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Get the most from this book


Welcome to the AQA A-level Biology Year 2 Student’s Book. This book covers Year 2 of the AQA A-level Biology specification.


The following features have been included to help you get the most from this book.
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Prior knowledge


This is a short list of topics that you should be familiar with before starting a chapter. The questions will help to test your understanding.
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Extension


Throughout the book you will also find Extension boxes, which contain extra material to deepen your understanding of a topic.
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Tips


These highlight important facts, common misconceptions and signpost you towards other relevant topics.
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Key terms and formulae


These are highlighted in the text and definitions are given in the margin to help you pick out and learn these important concepts.
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Examples


Examples of questions and calculations feature full workings and sample answers.
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Practice questions


You will find Practice questions at the end of every chapter. These follow the style of the different types of questions you might see in your examination, including multiple-choice questions, and are colour coded to highlight the level of difficulty. Test your understanding even further, with Maths questions and Stretch and challenge questions.





• Green – Basic questions that everyone should be able to answer without difficulty.



• Orange – Questions that are a regular feature of exams and that all competent candidates should be able to handle.



• Purple – More demanding questions which the best candidates should be able to do.



• Stretch and challenge – Questions for the most able candidates to test their full understanding and sometimes their ability to use ideas in a novel situation.
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Test yourself questions


These short questions, found throughout each chapter, are useful for checking your understanding as you progress through a topic.
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Activities and Required practicals


These practical-based activities will help consolidate your learning and test your practical skills. AQA’s required practicals are clearly highlighted.
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Dedicated chapters for developing your Maths and Practical skills and Preparing for your exam can be found at the back of this book.
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1 Energy transfer
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PRIOR KNOWLEDGE





•  Radiation from the Sun is the source of energy for most communities of living organisms.



•  Green plants and algae absorb a small amount of the light that reaches them. The transfer from light energy to chemical energy occurs during photosynthesis. This energy is stored in the substances that make up the cells of the plants and algae.



•  Respiration supplies the energy needs for living processes, including movement. Much of this energy is eventually transferred to the surroundings.



•  In all cells, carbohydrate or lipid molecules are broken down during respiration to release the energy required to resynthesise ATP. In some cells, ATP can also be made using light energy during photosynthesis.



•  The amounts of material and energy contained in the biomass of organisms are reduced at each successive stage in a food chain because some materials and energy are always lost in organisms’ waste materials.
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TEST YOURSELF ON PRIOR KNOWLEDGE





  1  Name two substances that make up the cells of a plant.



  2  A mouse is completely at rest in a comfortable environmental temperature. Name two processes during which it uses ATP.



  3  Name the enzyme involved in resynthesising ATP.



  4  In what form is energy released by respiration eventually transferred to the surroundings?
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Introduction


Sugar cane is grown as a crop in more than 70 countries and provides around 80% of the world’s sugar. It is one of the most efficient crop plants in cultivation. Originally from south Asia, sugar cane is a tropical grass. Along with some other tropical grasses such as elephant grass, it has evolved a way of photosynthesising that allows it to make the most of the tropical sun.


Most plants use a form of photosynthesis called C3 photosynthesis. In these plants, the first stable product of photosynthesis is a three-carbon molecule. The reaction is catalysed by an enzyme called ribulose bisphosphate carboxylase (rubisco for short). But rubisco has a surprising flaw. Although it catalyses the reaction with carbon dioxide, it will also catalyse a reaction with oxygen instead, resulting in a different outcome and inhibiting the enzyme’s contribution to photosynthesis.
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TIP


You are not required to know about C4 photosynthesis, but it is an example of the kind of material you might be expected to analyse or interpret.
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When plants close their stomata in hot, dry conditions, the carbon dioxide concentration in their leaves falls and oxygen competes more successfully with carbon dioxide for rubisco. The efficiency of photosynthesis is then reduced. Plants in tropical conditions, especially grasses, face hot, dry conditions more often than those in other areas. Some, like sugar cane, evolved a form of photosynthesis, called C4 photosynthesis, that reduces this problem.


Sugar cane does not grow as effectively in the UK. But you may have seen fields of elephant grass being grown in the UK as a biofuel for electricity generation. Elephant grass is also a C4 plant and its rapid growth and high annual biomass yield makes it useful as a renewable energy source. Unlike sugar cane and elephant grass, most plant species in the UK carry out the form of photosynthesis you will learn about in this chapter.


Life on Earth depends on the continuous transfer of energy through photosynthesis, feeding and respiration. Plants and other chlorophyll-containing organisms photosynthesise, absorbing light. In this process, some of the energy of light is conserved in the production of ATP and ultimately in carbohydrates and other biological molecules.


These biological molecules can be used directly by the plants, mostly in respiration and to make the other biological molecules they require, or they can be transferred to other organisms by the animals that feed on them and by saprobionts that decompose them.


During respiration, various respiratory substrates are oxidised and some of their chemical energy is conserved in the production of ATP. ATP can then be used in various forms of biological work, such as movement, synthesis of large biological molecules and active transport.


These energy transfers are fundamental to life. Respiration is common to all organisms and photosynthesis is common to all photoautotrophic organisms. The fact that these processes are so widespread suggests that these organisms all evolved from common ancestors. This is indirect evidence for evolution.
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Photoautotrophic organisms Organisms that synthesise their own biological molecules using light energy.
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Energy and efficiency


Neither photosynthesis nor respiration is totally efficient. During respiration, for example, not all the chemical energy from a molecule of respiratory substrate is transferred into molecules of ATP. Some of the energy will inevitably be lost as heat. This is obviously important when we come to look at the transfer of biomass and its chemical energy from one organism to another along a food chain or through a food web.
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Respiratory substrates Biological molecules used as fuel in respiration.


Biomass The mass of carbon in biological molecules or dry mass of tissue per given area per given time.
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Figure 1.1 summarises the three ways in which energy is transferred within and between different organisms.
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Photosynthesis


Organisms must have a continuous supply of biological molecules for respiration and with which to build new cells and tissues. For animals, these biological molecules come from food: this is sometimes from other animals but ultimately from plants. It is only by photosynthesis that light energy can be transferred to chemical energy.


Photosynthesis is a complex process involving a number of separate reactions. It is useful to get an idea of the overall process before we look at the detail. Figure 1.2 shows the two basic steps.





