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Biological production in the sea – the physical and chemical basis

Dr Keith Brander – ICES, Copenhagen

World distribution of production in the sea

A view of the earth (mostly oceans, in spite of the name) from space (Figure 1) shows the distribution of chlorophyll, the principal photosynthetic, light absorbing pigment.  Open ocean areas have low levels of chlorophyll and the main concentrations are on continental shelves, where the water depth is less than 200m, and in upwelling areas, where nutrients are transported up towards the surface.  The North Atlantic, particularly the European shelf area, is very productive (Figure 2).

Fish production and hence fisheries yields depend on production of plankton and there is a large-scale relationship between the satellite view of ocean colour, the production of zooplankton and the average annual landings of demersal fish species (Figure 3).  The N. Atlantic and N. Pacific are much more productive for fish than the tropical oceans.  The European shelf area (marked as Atl. NE in Figure 3) has the highest landings of demersal fish species per unit area in the world.  In contrast the Mediterranean and Black Sea (marked Med and BS) are among the lowest.

The influence of large scale physical processes on fish life histories

Ocean currents transport heat and high salinity water northwards into European seas, as part of the thermohaline circulation, which keeps Europe warm and governs the composition and structure of marine ecosystem (Figures 4 and 5).  The life histories of fish species, such as Atlantic herring, have adapted to take advantage of the regular transport, which can carry their tiny eggs and larvae to suitable feeding and nursery areas.

The Norwegian spring spawning herring is an extremely abundant pelagic fish stock (total biomass >10Mt) which spawns along the Norwegian coast (Figure 6). Herring are unusual in that their eggs are not laid in midwater, but are attached to gravel on the seabed.  The hatching larvae float up to near the surface and are transported north in the Norwegian coastal current. After a nursery period in the western Barents Sea, the fish migrate into the feeding areas of the Norwegian Sea, as far west as the polar front.  Until the mid 1960s they overwintered in deep water north of the Faroe Islands, before migrating back to the Norwegian coast to spawn.  (The collapse of this herring stock in the mid 1960s altered this pattern, but with the recovery of the stock it is gradually being re-established.  The question of how the herring “know” or rediscover such a pattern after 40 years is a fascinating one.)

During their feeding migration in the Norwegian Sea their distribution is limited by the polar front (shown by the pale blue line in the Figure), which separates cold, relatively fresh Arctic water from warm salty Atlantic water north of Iceland.  Herring remain mainly in Atlantic water, which is more productive, therefore changes in the  position of the polar front have a big effect on their migrations.

There are many other processes and scales through which ocean physics affects biology.  We need to understand and integrate these in order to assess likely climate impacts.

Photosynthesis and primary production

Photosynthesis of carbon compounds is the basis of almost all production in the sea, as on land.  Photosynthesis is a chemical reaction performed by plants which use  light absorbing pigments (chlorophyll or carotenoids) to convert light energy to chemical energy and thus produce carbohydrates (organic matter, glucose – see Figure 7).  This process of synthesising (large) organic molecules from (small) inorganic molecules is called primary production and the organisms (mainly plants) which carry it out are called autotrophs.   Photosynthesis requires sufficient light, water and nutrients, so it only takes place in the well-lit, near-surface layer (Figure 8), although there are living creatures at all depths in the oceans.  

Primary production can be measured as the amount of carbon incorporated into organic matter by autotrophs and is generally measured per square meter (of ocean or land surface) per year (gC•m-2•y-1). The amount of energy from sunlight of course depends on the size of the area on which the light falls. 
[image: image1][image: image42.jpg]BARENTS SEA FOOD WEB
(Simplified )

Parathemisto m“_‘
&) "‘ Polar cod \

Capelin

,”” 7‘ G- L ‘:T(
. «::x/ °

;%E\ (@D\ Herring




Production is lower per unit area in the sea than on land, but total global production is nearly the same (because the area of sea is greater).  The total global biomass of autotrophs in the sea is less than 1% of terrestrial plants, but they have very high production:biomass ratios, because of their size.  From the figures in Table 1 it is evident that the average turnover time for plant biomass in the sea is 1.5 weeks, whereas on land it is over 13 years.  Phytoplankton range in size from <1μm (less than a millionth of a meter) to over 100μm and occur at concentrations of up to millions per ml (Figure 9).  The fact that most plants in the sea are microscopic and that their biomass is so low determines how we harvest marine production.

