (¥'1) 00¥8 (S'1) 0068 (¥'2) 00¥¥1 ey % 66 Aq peonpai1 buruums
(£007) ussuajyels R suaIyayg (¥'1) 0008 (0'2) 00911 (€'2) 00SET (z'¢) 00061 V4G D.0T ¥ g
[@9pues I3SSaT
S000T S0661 SO86T SOL6T (g-ux Towrw)
(oo yoeo Mmoraq ST uabAxo UOT}RI}USIUO0D
ERlsEICICN| a19yM BaIR Jo abejuaniad) U [RJOL, uabAxQ uordrIosep J9IN

91RI JI[0qRIW WNWIXRUW AN ‘2d0ds d1[oqe1aul (SN 'PIOYSoIY) UsDAXO0 Teantd Mg ‘ysty
[NPe 10] 810 SOUJOW [V "SOI[RJ Ul UMOYS 910 SOPRISP 8} SSOIDL PAIR Ul 9SLIIDIUl UR SBM I8} YDTYM 10] SOLIBIN ;U] 000 066 ST PSR PO[[OPOW [e0], 'so1ads Ysi [PIDIoW
-WOD G I0J SOLI}OW UaHAX0 PalIa[as MOTa( S[oAd] U9HAX0 pag-1eau jJsnbny wnwiur Agq PoI9A0D BaIR [R10} 9} PUR SOSATRUR 9} Ul 9SN 10] UDSOYD SILI}OW UabAXQ T o[qeL



Townhill et al.: Low oxygen consequences for commercial fish 195

1970s mean 1970s minimum 1970s standard deviation
N A7 400 400 . 100
60 : J 60
N " N
58° ' 58° 80
300 300
56° 4 56° 60
4 200 200 .
40
52° 52°
100 100
20
50° 50°
0 0 T T 0
-5°W 0~ 52E 10° 158 -5°W 0° S E: 10° 15°
1980s mean 1980s standard deviation
v, 400 400 . v 100
4 60 ¥
= 58° ’ 80
300 300
%" 60
200 200 .
40
52°
100 100
20
50°
— T T T T 0 T 0 - T T T T 0
-5°W 0° 5°E 10° 152 —5°W 0° 5°E 10° 15° —-5°W 0° 5°E 10° 15°
1990s mean 1990s standard deviation
" ) 400 400 » 100
60 60
N "’ N
58° y 58° 80
300 300
56° 4 56° 60
7 200 200 .
40
52° 52°
100 100
20
50° 50°
. : ' 0 0 . : . . 0
0° 5°E 10° -5°W 0° 5°E 15°
2000s mean 2000s minimum 2000s standard deviation
- 400 . 5 400 ., 100
60° g 60
¥ 58° 58° 80
300 300
56° 1 56° 4 56° 60
54° ; : 200 540 200 g4
; ‘ 40
52° 52°4 525!
Z R 100 ’ 100
20
50° 50° 50°
- T T T T 0 = T T T T 0 T T T T 0
-5°W 0° 5°E 10° 15° -5°W 0° 5°E 10° 15° —5°W 0° 5°E 10° 15°

Fig. 1. Mean, minimum and standard deviation of August oxygen concentrations (mmol m~®) for each decade. The minima are
lowest on the eastern side of the North Sea around Denmark, and this is also the area of the highest standard deviation
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Fig. 2. Southern North Sea, showing the Oyster Grounds,
North Dogger Bank and Southern Bight study areas. Grey
boxes show the bounding areas for the hindcast analysis.
Black dots show the point locations for future projections.
Outlines of the landmass show the resolution of the model

cies. The number of modelled grid squares with oxy-
gen minima below a given metric was calculated for
each decade. Each grid square is approximately 10
km x 10 km in size, and so this calculated number of
grid squares was multiplied by 100 to determine the
total area in square kilometres with oxygen levels
below each oxygen metric. This was done for the
minimum oxygen levels for the seabed and sea sur-
face in both August and September for each decade.
In each decade, the areas below the metrics were
highest at the seabed in August. Therefore, only the
oxygen levels for the seabed in August are consid-
ered from here on. The modelled oxygen concentra-
tions and areas with concentrations below a given
metric were plotted using ArcMap 10.1 (ESRI 2011).