•  Light-dependent reaction; light energy is absorbed by chlorophyll and some of this energy is transferred to chemical energy in ATP. A second substance is also produced. This is reduced NADP (see page 15 for a definition of reduction and oxidation). In order to produce these substances, a molecule of water is split and oxygen is given off as a waste product.



•  Light-independent reaction: ATP and reduced NADP are involved in the use of carbon dioxide to make carbohydrate.
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Structure of chloroplasts


You should remember from the first year of the course that chloroplasts are the site of photosynthesis (see AQA A-level Biology 1 Student’s Book, Chapter 3 page 42). Each chloroplast (Figure 1.3 below) is surrounded by two membranes. Both the outer and inner membranes of a chloroplast are smooth. Inside the chloroplast there are a series of disc-shaped, membrane-bound structures called thylakoids. In some places the thylakoids are arranged in stacks called grana. The membranes that form the grana provide a very large surface area for chlorophyll molecules and other light-absorbing pigments.
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Thylakoids Disc-shaped, membrane-bound structures found inside chloroplasts.


Grana Groups of thylakoids arranged in stacks.
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The light-dependent reaction


If you crush up some nettle leaves in an organic solvent such as ethanol you can make a chlorophyll solution. If you shine a bright light on this solution it fluoresces (emits light), but, instead of appearing green, it looks red. Light falling on the solution causes electrons to leave some of the chlorophyll molecules. This is because of photoionisation.
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Photoionisation The process by which a chlorophyll molecule becomes positively charged as a result of losing two electrons when it absorbs light.
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In a solution of chlorophyll the electrons have nowhere to go. This is why, when we shine light on the solution, it fluoresces red. The electrons lose most of their energy as light of a different wavelength as they fall back into their places in the chlorophyll molecules.


In a chloroplast, however, these electrons do not return to the chlorophyll molecule from which they came. They pass down a series of electron carriers, losing energy as they go. In chloroplasts, this energy is conserved in the production of ATP and reduced NADP.
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REQUIRED PRACTICAL 7


Use of chromatography to investigate the pigments isolated from leaves of different plants


This is just one example of how you might tackle this required practical.


A chlorophyll solution contains a mixture of chlorophyll and other pigments. The different pigments can be separated using chromatography.


Figure 1.4 shows the result of using thin layer chromatography (TLC) to separate the pigments extracted from nettle leaves.





1  What is a solvent?



2  Suggest why the origin line was placed a little way above the base of the plate.



3  How could the origin spot have been made sufficiently concentrated?





The different pigments in the mixture can be identified by finding their R f values. The Rf is an example of a ratio and is calculated as:
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The standard Rf values for these pigments using this solvent are:
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TIPS


You do not need to know about Rf values, but using them is a good way to practise your maths skills.


Look at Chapter 15 in AQA A-level Biology 1 Student’s Book for information on how to carry out thin layer/paper chromatography.
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4  Identify the different pigments on the thin layer chromatography plate in Figure 1.4b by measuring the distances with a ruler and calculating their Rf values.



5  Give one possible source of error in finding the Rf values.
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The light-dependent reaction is described on the next page and is summarised in Figure 1.5 below.
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•  Light strikes a chlorophyll molecule, causing photoionisation. Two electrons leave the chlorophyll molecule and pass to an electron carrier.



•  The electrons are transferred along a series of electron carriers, which forms an electron transfer chain within the thylakoid membrane. The electrons lose energy as they are passed from one electron carrier to the next. This energy is used to produce ATP.
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Electron transfer chain A series of electron carriers arranged within a membrane that can accept and then pass on electrons.
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•  Photolysis takes place. This is the breakdown of a water molecule to release protons, electrons and oxygen.


[image: ]



•  The two electrons from photolysis replace those lost from the chlorophyll molecule during photoionisation. Oxygen is released as a waste product.



•  Light strikes a second chlorophyll molecule, causing photoionisation. Two electrons leave the second chlorophyll molecule and pass to an electron carrier. They pass along another electron transfer chain. They are used, together with the protons from the photolysis of water, to produce reduced NADP (see page 15 for a definition of reduction and oxidation).
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TIP


Notice that the oxygen produced in photosynthesis comes from photolysis of water, rather than from the carbon dioxide that plants take up from their environment.
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Electron transfer chains and ATP production


As each pair of electrons passes along an electron transfer chain, a small amount of energy is released. This energy enables carrier proteins (see AQA A-level Biology 1 Student’s Book, Chapter 3 page 46) within the thylakoid membranes to actively transport protons from the stroma across the thylakoid membrane and into the spaces between the thylakoids. This develops a higher concentration of protons inside the thylakoid spaces than in the stroma. As a result, protons diffuse down their concentration gradient from the thylakoid spaces to the stroma. They diffuse through molecules of ATP synthase embedded in the thylakoid membranes, and the resulting change in environment results in a change in the protein, causing the ATP synthase molecules to spin. This spinning provides energy for the synthesis of ATP from ADP and inorganic phosphate.
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Chloroplasts isolated from plant leaves can be used to investigate the light-dependent reaction. If isolated chloroplasts are placed into a dilute buffer, they absorb water by osmosis and burst, releasing their thylakoids into the solution. If a blue dye called dichlorophenolindophenol (DCPIP) is added, electrons from active electron transfer chains are transferred to DCPIP molecules, reducing them rather than NADP molecules. When DCPIP is reduced, it changes colour from blue to colourless.
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REQUIRED PRACTICAL 8


Investigation into the effect of a named factor on the rate of dehydrogenase activity in extracts of chloroplasts


This is just one example of how you might tackle this required practical.


Figure 1.7 shows the results for isolated chloroplasts mixed with dilute buffer and DCPIP and placed into different conditions.




[image: ]




The tubes were set up as follows:






	Tube 1: 

	chloroplast extract, buffer, DCPIP 






	Tube 2: 

	chloroplast extract, buffer, DCPIP, completely wrapped in foil 






	Tube 3: 

	boiled chloroplast extract, buffer, DCPIP 






	Tube 4: 

	boiled chloroplast extract, buffer, DCPIP, completely wrapped in foil 






	Tube 5: 

	chloroplast extract, buffer 






	Tube 6: 

	chloroplast extract, buffer, completely wrapped in foil 







All were then placed under a bright light for several hours.