With the exception of a few large algae we do not harvest marine plants, whereas on land most agriculture is crop production.  Terrestrial crops are grown in monoculture, with control of dates of planting, nutrients, pests and weeds etc.  In the sea none of these are controlled and it is virtually impossible to detect human influences on primary production except in enclosed coastal areas, where increased nutrient inputs may result in higher production, unusual (including harmful) blooms and sometimes de-oxygenation.

Increasing human production of fertilising chemicals, particularly nitrates and phosphates, is an aspect of global change, which is already having effects on marine production, and is likely to become a major concern very soon.  For example nitrogen flux through coastal ecosystems is increasing  rapidly (Figure 10) and it has been argued that this will soon be a greater threat to world fisheries than overfishing, because the resulting algal blooms will decay and de-oxygenate large areas of sea.  On the other hand some fertilisation could enhance biological production and increase harvestable yields.  This is clearly an issue for which better understanding of how marine ecosystems function and respond is urgently needed.

In addition to being the basis for all harvestable production in the sea, phytoplankton perform a number of other extremely valuable global ecosystem services, particularly in relation to the biogeochemical cycling of nutrients, carbon and pollutants. 

CO2 is “drawn-down” from the atmosphere and dissolved in seawater, from which some of it is used in the calcareous exoskeletons of phytoplankton and may eventually be deposited in sediments in the deep oceans (Figure 11).  Phytoplankton species can reproduce extremely rapidly, often many times per day, and some species form visible white, red, green or brown blooms, which may be harmful (Figure 12).  Algal blooms cause shellfish poisoning and take up oxygen from the water when they die and decay, leading to mortality of fish and benthos. 

In European seas there is a regular seasonal pattern of phytoplankton and zooplankton production.  In winter primary production is low because light levels are low and because winds and cooling of surface water lead to deep mixing of the water column, which carries phytoplankton down to depths at which they lose more energy to respiration than they gain from photosynthesis (Figure 8).  Mixing of the water column in winter redistributes the nutrients which are required for photosynthesis. In spring, production gets underway very quickly, resulting in a spring bloom, when light levels rise, wind speeds are lower and a fairly stable surface layer of water is established.

The effect of the spring bloom on water chemistry is overwhelming, as phytoplankton can use up all of the available nutrients in a few days.  If you want to monitor changes in water chemistry (e.g. inter-annual changes in nutrients from agricultural runoff to the sea) then the time when the measurements are made in relation to the seasonal cycle is obviously critical.

In areas where the spring bloom uses up the available nutrients and these are not resupplied, there is less primary production in summer than in spring.  Some of the summer production takes place using recycled nutrients, but the species of phytoplankton involved are typically smaller and much of the production remains within the “microbial loop”, rather than moving up the food chain to fish.  In autumn the equinoctial gales may re-mix the water column, resulting in an autumn bloom of phytoplankton.

Most text books say that spring blooms are typical of temperate sea areas, but this is an oversimplification.  Even within the North Sea there are many different seasonal patterns. Year round production occurs in shallow areas, where there is a constant nutrient supply and deep, well-mixed areas may only have a single summer bloom.

Grazing by zooplankton also has a huge impact on the dynamics of phytoplankton blooms.  If zooplankton populations are low and a phytoplankton bloom is sufficiently rapid, then the phytoplankton will die before they are eaten.  The resulting organic detritus settles slowly out of the water column and may be eaten by organisms deeper in the water or on the bottom (benthos).  In extreme situations the detritus piles up on the seabed where it is decomposed by bacteria, resulting in loss of oxygen from the water (which the bacteria use for respiration).  Such anoxic layers occur quite frequently in coastal areas and in deep basins and cause problems for species which are not adapted to low oxygen levels.

