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PRAISE FOR TEACHING SECONDARY SCIENCE



By writing Teaching Secondary Science, Adam Boxer has given us a window into his teaching philosophy. His book wonderfully breaks down the concrete aspects of great teaching, allowing experienced and novice teachers alike to gain insights. It shows how he teaches and, most importantly, also why he teaches that way. Meticulously researched and referenced, this book includes theory sidebars in each section, which justify Boxer’s decisions in a way that is clear without interrupting the flow of the book.


Often books by subject specialists that focus on teaching suffer from a lack of self-awareness. While the evidence and theory sections are all strong, the highlights of each chapter are the detailed examples Boxer provides along the way. These help frame the ideas being discussed and provide a tangible guide to their implementation. Teaching Secondary Science is a must for all science teachers looking to learn from one of the country’s most well-respected teachers.




Adam Robbins, head of science, The Regis School, and managing editor, CogSciSci




In many ways this book captures the essence of those powerful conversations in science departments and between mentors and student teachers. The elegant way Adam, using scenarios, explains the what and the why of his planning, provides ideas that could enhance all science teachers’ professional knowledge.




Andrew Carroll, Brunel University




In Teaching Secondary Science, Boxer methodically separates out the components of effective science teaching, like a paper chromatography experiment, revealing the techniques and routines that will supercharge any science classroom. Adam elucidates a range of principles derived from the field of cognitive science and applies them to the science classroom in a range of highly practical ways. This is a resolutely pragmatic handbook for science teachers and curriculum leaders who want to improve the way that science is taught in their schools.




Andrew Percival, deputy headteacher




A reasoned, clear-headed tour de force of evidence-informed teaching principles and practical exemplification that should be part of every science teacher’s CPD library.




Ben Littlewood, director of science, United Learning




Adam has written the book on secondary science teaching. If I’d read this at the start of my teaching career it would have been totally transformational. Reading it now, having taught for 16 years, it’s given me more ideas and inspiration than any other education book I’ve read. In every chapter Adam dissects a key aspect of science teaching, offering clear, insightful and accessible strategies that you can use in your classroom. Comprehensive, thorough, evidence-informed and (above all) immensely practical, this book will offer a huge amount to anyone involved in teaching secondary science, from NQTs to experienced teachers




Bob Pritchard, content specialist (science), Education Endowment Foundation and lead practitioner (science), Ellesmere Port Church of England College




I expected this book to be good. But it is way beyond good. Without a doubt it is one of the best education books I have ever read. I’d rate it up there with Willingham’s Why Don’t Students Like School?


Why it is so good – and this is unsurprising considering a whole section of the book is about how to explain things well – is because Adam persuasively explains and contextualises why we need to plan around core questions, why we need to understand what prerequisite knowledge our students require in order to understand, why and how to assess this and address gaps. He explains what the factors are that make something more or less challenging, and how we can tweak one or more factors to move the challenge level up or down. He stresses that, since forgetting is an utterly predictable and normal part of learning, teachers can’t ignore this – since we know that regular and well-planned retrieval practice will avoid the pitfalls of the ‘fire and forget’ approach.


This book should be required reading for all secondary science teachers. But this is actually a book about good teaching. Teachers from other subjects and primary school teachers, if they are prepared to extrapolate from the science-based examples to their own context, could also learn much from sections, particularly about good explanations, differentiation, diagnostic assessment and retrieval.




Clare Sealy, head of curriculum and standards, States of Guernsey




Teaching Secondary Science is unlike any book on how to teach science that I have read. It explores the challenges of teaching subject knowledge using everyday classroom examples that all science teachers can identify with. There are no gimmicks, just a deep focus on understanding the subject matter, which will be useful to all science teachers, and especially to those asked to teach outside their science specialism




Dom Shibli, senior lecturer, secondary science, School of Education, University of Hertfordshire




Great teachers understand the content they are teaching and how it is learnt, a recent study of evidence in education notes. While Adam Boxer shares that observation in this book, he’s gone several steps better, using cognitive science and extensive experience in the classroom to ensure science teachers are masters of both the what and the how of their subject. The book is specific, insightful and knowledgeable. It will help every teacher of science translate their knowledge of and love for the discipline to their students




Doug Lemov, author of Teach Like a Champion




This book is the next and much-needed step in bridging the science of learning and teaching science. Boxer’s writing is deeply informed by the cognitive science of learning, and presents a constructive and coherent structure, clear and concise explanations and, above all, myriad examples and models of how the principles are translated into practice in the science classroom. This book is sure to inform and inspire any science teacher, and may even lure others into the profession.