Using what you now know about the light-dependent reaction, explain the results.
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The light-independent reaction


The light-independent reaction of photosynthesis comprises a cycle of reactions called the Calvin cycle (see Figure 1.8). The main steps in the cycle are as follows:





•  Carbon dioxide reacts with ribulose bisphosphate (RuBP) to form two molecules of glycerate 3-phosphate (GP). This reaction is catalysed by an enzyme called ribulose bisphosphate carboxylase (rubisco).



•  GP is then reduced to triose phosphate. This is a reduction reaction and requires the two substances formed during the light-dependent reaction: reduced NADP and ATP. The reduced NADP is used to reduce GP. ATP provides additional energy for the reaction.



•  Triose phosphate is a simple sugar. Some triose phosphate is converted to useful organic substances, such as sucrose for transport or cellulose for storage, or into amino acids and triglycerides.



•  Most of the triose phosphate is converted into glucose and used by the plant as a respiratory substrate.



•  Some triose phosphate is used to regenerate more RuBP.
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Rubisco, or ribulose bisphosphate carboxylase. The enzyme that catalyses the reaction between carbon dioxide and ribulose bisphosphate in the Calvin cycle.
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The Calvin cycle can be investigated by supplying a plant with radioactively labelled carbon dioxide. A plant leaf can be enclosed in a flask containing radioactive carbon dioxide (Figure 1.9). A series of leaves can be left in radioactive carbon dioxide for different amounts of time. The leaves can then be removed from the plant and analysed for radioactive substances.


The results of such an investigation are shown as a graph in Figure 1.10. The first radioactive substance detected in the leaf is GP. RuBP is detected more slowly. This indicates that the radioactive carbon dioxide is used to form GP and that the GP is then used to form RuBP.
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After a certain time in light, the amount of radioactive GP and RuBP both become constant. This is because GP and RuBP are being formed in a cycle. As fast as GP is being formed from carbon dioxide and RuBP, it is being used to regenerate RuBP.


If the light is switched off, the amount of GP increases while the amount of RuBP decreases. This is because the light-dependent reaction can no longer produce ATP and reduced NADP. If you look at Figure 1.8, you will see that ATP and reduced NADP are required to convert GP into triose phosphate but not to convert RuBP into GP. In the dark, RuBP is converted to GP, so the amount of RuBP decreases while the amount of GP increases.
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TEST YOURSELF





  1  What is photoionisation?



  2  In the light-dependent reaction of photosynthesis, what happens to the electrons that come from:







      a) a water molecule


      b) the first chlorophyll molecule struck by light


      c) the second chlorophyll molecule struck by light?








  3  Name the three-carbon sugar produced in the Calvin cycle.



  4  Look at Figure 1.10. Use the information to explain the changes in the amounts of radioactive substances in the dark.
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Limiting factors and photosynthesis


Plants rely on photosynthesis to produce their respiratory substrates and other biological molecules they need to form their biomass. The greater a plant’s rate of photosynthesis, the greater its rate of growth and, if we are considering crop plants, the higher the yield. Among the environmental factors that may affect the rate of photosynthesis are:





•  light intensity



•  carbon dioxide concentration



•  temperature



•  availability of water in the soil.
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Yield The biomass of the part of the crop that is harvested.
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The graph in Figure 1.11 shows the effects of light intensity, carbon dioxide concentration and temperature on the rate of photosynthesis.
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TIP


The shape of curve A in Figure 1.11 is very similar to the one for the rate of an enzyme-catalysed reaction against substrate concentration (see AQA A-level Biology 1 Student’s Book, Chapter 2 page 32) because both involve limiting factors.
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Over the first part of the curve A, the rate of photosynthesis is directly proportional to light intensity. Because of this, we can describe light as limiting the rate of photosynthesis over this part of the curve (it is a limiting factor). As light intensity continues to increase, the curve starts to flatten out: light intensity is no longer limiting the rate of photosynthesis.


However, the graph also shows two other environmental factors that may interact with light intensity. For example, increasing carbon dioxide concentration or temperature will not increase the rate of photosynthesis when light intensity is low, such as on a winter’s day in the UK.


Carbon dioxide limits the rate of photosynthesis in bright conditions. Increasing the concentration of carbon dioxide in the atmosphere from its normal level of approximately 0.04% to 0.14% and keeping the temperature constant has a much greater effect on the rate of photosynthesis than increasing the temperature from 15 °C to 25 °C and keeping the carbon dioxide concentration constant.


You can also see from the graph that increasing the temperature from 15 °C to 25 °C increases the rate of photosynthesis. The effect is greatest when neither light intensity nor carbon dioxide concentration are limiting.


By understanding how environmental factors can limit photosynthesis, farmers are able to take steps to overcome their effects and improve the yield of their crops. This is easier in closed environments such as glasshouses, but some simple practices, such as limiting the shade from high hedges or irrigating crops, can be worthwhile for field crops too.
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TIP


The amount of water available to a plant can limit the rate of photosynthesis if lack of water causes the stomata to close. The rate of photosynthesis is actually then limited by reduced carbon dioxide availability, not by a lack of water for photosynthesis itself.
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EXAMPLE


Carbon dioxide concentration and crop production


In bright conditions, the concentration of carbon dioxide usually limits the rate of photosynthesis. An increase in carbon dioxide concentration should therefore increase the rate of photosynthesis. Look at Figure 1.12. It shows the results of a laboratory experiment in which scientists investigated the effect of an increase in carbon dioxide concentration on the rate of photosynthesis of wheat. The scientists made sure that no other factors were limiting the rate of photosynthesis.
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1  Suppose we doubled the concentration of carbon dioxide from 0.033% to 0.066%. What would happen to the rate of photosynthesis in wheat?


    The rate of photosynthesis would increase from 45 to 66 arbitrary units.




2  Can you conclude from this graph that an increase in the concentration of carbon dioxide in the atmosphere will result in an increase in the growth of wheat plants? Explain your answer.


    Yes, a higher rate of photosynthesis will produce more triose phosphate, which can then be converted to other useful substances, resulting in more growth.