Consumers of phytoplankton

The “classic” view of food chains in the sea is that phytoplankton are eaten by zooplankton, which in turn are eaten by fish, but this is incomplete and may give rise to the false conclusion that there will always be a harvestable fish component at the end of the chain.  Even in a relatively simple ecosystem like the Barents Sea (Figure 13) phytoplankton are eaten by many other organisms and the Figure shows jellyfish as one of the consumers.  Jellyfish may be something of a dead-end in the food chain, representing an alternative pathway which does not lead to a harvestable endpoint.  There are examples (e.g. the Black Sea) of marine ecosystems which have become jellyfish dominated, with severe loss of harvestable production.

In addition to grazing by zooplankton of many sizes, phytoplankton are also consumed by benthic animals, including harvestable shellfish, such as mussels. Dead phytoplankton and other organisms are decomposed by bacteria, which break down and recycle the organic molecules built up by photosynthesis.  

In the North Atlantic the main zooplankton species is Calanus finmarchicus, one of the most abundant animal species in the world (Figure 14).  It occurs in oceanic areas (Norwegian Sea, Irminger Sea, Labrador Sea), but also on continental shelves.  It lives for about a year, during which time it reproduces once or twice (i.e. much more slowly than the phytoplankton on which it feeds).  The life cycle of Calanus includes a deep overwintering stage, when  large concentrations occur at depths greater than 1000 m.  In the spring the maturing adults migrate up to the surface, where they release their eggs to coincide with the beginning of the spring bloom of phytoplankton (Figure 15).  

Consumers of Calanus and other zooplankton species

Calanus is one of the principal food items in the diet of larval and juvenile cod, of herring of all sizes (Figure 16) and of many other fish species. It has therefore been the target species for much recent research into the functioning of the marine ecosystem.  Capelin is another major predator on Calanus in northern seas (Figure 13) and is a key link in the food chain.

It is more realistic to think of a food web, rather than a food chain, because the trophic (feeding) relationships are not simple, static, linear systems, as the term “chain” implies. Even a single species does not occupy a static position in the food web, because its feeding relationships change as it grows.  For example, fish begin their life as eggs with a diameter around 1mm. The larvae of many fish species do not have a functioning mouth at the time of hatching and are nourished by the  food reserves in the yolk sac.  During their first weeks of life the planktonic larvae are too small to feed on adult Calanus.  They feed on phytoplankton and small zooplankton (including the eggs and juvenile life stages of Calanus), but as they grow, the size of prey which they can capture and eat steadily increases.  Cod, for example, start life as partial herbivores and eventually become higher level carnivores, frequently including cannibalism.  It makes little sense to think of them as occupying a fixed  trophic level.  

Differences between terrestrial and marine feeding relationships

The marine food web is very different from the terrestrial food web, because plants (autotrophs) in the sea are mostly microscopic and the total biomass of autotrophs is low (Table 1).  Except for a few seaweeds, only animals are harvested from the sea.  Recall that autotrophs produce about 52 GtC•y-1 in the sea (Table 1) as the basis for marine harvestable production.  The present actual marine harvest is about 0.01 GtC•y-1, which seems like a very small proportion of global marine primary production.  Why is the proportion so low and given that we harvest such a tiny fraction, why are we concerned about overexploitation of marine resources and fisheries impacts on marine ecosystems?
The answers to these questions can be found by looking at marine food webs and their trophic linkages.  The simplified Barents Sea food web in Figure 13 shows five trophic levels, with the main harvested species coming from levels 3 and 4.  When a predator eats a prey only a proportion of the prey weight (and energy content) is transferred.  This proportion is called the “ecological or transfer efficiency” and varies from less than 10% up to 20% (sometimes higher).  Thus the biomass of herbivores (2nd level in Figure 13) will be 10 to 20% of autotroph biomass; the biomass of primary carnivores (3rd level in Figure 13) will be 1 to 4% of autotroph biomass and the biomass of secondary carnivores (4th level in Figure 13) will be 0.1 to 0.8% of autotroph biomass.  Based on 52 GtC•y-1 of autotroph production, the global production of secondary carnivores would therefore be expected to be 0.052 to 0.408 GtC•y-1.  The present actual marine harvest of about 0.01 GtC•y-1 no longer looks insignificant, when compared with production of these higher trophic levels.  An example of a similar trophic pyramid calculation for Lake Turkana is shown in Figure 17, where fish catches are taken from several trophic levels.