Efrat Furst, learning sciences consultant and educator




When I first became a head of science, I could have made good use of a resource such as Adam Boxer’s excellent new book. Science education is too often built around a series of activities, sometimes for seemingly no other reason than that they are the activities we have always done. From the outset, Adam asks why. The answers he proposes in response are detailed and clear, providing a valuable map for anyone interested in constructing a knowledge-rich science curriculum.




Greg Ashman, teacher, writer and researcher




There’s a wealth of books available elucidating what educational research says on all manner of topics. I love reading these books and learning the theory, but I’m often left with a question: “How do I put this into practice?” In Teaching Secondary Science, Adam Boxer has gone the extra mile, making the abstract concrete and opening the door on what an evidence-informed science classroom looks like in practice. With a wealth of examples, draw from his experience in the classroom, Adam breaks down the fundamentals of effective teaching, from selecting the important knowledge through instruction, practice and checking for understanding, to assessment and of course, practical lessons. Although primarily a practical guide, this book is rooted in research evidence which is signposted and succinctly summarised. This is a book that I will return to frequently and recommend widely, an absolute ‘must-read’ for science teachers.




Helen Skelton, head of science, Beaumont School




Many books for teachers are ‘useful’ in the sense that they offer classroom-ready activities. Other books are largely theoretical, describing learning and teaching in general terms. Adam Boxer has written the rarest of all things in education: a theoretical book about teaching that is also useful. He achieves this by giving clear answers to questions that often go unexamined, such as ‘What constitutes a good explanation?’ or ‘Why are some questions so challenging for students?’ I personally learned so much from his perspective on explanation, which isolates sturdy patterns that can be used to make a technical explanations more legible to listeners. Throughout the book, Adam helpfully illustrates his ideas with lesson scripts, imagined scenarios, and evocative images. He builds a world of instructional ideas just as methodically as he develops a model of diffusion. And along with everything else, this book is a beautiful model of how to write about teaching, which is influenced by research without getting bogged down in it.




Michael Pershan, mathematics teacher and writer




This book is a real joy to read. It will be an important primer for experienced teachers, and invaluable for those who are just starting out in our wonderful profession. Much of the skill of teaching lies in the split-second decisions we make, the way we respond to things as they happen, and the preparations we make before we even walk into the classroom. In this book, Adam Boxer articulates the minutiae of the decisions, choices and plans he makes, in a way that is readable and accessible, but also detailed and absorbing. Adam’s explicit explanation is important because, as a teacher, you don’t just want to be told what to do; you want to know why it is you should do something.


For less experienced teachers, this is an essential guide to teaching our fascinating subject, full of practical ideas and concrete examples from Adam and other teachers. But even if you’ve been teaching for a longer time, this book will prompt you to reflect on why you make the decisions you do, and support you to develop your practice further. There is something in here for every science teacher, and they will all benefit from reading it.




Dr Niki Kaiser, chemistry teacher and research school director




Lee Shulman closed his AERA presidential address ‘Knowledge growth in teaching’ with the following words: “Those who can, do. Those who understand, teach.” This book takes Shulman’s words one level higher, namely that those who understand teaching help teachers to understand teaching. It’s a perfect example of Adam’s deep knowledge of science, of science teaching and, more importantly of what a teacher needs to know and understand in order to become a great science teacher. A must-read for all science teachers, and required reading in all curriculums for future science teachers.




Paul A. Kirschner, emeritus professor of educational psychology




In Teaching Secondary Science, Adam presents specific strategies to help teachers build in retrieval practice during lessons, and build a culture of learning with students. He harnesses the science of learning to help students learn science.




Dr Pooja K Agarwal, cognitive scientist and author, Powerful Teaching: Unleash the Science of Learning




There is a growing shift among teachers in this country towards teacher-led, explicit instruction. This book is an outstanding contribution to the discussion about what makes excellent teacher-led science teaching.


Adam Boxer masterfully dissects specific evidence-informed skills and techniques that lead to strong pupil outcomes, and explains how to implement them in clear, concrete terms. It’s rare to find a book with both exceptionally high utility and clarity. I have no doubt this book will become canonical in science teaching.




Pritesh Raichura, head of science, Michaela Community School




Teaching Secondary Science is a generous and methodical compendium that will no doubt become a mainstay in the science teaching community. Based on practical wisdom drawn from his own experience in the classroom, Adam’s writing is compelling, rooted in sound theory, and wholly practical by design: it’s laden with accessible, concrete examples anchored to the principles of effective learning and effective teaching, providing firm foundations for selecting and adapting best-bet strategies in the classroom. I envisage well-thumbed copies of Teaching Secondary Science becoming a common sight in many science departments.