3  Will an increase in carbon dioxide affect the rate of photosynthesis of all crop plants in the same way?


    No, it depends how the crops are affected by other limiting factors.






Look at the data in Table 1.1. The data predict the effect of doubling current atmospheric concentrations of carbon dioxide.





4  What general conclusions can you draw from the data in this table?


    All the plants will grow faster, including the weeds that compete with crops. But the increased growth in the harvested part of the crop will not be as great as the increased growth of the whole plant.




5  Use the data in Table 1.1 to suggest how doubling the current atmospheric concentration of carbon dioxide would affect the marketable yield of cabbages growing in a field.


    About half the increased growth of cabbages would be in the harvested part of the plants, the rest would be roots and outside leaves.






Table 1.1 The effect of doubling current atmospheric concentrations of carbon dioxide on some different crop plants.






	Plant 

	Percentage increase in biomass 

	Percentage increase in marketable yield 






	Cotton 

	124 

	104 






	Tomato 

	40 

	21 






	Cabbage 

	37 

	19 






	Weeds 

	34 

	not applicable 
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How efficient is photosynthesis?


A lot of light falls on the surface of the Earth. Only a small part of this is used during photosynthesis. Look at the wheat crop shown in Figure 1.13.
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•  About 50% of the light energy absorbed by the plants in this crop is lost as heat. Much of this heat evaporates water from leaves during transpiration.



•  Approximately 15% of the light is reflected from the leaf surface.



•  Almost a third of the light, approximately 30%, is transmitted. It passes directly through the plants without striking any chlorophyll molecules.
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TIP


See AQA A-level Biology 1 Student’s Book Chapter 10 page 184 to revise evaporative cooling.
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You can see from this that only a very small percentage of the light energy can be conserved as chemical energy in the biological molecules produced by photosynthesis.


The rate at which plants are able to produce new organic substances as a result of photosynthesis is called gross primary production (GPP). Since this is a rate, the units must include time. The units also include the area or volume of plants being measured. For land plants area is used, usually a square metre, whereas for aquatic algae volume is used. Standardising the quantity of plant material being measured allows GPP values for different plant populations or communities to be compared.
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Gross primary production The chemical energy stored in plant biomass, in a given area or volume, in a given time.
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We can calculate GPP as an increase in either





•  dry mass of tissue, measured in units such as g m−2 day−1, or



•  mass of carbon, measured in units such as µg m−2 day−1.





The dry mass of plant material is found by warming it in an oven to evaporate all the water in the tissues. At intervals, the plant material is weighed. When three successive mass measurements are the same there is no further water left to evaporate. This must be done slowly. It is important not to overheat the plant material otherwise it may burn and lose dry mass by combustion rather than just evaporation.
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TIP


Dry mass is more valid than simply weighing fresh plant material because fresh plant material can contain very different quantities of water depending on the environmental conditions when it was collected.
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The chemical energy stored in the dry biomass can then be estimated by calorimetry. In this case, GPP would be measured in kJ m−2 day−1 (or kJ m−3 day−1 if it were aquatic algae).


Some of the substances formed during photosynthesis are not, however, used to form new cells and tissues. They are used in respiration. The difference between GPP and respiration is net primary production (NPP). We can calculate net primary production from the equation:
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where R represents the energy loss through respiration.
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Net primary production The chemical energy stored in plant biomass after losses to respiration have been taken into account.
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Net primary production is important because it represents the amount of energy available to the primary consumers (herbivores) and decomposers at other trophic levels in a food web (see page 22).


Efficiency of energy transfer by heather


Figure 1.14 shows heather plants. Scientists have found heather particularly useful in studying the efficiency of photosynthesis for the following reasons.





•  In moorland areas, heather grows in large clumps called stands. Each stand is almost pure heather, so we do not have to consider what fraction of the total visible-light energy is used by other species.



•  In many moorland areas, heather is managed. This means that it is burned at regular intervals. Old woody plants are replaced by young plants, which provide a better food supply for game birds, such as grouse. Estate managers keep records so we usually know the age of a particular stand of heather.



•  Many investigations have been carried out using heather. By sharing the findings of their research, scientists have been able to replicate and further test their work. This increases the reliability of the conclusions that they draw.







[image: ]




We can calculate the efficiency of energy transfer in heather from the formula:
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To calculate the figure on the top line of the equation we need to multiply the chemical energy in 1 g of heather by the biomass of heather produced in g m−2 year−1.


The chemical energy in 1 g of heather can be found by using a calorimeter (see overleaf).
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TIP


This is just an example of calculating the efficiency of energy transfer. You may be asked to calculate the efficiency of transfer in other situations, such as in farm crops or animals.
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EXAMPLE


Finding the chemical energy in 1 g of heather


We can find this by burning a sample of heather in a calorimeter (Figure 1.15) and measuring the energy released as heat.


Look at Figure 1.15 and answer the questions.
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1  An oxygen supply is connected to the apparatus. What is the advantage of burning the heather in oxygen and not in air?


    Oxygen ensures that the sample of heather is burned completely.




2  A copper spiral is attached to the top of the combustion chamber. What is the function of this copper spiral?


    The copper spiral provides a large surface area for heat exchange with the water.




3  The water jacket contains a large volume of water. The total rise in temperature of the water in this jacket when the heather is burned is only small. Explain the advantage of a small rise in temperature.


    A small temperature rise means less heat will be lost to the surroundings.






Table 1.2 Shows some typical results obtained from the apparatus in Figure 1.15.


Table 1.2 Results obtained from burning a sample of heather in a calorimeter.






	Volume of water in water jacket/cm3 

	650 






	Temperature of water before the heather sample was burned/°C 

	18 






	Temperature of water after the heather sample was burned/°C 

	23 






	Mass of heather/g 

	0.5 










4  The amount of energy needed to raise the temperature of 1 cm3 of water by 1 °C is 4.2 joules. Calculate the amount of energy released by burning 1 g of heather.


    In this investigation, the energy released has raised the temperature of 650 cm3 of water by 5 °C. So, the total amount of energy released by the heather sample is 4.2 × 650 × 5 J.



    This is the amount of energy released by 0.5 g of heather. We need to divide the total amount of energy released by 0.5 to get the amount of energy released per gram:
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    This gives us a figure of 27 300 J g−1 or 27.3 kJ g−1.