It is obvious that these calculations are crude and that the selection of transfer efficiency and trophic level (both of which are difficult to estimate) will influence the outcome considerably.  Global calculations also conceal the existence of big regional differences in production and harvested yield.  Nevertheless they are good enough to answer the two questions which were posed above:  First, marine harvests are small relative to total primary production, because the species harvested are several trophic levels removed from autotrophs.  The only way to significantly increase marine production is to harvest closer to the base of the food web (and this applies to aquaculture as much as it does to wild fisheries).  Second, we need to be concerned about overexploitation, because we do in fact remove a significant fraction of the global production of fish species at higher trophic levels.  This not only affect the species which are targeted, but also has cascading effects on the food web which supports them.

The contrast with terrestrial agriculture is clear:  agriculture mainly produces plant crops and, with almost no exceptions, harvested animals on land are herbivores.  Terrestrial harvests are mostly taken from exclusively owned resources, whereas in the sea, apart from fish farms, exclusive ownership is rare and there is often open access to resources.  Public management of marine resources is inevitable.

Consequences of changes in plankton production for fisheries

The trophic calculations given above show how difficult it is to make precise estimates for food webs in which there are several steps.  Given that most food webs are more complex than has been shown here, it is not surprising that the consequences of changes in plankton production for fisheries are hard to detect.  Nevertheless a recent example provides evidence that changes in plankton have a detectable effect on productivity of North Sea cod.  It is instructive to review why this case is reasonably convincing.

Changes in plankton (in particular Calanus finmarchicus) in the North Sea were studied from monthly samples collected with the Continuous Plankton Recorder between 1958 and 1999 and totaling nearly 50,000 samples.  An index of changes in the plankton was derived to express the abundance, size and seasonal timing of known food items for cod larvae and the index was compared with the recruitment of cod (taking account of changes in the spawning biomass of cod).  The plankton index matched the changes in survival of cod larvae and in recruitment from 1958 to 1999.  This included a period of increasing recruitment (1958 to 1964) that resulted in the “gadoid outburst” in the North Sea, when stocks of cod and other gadoids were at record levels for nearly 20 years.  From the early 1980s cod recruitment declined as a result of a combination of reduced biomass of spawning fish, due to heavy fishing pressure and unfavourable changes in plankton for feeding cod larvae (Figure 18). 

There are three strong features of the evidence for this relationship:  (i) the volume and quality of the plankton data (ii) the construction of an appropriate plankton index, based on detailed knowledge of feeding and seasonal occurrence of cod larvae and (iii)  large positive and negative changes in both plankton and cod over the 40+ year record.  In this example the relationship between plankton and fish is direct; survival of cod larvae depends on their plankton food.  There are many other cases in which changes in plankton production must affect fish production directly or indirectly, with consequences for sustainable harvesting and management strategies, but it is difficult to produce unequivocal evidence on which to base assessment and action.

Climate effects on marine ecosystems, including fish

Why did plankton production in the North Sea change?  Changes in atmospheric and ocean climate played a part, through effects on transport processes, heat budgets, vertical mixing, light energy and nutrient supply.  There is good evidence for climate related effects on North Sea cod and other European cod stocks, with consequences for fish production and management of those stocks.  There is also some evidence, that global plankton production is being affected by changes in vertical mixing which could, over decades, have a marked negative effect on fisheries production.

Marine ecosystems are in many ways more sensitive to environmental variability than terrestrial systems.  Over the last 20 years a wide range of plankton and fish species have shifted their distribution ranges northward as a result of warming in European waters. This has affected the distribution and dynamics of “traditional” commercial fish species (Figure 19) and is extending the range of sub-tropical species (Figure 20).  These shifts in distribution of marine species have taken place at rates of about 50 km･y-1, compared with an average poleward shift of about 0.61 km･y-1 for terrestrial species.  The consequences of such shifts are already evident from the development of new fisheries, such as that for red mullet in the North Sea.