The oxygen levels in the Oyster Grounds, the
Southern Bight and the North Dogger Bank were
investigated in more detail to provide a comparison
with the locations for which future projections are
available. For the seabed in August, the areas with
oxygen levels below each metric were calculated
using the same analysis as above. A 1° x 1° (10 x 6
model grid cell) bounding area was used for each area
(Fig. 2): Oyster Grounds: 53.5-54.5°N, 3.69-4.69°E;
Southern Bight: 52.5-53.5°N, 2.02-3.02°E; North
Dogger Bank: 55.0-56.0°N, 1.65-2.65°E. The areas
with oxygen concentrations below the metrics for these
locations were also plotted using ArcMap 10.1 (ESRI
2011).

Changes in the duration of low oxygen events
in the future

Since spatial data were not available for future
oxygen projections, the time that oxygen levels were

below each metric was analysed at each point loca-
tion. The same overlay analysis method was used to
determine the percentage of days in which each of
the 3 locations experienced oxygen levels below
each metric in each year.

RESULTS
Oxygen metrics

The literature search yielded 16 response metrics
for current or projected North Sea temperatures that
were suitable for comparisons in this study (i.e. many
were based on Mediterranean conditions that were
not representative of the North Sea; Table 1). The
metrics covered a wide range of oxygen concen-
trations. The lowest concentration (43.4 mmol m™)
resulted in a 95% reduction in swimming speed of
lesser sandeel. The highest oxygen level (284 mmol
m~%) was that which gave the MS of cod when meas-
ured at 100 % oxygen saturation (i.e. the maximum
MS). Below this concentration, the MS for cod would
be reduced with a reduction in activity expected.
This is the upper level used in this study, and it was
assumed that no species would be adversely affected
by dissolved oxygen concentrations above this level.

Past oxygen conditions

Modelled hindcast outputs show that since the
1970s, oxygen conditions in the North Sea have gen-
erally improved, as shown by a decrease in the areas
affected by the lowest response metrics for cod from
the 1970s to the 2000s (Fig. 3). In the 1970s, some
areas around Denmark had very low oxygen condi-
tions, whereas in the 2000s, minimum concentrations
never reached these levels. When response metrics
and model outputs of oxygen conditions are overlaid,
the area likely to be affected by the lowest oxygen
levels decreased over the decades (see Table 1).
However, threshold responses at the higher oxygen
concentrations (such as growth and ingestion in cod,
and decrease in maximum metabolic rate [MMR] in
common sole), increased from the 1970s to the 2000s,
covering almost half of the model extent in August in
the 2000s (see Fig. 3 for Atlantic cod thresholds). In
the 2000s, near-bed oxygen concentrations in 99 % of
the area would somewhat restrict the MS of cod (i.e.
they were below cod MS when oxygen concentrations
are at 100 %; Table 1). For the lesser sandeel, areas
that could affect their P.; and swimming decreased
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Fig. 3. For Atlantic cod Gadus morhua, the areas where minimum August near-bed oxygen levels are below each metric, aver-

aged over each of the 4 decades. The metric description and oxygen concentrations are shown. The areas affected by the low-

est metrics are around the east of the North Sea and around Denmark, with effects further north only seen at the higher
metrics. Py critical oxygen threshold, MS: metabolic scope

from the 1970s to the 2000s. Areas with oxygen levels
below those affecting European sea bass and turbot
also decreased.

There were differences between the 3 separate
regions (Southern Bight, Oyster Grounds and North
Dogger Bank) in the areas likely affected by low
oxygen conditions (Fig. 4). The North Dogger Bank
had the highest oxygen levels throughout the 4
decades, with oxygen levels lower than the highest
metric of cod MS measured at 100% oxygen, but
not sufficiently low to significantly affect cod growth
and ingestion. In the Southern Bight, the oxygen
levels were slightly lower, with some of the region
having levels below 188 mmol m™ which could
affect sole MMR. In the Oyster Grounds, levels
were as low as 131 mmol m~>, which would also
affect turbot maximal oxygen uptake, but the area
of lowest oxygen levels decreased from the 1970s to
the 2000s.

Future oxygen conditions

The model projected that future near-bed oxygen
levels for August will gradually decrease over the
coming century in all 3 areas. Substantial interannual
variation is projected at all sites (Fig. 5). The valida-
tion against measured bottom oxygen concentrations
from 2000-2008 showed that the model matched well
with known data (from Cefas Smart Buoy and the
Dutch national monitoring programme MWTL), with
a root mean square difference of 1.162, correlation of
0.775 and bias of —0.712 (Fig. 6).

