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Summary

As a result of climate change, low oxygen conditions in the oceans are predicted to occur more
frequently and over a much greater geographic extent. Here, we demonstrate how the results of
physiological laboratory experiments can be used with model outputs to understand the effects of
climate-induced chronic low oxygen on fisheries. The critical oxygen thresholds and aerobic scope of
a number of commercial fish were overlaid with recently produced gridded hindcast and future
oxygen model outputs in the North Sea. This simple modelling technique can determine the habitat
suitability of fish and the possible consequences for reproduction, growth, yield and fisheries catches
up to 2100. Our findings suggest that fish currently experience smaller areas with the lowest oxygen
levels in the North Sea compared with the 1970s, with less of an impact on their critical thresholds as
oxygen conditions have improved. In the coming century, oxygen levels will decrease again, but not
to the levels seen previously, but that these intermediate oxygen levels may affect growth, digestion
and metabolic scope. These results demonstrate the applicability of simple experimental results to
improving our understanding of climate change on fisheries, regionally and globally.

Introduction

Oxygen availability is a key factor that determines habitat suitability for marine fish (Heath et al.,
2010). With limited detailed projections available, it is difficult to show how commercial fish species
may be affected by any changes. There is also a lack of understanding about how commercial fish in
particular actually respond to low oxygen conditions, and whether their physiology, behaviour and
distributions are affected. There are a number of ways of measuring the tolerances of fish to oxygen
conditions. If oxygen levels fall below certain thresholds then an organism can find its oxygen-
demanding functions impaired (Claireaux et al., 2000). One threshold that is used to measure the
tolerance of a fish to oxygen is the critical oxygen threshold (Pit or Serit). This is the oxygen level at
which a fish can no longer maintain its standard metabolic rate (Nilsson et al., 2004), and if it remains
at this oxygen level, will eventually lose equilibrium and die. A higher threshold is metabolic, or
aerobic, scope. It is the scope that an organism has to carry out activities other than their resting
activities (Fry, 1971); the difference between standard and maximum metabolic rates. When oxygen
levels fall below normoxia, metabolic scope becomes reduced and a fish has a reduced ability to
perform activities such as reproducing, feeding and swimming. The aims of this work have been to
use newly available oxygen hindcasts and projections, in combination with published data on the
physiological effects of reduced oxygen, to identify how commercial fish species may have been
affected by recent changes in oxygen conditions in the North Sea, and to identify what effects future
changes may have.

Methods

To determine the changes in oxygen levels in the North Sea between 1970 and 2008, the fully three
dimensional, hydrodynamic-biogeochemical model GETM-ERSEM was applied to the North Sea
(Lenhart et al., 2010). Decadal oxygen minima were produced for the sea bed in August. For the
future projections, point data for three locations within the North Sea were produced using the
coupled hydrodynamic-biogeochemical water column model GOTM-ERSEM-BFM (Biogeochemical
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Flux Model). Projections were carried out for three sites: the Oyster Grounds, the Southern Bight and
the North Dogger Bank.

Oxygen metrics for commercial North Sea fish species available in the published literature were
collated. Fourteen oxygen metrics were suitable to be taken forward and analysed, with the model
outputs, to assess how the oxygen levels in the North Sea in the past may have affected commercial
fish, and how much they may be affected in the future. Suitable metrics were found for four species:
Atlantic cod (Gadus morhua), Common sole (Solea solea), European sea bass (Dicentrarchus labrax) and
turbot (Scophthalmus maximus).

Results and Discussion

Past oxygen changes
Since the 1970s, oxygen conditions in the North Sea have generally improved, particularly around the
Denmark coast. When oxygen metrics and model outputs are overlaid, it can be seen that the areas

affected by the lowest oxygen levels such as Peits decreased dramatically over the decades. The higher
thresholds such as cod growth and ingestion and a decrease in maximum metabolic rate in common
sole increased, and covered almost half of the model extent in August in the 2000s. These sorts of
intermediate oxygen levels, which would not be considered “hypoxic”, are often excluded from work
on oxygen effects on fish, but can have significant impacts on fish behaviour.

Future oxygen changes
The future oxygen projections shown that August near bed oxygen levels will gradually decrease
over the coming century in all three areas. The North Dogger Bank will experience a steeper decline

in oxygen than the other two areas. At all sites there is a lot of variability in the data, particularly in
the Oyster Grounds. The North Dogger Bank had the lowest oxygen conditions of all of the sites,
with most decades seeing oxygen levels low enough for cod growth and ingestion to be affected on at
least 40 % of days. The results for the future decades suggest that overall there are unlikely to be
large effects on catch sizes of these species from oxygen effects alone, since the areas affected are
relatively small, and only for the seabed. The decrease in oxygen conditions projected to the end of
the century, indicate that oxygen concentrations will be lower in certain areas for longer periods of
time, and so may pose more problems if fish are unable to move. In the North Dogger Bank, the
results show that cod and sole may have their activities constrained for a large number of days each
year toward the end of the century. If these results are representative of larger areas of the North Sea
which are deep and seasonally stratified, seasonal shifts out of these areas could occur in the future.
Most of the North Sea however is most similar to the conditions of the Oyster Grounds and the
Southern Bight and so would only be affected for a small number of days each year. Our results
indicate that the oxygen conditions will reduce a little more each decade to the end of the century. If
this happens slowly enough, fish may be able to adapt or become tolerant to these conditions.
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