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The paper - Feeding and growth of Atlantic cod (Gadus morhua L.) in the eastern Baltic Sea 

under environmental change (Neuenfeldt et al., 2019) - estimated that energy intake for 20-30cm 

cod during the period 2004-2012 had declined to below the level required to sustain growth. The 

principal explanation given for the low feeding levels was that  increased hypoxia had reduced 

the abundance of benthic prey for small cod, but no evidence was presented to show that benthic 

prey abundance had in fact decreased, therefore this must be regarded as an untested hypothesis. 

An alternative hypothesis, based on published experiments on cod (Chabot & Dutil, 1999)  - 

(henceforth C&D) is that they feed less when the oxygen level is low, therefore a decline in their 

ambient oxygen would be expected to reduce their feeding rate. This Comment tries to evaluate 

whether observed changes in the oxygen environment of small (20-30cm) cod in the Baltic Sea 

and the consequent reduction in feeding rate (Figure 1) are sufficient to explain all or part of the 

decline in feeding and energy intake estimated by Neuenfeldt et al. (2019).

Figure 1: Trends in daily food consumption of Gadus morhua 21-30cm  (replotted from Figure 

3 of Neuenfeldt et al. 2019)
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The Baltic Sea environment, ecosystem and cod stock have undergone major changes over the last 60 

years, during which an increase in hypoxic areas has resulted in shrinkage of suitable spawning sites 

and in the distribution of cod (Casini et al., 2016; Köster et al., 2017). Small cod are now mainly found 

in ICES Sub Division 25 (SD25) south of Gotland and between 14-18degE (Figure 1 of Orio et al., 

2019  )  The average depth for juvenile cod in SD25 is 57m for the period 2004-2015 and the 

interquartile range is about 15m. Since 1980 the mean depth distribution of juvenile cod in this area  

has deepened by about 2.5m per decade, perhaps due to increased predation by seals and cormorants 

(Orio et al., 2019). The changes in the Baltic Sea over the past century (predators, fishing, nutrient 

input, inflows) have affected cod stocks and feeding rates in different ways over time; the processes 

and interactions are not simple. Although the relationship between oxygen level and individual cod 

feeding is probably unchanging over time, the ambient oxygen experienced by the population will vary 

due to changes in location and depth.

Cod stomach content data (downloaded from ices.dk on 6/12/2019) were analysed to calculate the 

proportions by weight of benthos and fish in the diet  in SD25. Cod < 30cm contained > 90% benthos 

and cod > 45cm contained >50% fish. Small cod that feed almost exclusively on benthos can be 

expected to spend much of their time on or close to the seabed. The average oxygen level in the bottom 

5m of the water column was therefore used to represent the ambient oxygen level for small cod and 

oxygen data for SD25 were extracted and analysed accordingly ( downloaded from ices.dk on 

6/12/2019).

 Monthly averages of data grouped into 20m bottom depth bins show that the amount of oxygen 

declines by about 1ml/l/10m depth increase and the amplitude of seasonal variability (2-3ml/l) also 

declines with bottom depth (Figure 2a). Oxygen has declined slowly since 1960 (Carstensen, Andersen,

Gustafsson, & Conley, 2014) but since 2010 the trend has been much steeper, with a drop of roughly 

2ml/l per decade (Figure 2b).  

20

25

30

35

40



Figure 2  Variability in oxygen in the Baltic Sea SD25  (a) monthly by depth (b) annual 1963-

2018 for 50-65m, the interquartile depth range of small cod. Months with fewer than five values

and years with fewer than five months are excluded from the de-seasonalised annual values.

Evidence of the effect of low oxygen on feeding comes principally from an experiment with cod 

(~45cm in length and 700g weight) from the Gulf of St Lawrence (C&D). The fish, kept at ~10ºC and a

salinity of 28, were fed ad libitum on capelin. The consumption (g per fish per day) is shown in Figure 

3. Percentage oxygen saturation levels on the x-axis of Figure 4a of C&D were converted using a 100%

saturation value of  6.605ml/l O2 (the experiments were carried out at 10ºC and salinity 28). A more 

typical oxygen saturation value for the colder, fresher water of the Baltic Sea is ~8ml/l and the right 

hand y-axis of Figure 3 shows consumption level (%) relative to the projected consumption at 8ml/l 

(40g per fish per day projected from C&D experiments). Thus, for example, consumption is projected 

to be 50% of the saturation level consumption when the oxygen level is 3.5ml/l and falls to zero at 

1.5ml/l. 
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If the relationship from C&D shown in Figure 3 applies to small cod in the Baltic Sea then we can infer

that their ingestion rate is nearly always well below their maximum potential ingestion (roughly 40-

80% of the maximum) due to low ambient oxygen.  Oxygen-limited ingestion rate is subject to 

considerable seasonal and depth variability and small cod living at bottom depths of <40m during the 

first four months of the year may be close to their maximum potential ingestion rate.

Over the period 2004-2012 the average ambient oxygen level for 20-30cm cod within their interquartile

depth range was 4.73ml/l, giving a relative ingestion rate of 68%. In years towards the end of the 

period, with lower ambient oxygen, the relative ingestion rate would be closer to 50%.  Deepening of 

the distribution of small cod by 2.5m per decade (Orio et al. 2019) results in a further drop in ambient 

oxygen of roughly 0.25ml/l per decade.

Figure 3 Ingestion rate replotted from Figure 4 of C&D and consumption as a proportion of 

maximum consumption at 8ml oxygen per litre

It would be unwise to overlook the direct effect of ambient oxygen on feeding rates as a possible 

explanation of the observed changes in feeding and energy intake of small cod in the Baltic Sea, 

however additional work is required to provide a complete and reliable estimate of the impact of low 

oxygen.  Previous studies have mentioned or included this mechanism (Casini et al. 2016; Limburg & 

Casini, 2019; Pierce et al., 2017) but without quantifying it.  Otolith microchemistry (Limburg and 

Casini 2019) has established that Baltic Sea cod (34- 97cm) suffer from chronic hypoxia and that this is

worse during summer months when oxygen levels are low.  They adopt the standard definition of 

hypoxia as oxygen below 2ml/l, which occurs mainly at depths >70m and they discuss the vertical 
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migrations of cod into such hypoxic zones. However small cod (20-30cm) mostly live at depths <70m, 

are more dependent on benthos as food than bigger fish and seem unlikely to undertake vertical 

migrations like bigger fish. There have been no tagging studies of such small fish to show whether they

migrate vertically.

The most obvious requirement for further study is to replicate experiments on the effect of oxygen on 

ingestion rates of small (20-30cm) Baltic Sea cod in order to test whether the existing relationship from

C&D is indeed valid for them too, as is assumed here.

It would be valuable to have better information on the behaviour of small cod; whether they remain 

close to the seabed or undertake regular vertical migrations. The observed deepening of their range by 

2.5m per decade would result in a worsening of their oxygen environment, which presumably is offset 

by some other life history gain, such as evading predation in surface waters by seals and cormorants. 

For the cod population as a whole, their ambient oxygen may have changed over time due to 

deoxygenation of the Baltic Sea, but also to changes in their geographic and depth distribution. Since 

small cod occur mainly above 70m depth, greater efforts should probably be directed at investigating 

the effects of low ambient oxygen on them, rather than on what happens in depths greater than 70m and

oxygen levels below 2ml/l.
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