The percentage of days during the year when near-
bed oxygen was below each response metric was cal-
culated for each decade and for each of the 3 loca-
tions (Fig. 7). Oxygen levels in the Southern Bight are
not predicted to go below the lowest metrics of the
focal species. In the Southern Bight, cod growth and
ingestion would be reduced for an average of 3
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Fig. 4. Areas over which the August minimum near-bed monthly oxygen level is below each of the metrics in the North Dogger
Bank, Oyster Grounds and Southern Bight areas (grey boxes in Fig. 2). No metrics other than those shown would be affected
based on the oxygen levels for these regions. MS: metabolic scope, MMR: maximum metabolic rate

(0.8 %) d yr~!in the 2010s, increasing to an average of
61 (16.7 %) d yr ! in the 2090s, when sole would also
experience decreased MMR on 3 (0.7 %) d yr''. In the
Oyster Grounds, predicted effects are more frequent,
with cod growth and ingestion being affected for 72
(19.7 %) d and sole MMR being affected for 32 (8.8 %)
d yr~tin the 2010s, increasing to 77 (21.1 %) d and 47
(12.9%) d yr!, respectively, in the 2090s. Conditions
where cod activity could be constrained in the Oyster
Grounds increased from 0.3 (0.08 %) d in the 2010s to
4 (1.1%) d in the 2090s. The North Dogger Bank had
the lowest predicted oxygen concentrations. Most
decades are projected to experience oxygen levels
sufficiently low for cod growth and ingestion to be
affected on at least 30% of days each year. In the
2060s, oxygen conditions would reduce cod MS for
12 (3.4%) d yr7!, and turbot would have a reduced
maximal oxygen uptake on 4 (1.2%) d yr . The oxy-
gen concentrations did not decrease to levels affect-
ing European sea bass or lesser sandeel at any of the
sites, based on the metrics available.

DISCUSSION

The modelled oxygen hindcasts show improving
oxygen conditions since the 1970s, particularly around
the Danish coast. Total areas affected by most of the

oxygen metrics decreased from the 1970s to the
2000s, with levels at the lowest thresholds such as the
critical oxygen threshold greatly reduced. The im-
proving situation may be due to reduced nutrient
input to the North Sea since the late 1980s (van
Leeuwen et al. 2013), since the main driver of year-
to-year variations in oxygen in the North Sea is pri-
mary production (GroBe et al. 2016). GroBe et al.
(2016) noted a 50 % reduction in nutrient loads to the
North Sea from rivers in recent decades, albeit with
oxygen deficiency still being high. They determined
that along with stratification period, and volume
below the stratified layer, the changes to supply and
degradation of organic matter to the bottom waters
each year are key to determining the reduction in
oxygen. A decrease in nutrients to the North Sea in
recent decades could have resulted in lower numbers
of phytoplankton and a subsequent decrease of
organic input below the thermocline. Topcu & Brock-
mann (2015) reported improved oxygen saturation in
1990-2004 when compared to the 1980s due to
reduced nitrogen deposition, although they placed
emphasis on a weak correlation between oxygen and
nutrient inputs. Their analysis of a time series of oxy-
gen measurements in the North Sea from 1980 to
2010 showed a particularly low oxygen concentration
measured in 1983 in the southern North Sea and fre-
quently low annual minimum oxygen concentrations
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Fig. 5. Projections of August near-bed mean oxygen concentrations for the 3 study locations (black dots in Fig. 2), showing
standard deviation with linear trend lines. All sites show a decreasing trend overall to the end of the century, with the
Southern Bight levels not projected to get as low as the other sites

in the southern North Sea in the 1980s and 1990s
when compared to the 2000s. An increase in oxygen
concentrations in the southern North Sea was seen
from 2003 to 2010. A different analysis of North Sea
observations from 1900 showed that oxygen satura-
tion had decreased in the central and eastern North
Sea after 1990, but had increased in areas of the
southern North Sea, the English Channel, the Ger-
man Bight and in UK coastal waters (Queste et al.
2013), which is broadly consistent with the modelled
findings here. The increased oxygen levels in the

North Sea reported here suggest positive implica-
tions for commercial fish, particularly because oxy-
gen concentrations for August were used, which
correspond to the seasonal minimum and therefore
the worst-case scenario. The areas affected by the 3
highest metrics (reduced growth and ingestion in
cod, MS measured at 100 % oxygen and decrease in
MMR in common sole) increased from the 1970s to
the 2000s by between 1 and 5%. This means that
adult fish will have been able to maintain their meta-
bolic rates above standard metabolic rate, yet activi-
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Fig. 7. Percentage of days in each decade when seabed oxygen levels are predicted to be below each response metric for the

point locations (black dots in Fig. 2) on North Dogger Bank, on Oyster Grounds and in the Southern Bight. The North Dogger