Stuart Kime, director, Evidence Based Education




Physics, chemistry and biology are empirical disciplines which all pupils have a right to experience and know plenty about. That is why science is a core subject in England.


Subject-specific pedagogy is hard, and departments in good schools spend years debating, discussing and developing their models, explanations, organisation and assessment of the subject. Because it is so hard, it is too easy to focus on the generic, to borrow from books and articles that, on the surface at least, apply to all subjects. Such an approach often isolates the teacher.


It is said that it takes 10 years of deliberate practice to become an expert teacher of a subject. Well, science teachers now have a short cut, as Adam Boxer distils his experience and expertise into an extensive encyclopedia of teaching strategies for specific areas of the science curriculum. Without preaching, Boxer anticipates misconceptions, breaks down explanations, unpicks assessment and makes suggestions for science teachers at all levels of experience.


This is a treasure. It is worth reading and returning to. Crucially, I have no doubt that it will mean that a lot more young people will be furnished with the scientific knowledge and experiences that should be the entitlement of all pupils. I’m in awe of and am grateful for Boxer’s contribution, and will be buying copies for my science departments.




Stuart Lock, chief executive, Advantage Schools




Adam Boxer has thoughtfully crafted an incredible book, which brings together theory, evidence and practice in the context of teaching secondary science. It is clear that Adam has spent a long time digesting key ideas, and has applied them in his own teaching. His explanations are clear and the theory sidebars are incredibly useful summaries, as are his chapter takeaways. One of the key aspects of the book is the way that key ideas and concepts are revisited several times so as to bring them alive – for example, retrieval practice and use of mini whiteboards. Boxer uses examples and non-examples throughout, which demonstrate not only how to achieve best practice but also a deep understanding of how teachers teach as well as why and how they can improve. The specific context of science not only helped clarify my understanding, but it also had me thinking throughout about how the same could be achieved in other subjects. I would argue that this is as essential a read for primary teachers as it is at secondary.




Tarjinder Gill, year 5 teacher




Adam Boxer is the voice of the modern, evidence-informed teacher and, frustratingly, also one of our best writers. Everything in this book is rooted in two fields, evidence and practice, and it represents the first blooms of a new dawn in teaching, where pedagogy is driven by the best of what we know from research. Read it cover to cover.




Tom Bennett, founder, researchED




Adam Boxer’s Teaching Secondary Science is a tour de force. He combines his extensive knowledge of research and experience of teaching science to take us deep into the detail and complexity of the teaching process, far beyond any similar book I’ve read. Adam’s wisdom stems from understanding teachers’ reality that you are simultaneously enacting a curriculum, and thinking about concepts, questions and explanations, running a room full of students and making sure all of them are with you, thinking hard and following the curriculum path you construct for them.


It’s rare to find a book that examines teaching at the level of detail that Adam does; it’s a fascinating read for that reason alone. The curriculum examples bring the ideas alive superbly well and, coupled with the succinct ‘theory sidebars’ and the brilliant ‘direction of travel’ concept, this book provides an excellent framework for teachers to develop their practice. It’s especially good for science teachers, but I’m sure many other teachers will gain a great deal from engaging with Adam’s insights and ideas.




Tom Sherrington, author and education consultant
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INTRODUCTION






Two years ago, for the introduction of The researchED Guide to Explicit and Direct Instruction, I wrote the following:


When I first qualified to teach, I considered myself a ‘social constructivist’ in my approach to teaching and to learning. In this regard, I was quite unremarkable, and completely in line with the educational orthodoxy at the time. I believed that there was a specially privileged place for knowledge which students had generated themselves and that, somehow, information which was directly provided for students by teachers was less well embedded in their consciousness. In this vein, I felt comfortable in having met the teaching standards, and had no self-doubt at all when it came to ticking off the sub-clause in Teachers’ Standard 2 stating that teachers must ‘demonstrate knowledge and understanding of how pupils learn and how this impacts on teaching’.1 As such, my students completed many open inquiries, research tasks and discovery-based activities. They constructed definitions for themselves, gleaned vital information from posters stuck around the room and spent lots of time teaching each other. I don’t think I was particularly remarkable in this regard: my practices were never challenged and feedback was always about surface details of the lessons, not about the philosophy that underpinned them.