The biodiversity of plankton in the North Sea may already have increased as a result of poleward shifts in the distribution of sub-tropical species.  Since there is concern over loss of biodiversity, such an increase could be regarded as favourable, but it is dangerous to interpret such indices on a simplistic good-bad axis.  Invasive species are generally regarded as a bad thing for a number of reasons (e.g. if they displace “indigenous” species).

Final thoughts

We live on land and therefore have direct, personal experience of terrestrial ecosystems, their seasonal and interannual changes and how they function.  Most components of terrestrial ecosystem are of similar size to us and we can see them and follow their life histories over time.  Terrestrial agricultural systems have developed over thousands of years.  They involve ownership, stewardship and control over the ecosystems on which they are based.  Humans have learned to control agricultural ecosystems by simplifying them drastically, removing higher predators and pests and selecting plant varieties which are then grown in monoculture.  Apart from aquaculture, none of these characteristics apply to marine systems.

Marine and coastal ecosystems provide many ecological services, which may be much more valuable than fisheries, including nutrient cycling (carbon, nitrogen, phosphorus etc.), coastal and flood defense, waste disposal and water purification.  The methods and structures for valuation and for including these services into mainstream economic planning are evolving rapidly and will have major consequences for fisheries management.

Fish species are a vital part of the marine ecosystem.  They depend on the productivity of lower trophic levels and on the continued existence of food webs which result in harvestable products.  Fishing has direct impacts (e.g. trawl damage) and indirect effects (e.g. removal of higher predators) on the marine ecosystem.  To date we do not know enough about these to understand the consequences of different fisheries management strategies.  The “ecosystem approach” expresses an aspiration to rectify this, but it will take some time.

	Glossary

anoxic

lacking oxygen

autotroph

organisms (mainly plants) which synthesise organic molecules from inorganic raw materials; primary producers

benthic/benthos

living on or in the seabed; benthos refers to bottom-dwelling animals

biodiversity

diversity of living species, including their genetic diversity

biomass

body mass of plant or animal material

chlorophyll

principal photosynthetic, light absorbing pigment used by plants in photosynthesis

demersal

organisms (often applied to fish) which live on or close to the seabed

exoskeleton

hard (usually calcareous or siliceous) skeleton which forms on the outside of the plant (e.g. a diatom) or animal (e.g. crab)

front

temperature and or salinity (density) discontinuity which (horizontally) separates two water masses.  Also applied in meteorology.

life history

development and characteristics of an organism from birth to death

microbial loop

bacteria and other single-celled organisms, which recycle dissolved organic matter, constitute the microbial loop

nutrient

inorganic salts (e.g. nitrates, phosphates, silicates) required for synthesis of organic molecules

pelagic

organisms (often applied to fish) which live up in the water column

photosynthesis

chemical reaction performed by plants which use  light absorbing pigments (chlorophyll or carotenoids) to convert light energy to chemical energy and thus produce carbohydrates (organic matter, glucose)

phytoplankton

passively floating or weakly swimming plants in water

plankton 

passively floating or weakly swimming animals (zooplankton) and plants (phytoplankton) in water

primary production

synthesis of organic molecules from inorganic raw materials

recruitment

young fish entering the fishery (usually applied to a yearclass or cohort)

spawning biomass

body mass of animals (usually fish) which take part in spawning

thermohaline

the heat and salt content of water defines its density and is a characteristic signature of particular water masses.  Density structure is one of the main determinants of currents.

trophic

feeding relationship

upwelling

persistent movement of water towards the sea surface

zooplankton

passively floating or weakly swimming animals in water
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Figure 1 Spring chlorophyll (1998-2003).  Production is high in coastal and upwelling areas.  See colour scale below.  The colour scale in coastal waters can be affected by sediment and other pigments.  Provided by the SeaWiFS Project, NASA/Goddard Space Flight Center and ORBIMAGE
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Figure 2 Spring chlorophyll (1998-2003).  The Mediterranean has much less chlorophyll (and primary production), except in some coastal areas.