Bank is affected more by the lower metrics than other sites, with the Southern Bight least affected. MS: metabolic scope, MMR:
maximum metabolic rate

ties fuelled by aerobic energy production, such as
burst swimming, may have been constrained on days
when oxygen was low. Climate projections in the
North Sea show a greater reduction in oxygen com-
pared to other parts of the world, such as the Pacific

and Indian Oceans (Frolicher et al. 2009), although
Matear & Hirst (2003) cited a large reduction in deep-
water oxygen at the end of the 21% century.

By integrating published responses to reduced
oxygen concentrations with modelled oxygen condi-
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tions, we found that in the past, oxygen conditions
were likely sufficiently low to have had an impact on
the activities of some fish. Since the 1970s (and
indeed before then), fishing pressure on North Sea
fish has been intense (Engelhard 2009), which likely
over-shadowed any effect of oxygen levels on fish
populations and makes it difficult to demonstrate
population level effects of low oxygen concentra-
tions. High-resolution temperature data allowed
Rutterford et al. (2015) to show how fish distributions
in the North Sea may change in the future. With
detailed oxygen projections, similar work could be
carried out to study oxygen and fish distribution
changes, and interactions with fishing. Even so, cer-
tain behaviours are unlikely to be detected in abun-
dance data, such as altered swimming speeds in
Atlantic cod (Claireaux et al. 1995) or behaviour of
cod in the Baltic Sea which are thought to dive into
deeper, low oxygen water to catch prey, but return to
higher oxygen levels to digest the food (Hinrichsen et
al. 2011). Some of these behaviours may have knock-
on effects such as increasing their vulnerability to
predators or reducing feeding (Petersen & Pihl 1995,
Killen et al. 2012), which is very difficult to quantify
in the wild.

Integrating published responses with oxygen fore-
casts for future decades suggests moderate effects on
the physiology of several fish species from oxygen
limitation, but the potential impacts on catches of
these species remain unknown. The areas affected
are relatively small, and changes in oxygen condi-
tions are projected to be relatively mild compared
with previous decades. Cod, turbot and sole are all
demersal fish and so would be affected by low oxy-
gen in bottom waters, but may be able to move
higher in the water column or into neighbouring
areas, escaping to waters closer to normoxia as seen
in other species such as New Zealand snapper
Chrysophrys auratus and blue marlin Makaira nigri-
cans (Chapman & McKenzie 2009, Neuenfeldt et al.
2009, Cook & Herbert 2012) and in cod in the Baltic
Sea (Hinrichsen et al. 2011). Sea bass spend more
time higher in the water column, and so are less
likely to be affected than demersal fish. None of the
fish for which indices were available spawned during
August (Ellis et al. 2012). For summer spawners such
as herring Clupea harengus and mackerel Scomber
scombrus, the reduced oxygen conditions could pose
a problem if they were to spawn in these areas. In
addition, spawning fish and early life stages have
different oxygen requirements because of the differ-
ences in metabolic rates and oxygen demand of go-
nads, growth and development (Portner & Farrell

2008). These fish may experience more constraints
than those included here. A study of lesser sandeel in
Danish waters (Behrens et al. 2009) compared sedi-
ment oxygen concentrations with the P of the fish,
and found that under a 4°C temperature increase
scenario, oxygen deficiency in some enclosed areas
would increase from 23 % (present day) to 40%. As
with the present study, these findings indicate that a
greater impact will be felt in certain areas than
others, depending on the circulation and substrate
conditions, particularly for species which rely on the
sediment, such as sandeel.