5  Do you think that the figure that we have calculated is an overestimate or an underestimate? Explain your answer.


    It is probably an underestimate. There are several reasons for this. Not all the heather will have been burned. The ash that is left in the crucible may contain some chemical energy that has not been released. In addition, it is unlikely that all the heat from the combustion will have been transferred to the water in the water jacket.
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TEST YOURSELF





  5  Give three reasons for the relatively low efficiency of photosynthesis.



  6  Describe how the dry mass of a sample of plant material would be found.



  7  What is the equation for finding net primary production?



  8  Suggest suitable units for the net primary production of algae in a lake.



  9  Explain how the net primary production of trees is made available to decomposers in a wood.
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Respiration


Respiration takes place in all living cells, providing indirect evidence for evolution. It is a biochemical process in which biological molecules called respiratory substrates are used as fuel. They are broken down in a series of stages and the chemical energy they contain is transferred to ATP. We can summarise the process with the equation:
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Unfortunately this equation is misleading in a number of ways. It shows the fuel as glucose. In many cells the main fuel is glucose, but fatty acids, glycerol and amino acids are also respiratory substrates and can be used for respiration. The equation also shows that oxygen is required: this is correct when aerobic respiration is occurring but respiration can also take place anaerobically. Anaerobic respiration means respiration without oxygen. It is also important to understand that the oxygen is not directly used to make the carbon dioxide shown in the equation. Finally, the equation shows respiration as a single reaction. It isn’t a single reaction. It involves a number of reactions in which the respiratory substrate is broken down in a series of steps, releasing a small amount of energy each time. The steps involved in the respiration of glucose are summarised in Figure 1.16.
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Glycolysis


Glycolysis (Figure 1.17) is the first step in the biochemical pathway of respiration.





•  Glucose contains a lot of chemical energy. In order to release this energy, some additional energy from ATP is required to achieve the activation energy for the reaction (see AQA A-level Biology 1 Student’s Book, Chapter 2 page 20). In the first stage of glycolysis, a molecule of glucose is converted into glucose phosphate. This requires two molecules of ATP and is called phosphorylation.



•  Each molecule of glucose phosphate is then oxidised to two molecules of triose phosphate.



•  Each molecule of triose phosphate is then converted to pyruvate. This reaction produces ATP. A total of four molecules of ATP are produced, two for each triose phosphate molecule. During glycolysis, then, there is a net gain of two molecules of ATP for each molecule of glucose.



•  The conversion of triose phosphate to pyruvate is an oxidation reaction and involves the removal of hydrogen to reduce a coenzyme called NAD. NAD is converted to reduced NAD as a result.
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Phosphorylation The addition of a phosphate group to a molecule.
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NAD, oxidation and reduction


Oxidation is sometimes represented as the addition of oxygen to a substance but, more accurately, it is any reaction in which electrons are removed. Reduction, on the other hand, involves the gain of electrons. Whenever one substance is oxidised another must be reduced. In simple terms, if one substance loses electrons, another must gain them. We often use the term oxidation–reduction reaction for a reaction in which one substance is oxidised and another is reduced. In glycolysis, the conversion of triose phosphate to pyruvate is an oxidation reaction in which pyruvate loses electrons and NAD gains them, becoming reduced NAD.


The link reaction


Pyruvate still contains a lot of chemical energy. When oxygen is available, this energy can be made available in a series of reactions known as the Krebs cycle. The link reaction is a term used to describe the reaction linking glycolysis and the Krebs cycle. It is summarised in Figure 1.18.





•  Pyruvate is oxidised to acetate. This is an oxidation reaction and, like glycolysis, also involves the production of reduced NAD.



•  Acetate combines with coenzyme A to produce acetylcoenzyme A.



•  Pyruvate contains three carbon atoms. Acetylcoenzyme A contains several carbon atoms but only two of these enter the Krebs cycle. One of the carbon atoms from pyruvate goes to form a molecule of carbon dioxide. (Remember that the production of this carbon dioxide does not directly use oxygen.)
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The Krebs cycle


Figure 1.19 is a simple diagram that summarises the essential features of the Krebs cycle.





•  Acetylcoenzyme A, produced in the link reaction, is fed into the cycle. It combines with a 4-carbon compound to produce a 6-carbon compound.



•  In a series of oxidation-reduction reactions, the 6-carbon compound is converted back to the 4-carbon compound. In this process two molecules of carbon dioxide are given off. (Again, remember that the production of this carbon dioxide does not directly use oxygen.)



•  In a series of oxidation reactions the Krebs cycle generates reduced coenzymes and ATP. For each complete cycle:







    – one molecule of ATP is produced. This is called substrate-level phosphorylation, because the ATP is formed as a result of a one of the Krebs cycle reactions. It is linked to the reaction of one of the substrates.


    – three molecules of reduced NAD and one molecule of another reduced coenzyme, reduced FAD, are produced.








•  The most important function of the Krebs cycle in respiration is the production of reduced coenzymes. They are passed to the electron transfer chain, where the chemical energy that these molecules contain is used to produce ATP.
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Substrate-level phosphorylation The production of ATP linked to the reaction of a substrate molecule.
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As well as the pyruvate formed from glucose by glycolysis, the breakdown products of other respiratory substrates such as lipids and amino acids can also enter the Krebs cycle and form ATP and reduced coenzymes. This means that some cells can respire lipid for some of the time instead of glucose.


Cells do not usually respire the breakdown products of amino acids unless there is no glucose or lipid available.


Mitochondria and electron transfer chains


You should remember that mitochondria are the site of aerobic respiration (see AQA A-level Biology 1 Student’s Book, Chapter 3, page 41). Each mitochondrion (Figure 1.20) is surrounded by two membranes, a folded inner membrane and a smooth outer one. The folds on the inner membrane form many projections, called cristae.
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The different steps of respiration take place in different locations. Glycolysis takes place outside of mitochondria, in the cytoplasm. The Krebs cycle occurs in the matrix of the mitochondria. Like the thylakoids in chloroplasts, the cristae provide a large surface area in which the electron carriers of electron transfer chains are embedded.


Reduced coenzymes have so far been produced in glycolysis and the link reaction. More reduced coenzyme is produced by the Krebs cycle.