[image: image26.jpg]


[image: image5]
Figure 3  Based on FAO statistics.  The area used in the estimates is the continental shelf area <200m deep.  Boxes represent interquartile spread; whiskers represent highest and lowest values annual landings 1950-1998.  Atl – Atlantic; Pac – Pacific; IO – Indian Ocean; Med – Mediterranean; BS – Black Sea.  (from Brander 2001)
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Figure 4 Principal warm and cold surface currents
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Figure 5  Principal warm and cold surface currents in European seas.
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Fig. 3.49. Model-calculated partitioning of the human-induced nitrogen perturbation fluxes in the global coastal margin for the period
since 1850 to the present (2000) and projected to 2035 under a business-as-usual scenario (Mackenzie et al. 2002)
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Figure 6  Transport and migrations of Norwegian spring spawning herring (prior to 1965).  Dark blue - spawning areas; light blue – nursery feeding areas; green – adult feeding areas; red – overwintering.  The pale blue line represents the polar front.  (from Vilhjalmsson 1997)

[image: image30.jpg]


[image: image9]
Figure 7  The principal chemical processes occurring during photosynthesis
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Figure 8  Sverdrup model of primary production (vertical dimension is depth, horizontal dimension is energy units).  The bar represents energy used in respiration (R) which is constant at all depths.  The curve of energy fixed by photosynthesis (P) peaks near the surface and decreases with increasing depth.  Where the curve cuts the bar (labeled compensation depth) P=R and energy gain and loss are in balance.   The critical depth is the depth at which the area of the bar (i.e. total energy used in respiration) equals the area under the curve (energy fixed in photosynthesis).  Net primary production is only positive when the depth of mixing is less than the critical depth.
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Figure 9  Some typical phytoplankton species near the sea surface.  Artist – Glynn Gorick
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Figure 10 Nitrogen flux in the global coastal margin (Mackenzie et al. 2002)
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Figure 11  Phytoplankton bloom in the Bering Sea seen from space.  Chalk cliffs are formed by marine deposits of calcareous algal exoskeletons.
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Figure 12  A “red tide” algal bloom
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Figure 13  Simplified representation of the Barents Sea ecosystem, with successive trophic levels indicated.  (from  Rødseth 1998)
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Figure 14  Calanus finmarchicus (adult) – a copepod, about 5mm long. (Artist Glynn Gorick)
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Figure 15  Life cycle of Calanus finmarchicus in the North Atlantic and on surrounding continental shelves.  Distribution from the deep overwintering phase is linked to changes in deep circulation, which are coupled to climate change (from Heath et al. 2002)
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Figure 16  Herring feeding on zooplankton (Artist Glynn Gorick)
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Figure 17  Example (for Lake Turkana) of primary production required to sustain catches taken at several trophic levels.  A transfer efficiency of 10% is assumed. (from Pauly and Christensen 1995) 
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Figure 18  Changes in plankton for cod larvae to feed on in the North Sea (upper panel) and recruitment of North Sea cod (lower panel). The plankton index includes abundance of Calanus finmarchicus and other species, size of plankton and seasonal timing (from Beaugrand et al. 2003)
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Figure 19  Increasing proportion of warm water species (pollock and sole) in warm plus cold water species pairs since 1980.  The pairs are pollock (warm) plus saithe (cold) and sole (warm) plus plaice (cold) (from Brander et al. 2003)
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Figure 20  Northward shift in the distribution of two shelf-edge subtropical species since 1960 (from Quero 1988)
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Table � SEQ Table \* ARABIC �1�  Comparison of primary production in the sea and on land


1o Production�
Sea�
Land�
�
Average�
140 gC•m-2•y-1�
400  gC•m-2•y-1�
�
Total�
52  GtC•y-1�
60    GtC•y-1�
�
Total biomass of 1o producers�
1.5 GtC�
800  GtC�
�
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