The projections to the end of the century indicate
that oxygen concentrations will be lower in certain
areas for longer periods of time (as much as half the
year in the case of the North Dogger Bank in the
2080s), and so may pose more problems if fish are
unable to move away from these areas. In the North
Dogger Bank, cod and sole may have their activities
constrained for several weeks each year toward the
end of the century. If these results are representative
of similar areas of the North Sea that are deep and
seasonally stratified, seasonal range shifts out of
these areas could occur in the future. However, most
of the North Sea experiences oxygen conditions that
are more similar to conditions on the Oyster Grounds
and in the Southern Bight and so would only be
affected for a small number of days each year. For
species that do not spawn during the summer
months, low oxygen levels may not have an effect on
overall population sizes, but it could cause changes
in distributions under warm, stratified conditions.
The results here indicate that low oxygen conditions
will become more prevalent through the century. If
this change is gradual, fish may be able to adapt
or become tolerant to these conditions, as already
observed in some populations of fish (e.g. Zhu et al.
2013). Future changes in sea temperature caused by
climate change are thought to be likely to alter fish
distributions with respect to latitude and depth
(Simpson et al. 2013, Rutterford et al. 2015), if fish are
able to adapt or move. It may be that changes in oxy-
gen will also cause similar effects, with fish staying in
cooler waters which have higher oxygen solubility
(Schurmann & Steffensen 1992, Claireaux et al. 1995).
A study of mooring data in the North Sea has shown
that on the Oyster Grounds, oxygen concentration in
the bottom water is heavily influenced by storms,
inputs of particulate and organic matter, and other
short-term events (Greenwood et al. 2010). On the
North Dogger Bank, oxygen concentrations were
more strongly influenced by gradual changes in tem-
perature and organic input. More detailed observa-
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tions such as used by Greenwood et al. (2010) would
enable more accurate forecasts and projections of
oxygen conditions, and therefore more detailed under-
standing of how oxygen affects fish distributions,
biology and behaviour.

While it would be valuable to capture the interplay
between temperature and oxygen in determining
responses of fish, this current methodology does not
include temperature, salinity or pH due to a lack of
physiological metrics covering all of these environ-
mental parameters. The metrics chosen were those
that were tested at temperatures found in the North
Sea, but it is probable that these temperatures differ
from those in the model on any day and at any depth.
If oxygen metrics were available that covered a
range of both oxygen concentrations and tempera-
tures, the method of integrating published responses
with hindcast/forecast data could be made more ro-
bust to the thermal limitations and oxygen responses
of fish. A good example is a study on MS of flathead
grey mullet Mugil cephalus in the Mediterranean at
a range of temperatures and oxygen concentrations
(Cucco et al. 2012), where experimental results were
used to model the effect of changes in these and
other parameters, to show how the fish and their
catches may be affected at different times of year.

Oxygen values used in our analyses are based on
model outputs rather than observational data and
should not be treated as absolute. There are differ-
ences between the hindcast over the 3 areas, and the
future projections of the 3 point locations that can be
seen in Figs. 4-6, as there is not a smooth progression
of modelled oxygen concentrations from the 1970s to
the 2090s. The conditions across each area will not be
exactly the same as for the point locations, leading to
the differences in the mean and minimum oxygen
concentrations, and the changes between decades.
Modelled oxygen concentrations at specific locations
on the Oyster Grounds underestimated measured
concentrations, suggesting that the areas and per-
centage of days when fish may be affected by low
oxygen values are likely to be overestimated. Like-
wise, the experimental oxygen metrics relate to how
captive adult fish perform under experimental condi-
tions at certain temperatures and feeding regimes,
and not necessarily to how they would respond in the
wild. The small number of published oxygen metrics
which were suitable for use in this study shows how
few experiments have been carried out which con-
sider the effects of oxygen changes on commercial
species. However, the integrated results produced
here can be used to understand trends in oxygen
availability and the general pressures on fish species.

This study demonstrates that simple techniques
can be used to understand how animals might be
affected by their environment, both in the past and
in the future. It has been demonstrated that oxygen
conditions have improved to a degree over recent
decades, and therefore that fish in the North Sea are
experiencing fewer restrictions from oxygen limita-
tions to their activities overall. In the future, these
restrictions may increase, but future projections indi-
cate that they will not decrease to the low levels
observed in the 1970s and 1980s. This is positive
news for commercial fish which experience pressure
from fishing as well as from changing environmental
conditions, and for the fisheries they support. In time,
further development of climate models to predict dis-
solved oxygen levels at high spatial resolution will
give valuable information on the conditions likely to
be experienced by animals in the wild. Likewise,
more detailed experimental or field studies, per-
formed at a range of temperatures, salinities, pH
levels and oxygen conditions, would allow us to
make more accurate projections of where and by
how much species may be constrained in the future,
but also investigate how oxygen has affected fish in
the past. Future projections will enable managers
and policy-makers to better understand the pres-
sures experienced by certain commercial species,
and therefore put suitable, informed and robust
measures in place to protect stocks into the future.
Management measures which increase the resilience
of stocks to environmental changes, including oxy-
gen changes, are necessary if stocks and associated
fisheries are to persist in the coming century.
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