Reduced coenzymes transfer electrons to chains of protein molecules embedded in the inner membranes of mitochondria. These proteins act as electron carriers and form electron transfer chains similar to those in chloroplasts.
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TIP


The reason why it is more correct to describe mitochondria as the site of aerobic respiration is because only the electron transfer chains use oxygen and these are in the mitochondria. Glycolysis is an anaerobic process, but it takes place in the cytoplasm, not in mitochondria.
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Figure 1.21 shows how electrons from reduced coenzyme pass from one protein to the next along electron transfer chains.
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When these electrons are transferred, energy is released. Some of this energy is lost as heat but some is used by carrier proteins in the active transport of protons across the inner mitochondrial membrane into the space between the inner membrane and the outer membrane. This develops a higher concentration of protons in the space between the membranes than there is in the matrix of the mitochondrion.
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TIP


Remember that oxygen is not used to make carbon dioxide; it is used as the terminal electron acceptor in electron transfer chains.
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As a result, protons diffuse down their concentration gradient from the space between the membranes to the matrix (this is an example of facilitated diffusion; see AQA A-level Biology 1 Student’s Book, Chapter 3 page 46). They diffuse through molecules of ATP synthase embedded in the inner mitochondrial membrane, causing the ATP synthase molecules to spin. This spinning provides energy for the synthesis of ATP from ADP and inorganic phosphate. The last molecule in the electron transfer chain is oxygen. Oxygen combines with protons and electrons to produce water. ATP production by the electron transfer chain is called oxidative phosphorylation.
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Oxidative phosphorylation The production of ATP by an electron transfer chain using oxygen as the final electron acceptor.
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The heat released during respiration can be used to good effect by organisms. Endothermic animals use it to raise their body temperature above that of their environment. Although plants have much slower rates of respiration and produce less heat, they sometimes do this too. An interesting example is shown in Figure 1.22.
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Anaerobic respiration


Sometimes there is not enough oxygen for an organism to respire only aerobically using the pathways just described, and also some organisms are adapted to live without oxygen. Under these conditions ATP is produced by anaerobic respiration. The only stage in the anaerobic pathway that produces ATP is glycolysis, so although it is fast the process is not as efficient as aerobic respiration, because there is an incomplete breakdown of glucose.


Look back at Figure 1.17. You will see that during glycolysis the coenzyme NAD is reduced. Reduced NAD is normally converted back to oxidised NAD when its electrons are passed to the electron carriers in the electron transfer chain. This can only happen when oxygen is present. Obviously, if all the oxidised NAD in a cell was converted to reduced NAD, the process of respiration, would stop.


In anaerobic respiration in animals pyruvate is converted to lactate. In plants and microorganisms, such as yeast, it is converted to ethanol and carbon dioxide. In both of these pathways (Figure 1.23), reduced NAD is converted back to oxidised NAD. This allows glycolysis to continue.
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REQUIRED PRACTICAL 9


Investigation into the effect of a named variable on the rate of respiration of cultures of singled-celled organisms


This is just one example of how you might tackle this required practical.


Some data for the production of ethanol by yeast is shown in Table 1.3. The rate at which ethanol is produced can be used as a measure of the rate of anaerobic respiration. Yeast cultures were grown in solutions containing different concentrations of glucose under anaerobic conditions. At certain time intervals, the concentration of ethanol was measured.
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1  Plot a suitable graph to show the data in Table 1.3.



2  Use tangents to find the initial rate of ethanol production at each glucose concentration.



3  What is the relationship between the initial rate of ethanol production and glucose concentration?



4  What is the relationship between total ethanol production and glucose concentration?



5  Suggest why the yeast cultures respond differently to different glucose concentrations.
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TIP


Look at Chapter 13 page 249 to find out about tangents.
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TEST YOURSELF





10  Where does glycolysis take place?



11  What are the products of glycolysis and how is each used?



12  Explain the difference between substrate-level phosphorylation and oxidative phosphorylation.



13  What happens to pyruvate if conditions in an animal cell are anaerobic?



14  Rice is grown in swampy conditions. The cells in rice roots are very tolerant to high concentrations of ethanol. Explain how this is an advantage to a rice plant.
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Energy transfer


Once energy has entered an ecosystem, it is transferred through food chains and food webs. Ecologists study feeding habits of organisms so that they can investigate food webs. Some species can be watched directly. The larvae of butterflies and moths – caterpillars – can be observed feeding on the leaves of particular species of plants. The food of other species, such as the badger, can be identified by studying the remains in faeces (Figure 1.24).
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With other animals, particularly small invertebrates, it is very difficult to make direct observations of feeding behaviour. You would be very lucky to see, for example, a ground beetle catch and eat its prey. Even if you did see such an event, you would not know whether it was normal feeding behaviour or whether it was unusual. Ecologists sometimes make use of antibodies in an ELISA test to provide information about feeding behaviour. You will remember the how an ELISA tests works from the first year of your course (see AQA A-level Biology 1 Student’s Book, Chapter 6 page 102).
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Extension


Another source of energy


On page 3 we saw that photosynthesis was the main route by which energy enters an ecosystem. There are other ways, however, by which it can enter. Consider the bottom of the Pacific Ocean. It is pitch dark. No light penetrates its depths. It is also cold. The water remains just above freezing all year round. In a few areas volcanic vents bubble out a mixture of sulfur-rich gases. You might think that life could not possibly exist in these conditions, but it can!


Around the volcanic vents, bacteria are found. These bacteria use the sulfur-containing substances bubbling from the vents. They obtain energy from chemical reactions involving these substances and use it to synthesise the biological molecules that make up their cells. The bacteria support large worms and other invertebrate animals. A community of living organisms exists because chemical energy in biological molecules is transferred from one organism to another through a food web, even though there are no photoautotrophic organisms present.
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EXAMPLE


Using antibodies to investigate feeding


Ecologists can dissect some animals and identify the food remains in their guts. But suppose they wanted to know if an animal, such as a ground beetle, fed on slugs. There wouldn’t be any hard parts to identify in the beetle’s gut. Some of the proteins that made up the slug’s body, however, would be present.
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TIP


You do not need to be able to recall the details of this example for your exam.
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Ecologists can use an enzyme-linked immunosorbent assay (ELISA) to confirm that these proteins come from a specific organism. Figure 1.25 shows how an ELISA test is used to find out whether ground beetles eat slugs.
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Before we look at the diagram in detail, there are two important principles about which we must remind ourselves. We first met these principles in AQA A-level Biology 1 Student’s Book.





•  Different species contain different proteins (see AQA A-level Biology 1 Student’s Book, Chapter 12 page 221). Suppose our ground beetle had been feeding on slugs and, say, earthworms. Some of the proteins found in the slugs would probably be very similar to proteins found in the earthworms so we probably couldn’t tell which animal the protein concerned came from. Some, however, would be different. These specific slug proteins would have specific sequences of amino acids and their molecules would have specific tertiary structures.



•  Antibodies are also proteins. They have specific binding sites. These binding sites mean that they will only bind to molecules that have a complementary shape (see AQA A-level Biology 1 Student’s Book, Chapter 6 page 91). An anti-slug-protein antibody will only bind to one particular slug protein. It won’t bind to proteins from any other species unless they are identical to the slug protein.





Steps 1 and 2 in Figure 1.25 should be easy enough to understand but we may need to explain some of the other steps. We will start with step 3 where the sample of gut contents has been left overnight in one of the wells on the ELISA plate.





1  Three protein molecules are shown attached to the wall of the well. Why do these protein molecules have different shapes?


    Each shape represents a different protein, with a different amino acid sequence, so there are three different proteins shown here. All three could be slug proteins, but it is possible that one or two of them might have come from other animals that the ground beetle had eaten.




2  Step 4 shows anti-slug-protein antibody binding only to a slug protein. Why does this antibody bind only to slug protein?


    This is the point made earlier. Antibodies are specific and an anti-slug-protein antibody will only bind to the protein shown as a blue circle. This is a slug protein.




3  Why is the unbound antibody washed away (step 5)?


    If we don’t wash the unbound antibody away, it will remain in the well. The enzyme on the unbound antibody will result in the coloured product being formed even if no slug protein is present.




4  Not all ground beetles eat slugs. Explain how you would be able to tell if the ground beetle from which you had obtained the gut sample had not been eating slugs.


    There would be no slug proteins attached to the wall of the well to bind to the anti-slug-protein antibodies. Therefore there would be no enzyme to catalyse the reaction in which the colourless substrate was converted to a coloured product.




5  How could you use an ELISA plate to find out whether slugs were important items of food for ground beetles?


    You could add samples from different ground beetle guts to different wells on the ELISA plate. By counting the number of wells where there was a colour change, you could find the percentage of ground beetles that ate slugs.
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Trophic levels


In any ecosystem different organisms gain their food in different ways (Figure 1.26). They feed at different trophic levels. Green plants are primary producers. They produce biological molecules from carbon dioxide, water and mineral ions. They rely on photosynthesis to transfer light energy to chemical energy in biological molecules. The other organisms that make up the community rely either directly or indirectly on the biological molecules produced by the producers. Primary consumers (herbivores) feed on producers. Secondary consumers feed on primary consumers and tertiary consumers feed on secondary consumers. Organisms that are not eaten eventually die. Another group of organisms, the saprobiotic decomposers, digest dead tissues and use the biological molecules that make up these tissues as a source of chemical energy.


[image: ]




Trophic levels The feeding positions organisms occupy in a food web.
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TIP


Some organisms, such as the dark green bush cricket, feed at different trophic levels and some organisms feed on different sources of food when they are larvae and when they are adults. The caterpillar of the peacock butterfly, for example, eats nettle leaves. The adult butterfly feeds on nectar produced by flowers.
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We often talk about food chains, suggesting perhaps that we frequently encounter situations where animal B feeds only on plant A. In turn, animal C only eats animal B, and animal D only eats animal C. This hardly ever happens under natural conditions. Food chains are linked to each other to form complex food webs. Figure 1.27 shows a possible food web associated with a nettle patch.
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Many farming practices are based on an understanding of the energy losses between trophic levels and attempt to reduce them. For example, pests that eat crops divert energy away from the human food chain. Reducing pest populations on crops by the use of chemical pesticides (see AQA A-level Biology 1 Student’s Book, Chapter 13 pages 235–236) minimises the energy losses. This increases the yield.
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TIP


Refresh your memory about the impacts of pesticides in Chapter 13 on biodiversity in AQA A-level Biology 1 Student’s Book.
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Conversion efficiencies among consumers


Intensive rearing of animals for food also involves keeping energy losses to a minimum. On page 11 we considered the efficiency with which energy is transferred to plants in photosynthesis. In this section we will look at the efficiency with which energy is transferred to consumers.


Figure 1.28 shows the percentage of energy transferred between different trophic levels. We can look at this in a different way. If we take a figure of 2% as representing the percentage of light energy conserved as chemical energy in plants, then for every 10 000 kJ of light energy absorbed by the producers, 200 kJ will be incorporated into their tissues.
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Similarly, if we assume that about 10% of the chemical energy in producers becomes chemical energy in primary consumers, then 20 kJ from our original 10 000 kJ will be transferred to the tissues of primary consumers. At each step less chemical energy will be transferred.


Note, however, that the values on Figure 1.28 are only generalisations. There are many factors that influence exactly how much energy is transferred at each stage, as the following examples show.





•  Mammals are endothermic. This means that they are able to keep their body temperature more or less constant at a value between approximately 35 and 40 °C, depending on the species. This high temperature is a result of heat produced during metabolism.



•  Crocodiles are found in many parts of the tropics. Unlike mammals, they rely on their environment to maintain a high body temperature. More of the food they eat can therefore be converted into new cells and tissues, and less chemical energy will be lost in maintaining body temperature.



•  The surface area to volume ratio of a small mammal or bird, such as the humming bird in Figure 1.29, is much bigger than that of a large mammal or bird. Small mammals and birds consequently lose a lot more heat relative to their size and cannot convert as much of the food that they eat into new cells and tissues.



•  In general, carnivores convert the food they eat into new tissue more efficiently than do herbivores. Herbivores feed on plant material and plants contain a lot of substances, such as cellulose and lignin, that are difficult to digest. A much higher proportion of the food that a herbivore eats passes through the gut and is lost as faeces.
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TIP


Endothermic animals that maintain a higher body temperature than their environment will usually have comparatively lower net production because maintaining a high body temperature involves a high rate of respiration.
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Net production in consumers


We can calculate net production (N) of consumers from the equation
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where I represents the chemical energy in ingested food, F represents the chemical energy lost in faeces and urine and R represents the energy loss through respiration to the environment.


Net production of consumers is the chemical energy stored in animal biomass after losses to respiration have been taken into account.


Rearing livestock is a commercial business that needs to be profitable. Clearly, if a farmer is to run a successful business, he or she needs the maximum yields of milk from the milking herd, eggs from the hens or meat from the livestock. In biological terms, the farmer wants maximum net production.


Look at the equation for net production given above. At its simplest, achieving maximum net production involves manipulating conditions so that the animal’s food is as digestible as possible (so reducing the amount of faeces) and the loss through respiration is as low as possible. In this next section, we will look at some of the factors associated with ensuring maximum net production of chickens.


Net production and poultry farming


Commercially, chickens are reared to either produce meat or lay eggs. Chickens reared to produce meat are known as broilers. Figure 1.30 shows growth curves for male and female broilers.
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TIP


Growth and food consumption in broiler chickens is simply an example to illustrate the concept of net production in consumers. You do not need to memorise this example.
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You can see from this graph that intensively reared broilers, fed with high-energy, high-protein food, grow very rapidly. A modern broiler may be ready for marketing 7–8 weeks after hatching. At this age it is still growing and may not have even reached its maximum growth rate. The reason for slaughtering birds at this age can be seen if you look at the data in Table 1.4. Look at the figures for male birds. You can see from the last column that the mean mass of food eaten per kilogram gain in mass rises steadily. In other words, efficiency of food conversion falls. This is mainly because the bird produces less protein-rich muscle and more body fat as it gets older.


Table 1.4 also shows that, by the time they have reached 10 weeks, female broilers have a smaller mean body mass and their efficiency of food conversion is lower than that of males. The difference in efficiency of food conversion may not seem very much – 2.5 kg of food per kilogram gain in body mass compared with 2.4 kg in males – but differences like this have a considerable influence on overall profit.
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TEST YOURSELF





15  State the equation for the net production of consumers.



16  Explain how energy is lost in faeces.



17  It is rare for there to be more than five trophic levels in a food web. Explain why.



18  Trout grown in fish farms are fed special pelleted food. Give two reasons why pelleted food enables farmed fish to convert food into new tissue more efficiently than free-range chickens, which find their own food.



19  Intensively reared broilers are kept under temperature-controlled conditions. Suggest how controlling temperature may increase net production.
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Practice questions




•



1  The diagram shows some of the steps in respiration.
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    a) Where in a cell does glycolysis occur?


(1)







    b) i)  Name molecule X.


(1)


        ii) Name molecule Y.


(1)







    c) Name the step in respiration that produces acetylcoenzyme A.


(1)


    d) What type of phosphorylation produces the ATP in the Krebs cycle?


(1)


    e) Describe how the reduced coenzyme produced by the Krebs cycle is used.


(2)







•



2  The diagram summarises the steps involved in photosynthesis.
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    a) Name molecule Z.


(1)


    b) Name the three-carbon sugar produced by the light-independent reaction.


(1)







    c) i)  Which enzyme catalyses the reaction between carbon dioxide and ribulose bisphosphate in the Calvin cycle?


(1)


        ii) What is the product of this reaction?


(1)







    d) Describe and explain what happens to the ribulose bisphosphate concentration if a plant is placed in the dark.


(2)







•



3  The trophic levels in a food web can be numbered, starting with 1.0 for primary producers, 2.0 for primary consumers and so on. The table shows the mean trophic levels of marine fish caught for human food in the period 1950 to 2000.






	Year 

	Mean trophic level 






	1950 

	3.37 






	1960 

	3.36 






	1970 

	3.39 






	1980 

	3.29 






	1990 

	3.26 






	2000 

	3.21 
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Figure 1.3 A transmission electron micrograph of a chloroplast. This
chloroplast is approximately 5pm indiameter.
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Figure 1.12 Effect of carbon dioxide concentration on rate of photosynthesis in wheat.
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Figure 1.30 Growth curves for male and female broilers
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Figure 1.28 Only a small percentage of energy is transferred from one trophic
level to the next. The rest is used to make ATP in the process of respiration and is
-ventually Lost as heat
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Figure 1.19 The Krebs cycle plays a very
important part in respiration. It is the
main source of reduced coenzymes,
which are used to produce ATP in the
alectron trancfer chain
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Figure 1.22 When a cuckoo pint
flowers, the temperature of the
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35 15°C above the temperature of
the environment. This increase in
temperature causes molecules of a
substance similar to substances foun
in facces and decaying bodies to be
released. This attracts the flies that
pollinate cuckoo pint flowers.
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Figure 1.23 Anaerobic respiration allows organisms to produce ATP in the
absence of oxygen
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Figure 1.10 Graph showing changes in the amount of some radioactive
substances in a leaf in light and dark conditions, after being given
radioactively labelled carbon dioxide
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Figure 1.15 A calorimeter used to measure the energy
-eleased when a sample of heather is burned
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Figure 1.7 Results of an investigation using spinach
chloroplast extract with DCPIP.
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Figure 1.6 How the electron transfer syster and ATP synthase molecules are embedded in the thylakoid
membrane
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Figure 1.18 The link reaction. The
boxes show the number of carbon
atoms in the molecules involved in the
respiratory pathway.
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Figure 1.1 Limiting factors: the effects of light intensity, carbon dioxide
concentration and temperature on the rate of photosynthesis.
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Figure 1.2 The main steps in photosynthesis. The substances entering and leaving
the leaf can be arranged to give the basic equation for photosynthesis
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Figure 1.1 A summary of the ways in which energy is transferred within and betweer
organisms. Note that, each time a transfer occurs, some eneray is lost as heat.
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Figure 1.13 This wheat crop conserves only a small percentage of the incident light energy as chemical
enerqy in organic substances.
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Figure 1.26 The transfer of energy in an ecosystem. The boxes represent trophic
evels. The arrows show the direction in which energy is transferred.
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Figure 1.27 A simplified food web showing some of the
srganisms that feed on nettles.