A few years into my career, I came across the Sutton Trust’s ‘What makes great teaching?’2 Within the report, the authors summarised foundational and robust research findings that would best support teacher quality. One section was headed ‘ineffective practices’, and true to its title, went on to list a number of teacher activities that were either unlikely to lead to improved learning or would actually harm its progress. Some of these I knew about already: I knew that learning styles were bunk, that lavish praise could be counterproductive and that grouping students by ability was precarious at best. What I was not prepared for was the simple statement that an example of an ineffective practice was to ‘allow learners to discover key ideas for themselves,’ with the authors arguing that:


Enthusiasm for ‘discovery learning’ is not supported by research evidence, which broadly favours direct instruction (Kirschner et al., 2006). Although learners do need to build new understanding on what they already know, if teachers want them to learn new ideas, knowledge or methods they need to teach them directly.


In fewer than 50 words, a foundational plank of my educational philosophy had been removed. I had made claims to being an ‘evidence-informed’ teacher and thought that my practices were well supported by the literature. This was the first serious challenge to my teaching I had received.


I followed the report’s citation to Kirschner et al.’s 2006 article, which reviewed the evidence from the cognitive sciences regarding how minimal guidance during instruction was significantly less effective than fully guided, teacher-led instruction.3 From there, I was slowly introduced to the arena of the cognitive sciences and stronger models of human thought and condition than I had previously used to satisfy the second Teachers’ Standard.


Since that time, my practice has changed quite significantly, and I believe for the better. I have made a conscious effort to improve my skill in areas like crafting explanations or designing complex but appropriately challenging question sets. Unfortunately, my progress has been slow and frustrating, and when I first wrote the story above in 2019,4 I was in the middle of that frustrating journey. A good chunk of this frustration came from the fact that, until recently, I worked in schools where the style of teaching I wanted to execute was quite unique to me – nobody else taught in that style or particularly wanted to, which meant I got feedback from a different paradigm of teaching. I felt like we were speaking different languages. Though I have been lucky enough to work in wonderful schools, when it came to teaching and learning, we were swimming in opposite directions.


Another large chunk of that frustration came from the lack of institutional wisdom regarding this style of teaching – I couldn’t look around me for blogs, books and articles about explanations or practice sets or retrieval practice in science because they didn’t yet exist. For example, out of the three textbooks I bought for my PGCE (one general, two science specific), there are no sections at all on how to explain things. There are no sections at all on how to write practice sets. There are no sections at all on how to embed a culture of retrieval practice to ensure the health of students’ long-term memories. There are no sections at all about how to select content and sequence it over time. Just a few years ago, for a science teacher wanting to teach in a particular style, there was very little out there.


As time went on, more and more science teachers started talking about these kinds of thing (in no small part down to the wonderful #CogSciSci community), but we were all in the same boat. Teachers at different schools, working in different cities and different contexts who could only ‘observe’ each other’s practice via blogs, tweets, and the occasional conference presentation.


In recent years, my progress has been accelerated by joining The Totteridge Academy as head of science. Working in a school where colleagues have similar ideas about teaching and learning has allowed me to receive high-quality feedback from colleagues across the school that has related directly to the areas I wanted to improve in. I had a mental image of the teacher I wanted to become, and I was now in daily contact with teachers and leaders who shared that image and could help me work towards it.


More importantly, though, as head of department I was trusted not just with the bureaucratic spreadsheet-laden humdrum that comes with being a middle leader, but also with improving the teaching and learning in the entire department. At TTA, improving classroom practice is the most important thing that we do, so taking the lead on it forced me to do two things.


Firstly, it forced me to become more concrete in my thinking. My articles and blogs from before that time were heavily theoretical and philosophical. They were about ideas and were written to explore those ideas and convince readers that they might be worth pursuing. As a head of department, ideas are all well and good, but putting them into practice is more important. I now had to show people what I meant by those ideas and work with them to look at ways in which they could apply to the messy reality of the classroom, rather than the carefully manicured window display of blogging and social media.


Secondly, though in a related vein, I not only had to become more concrete but also had to become a better communicator. I had to find quick and easy ways to distil the strategies and techniques we were devising so they could be better disseminated around the team. I would see a teacher doing something I thought was great in a particular lesson, but had to turn that into a generalisable strategy that could be used in other lessons and quickly communicated to other teachers. It wasn’t effective or efficient to say things like ‘Hey, do you remember that time that Danny gave this explanation where he started by talking about ice and water and then moved on to particle diagrams? That was really great, and in this lesson I feel like you could have done a similar thing and talked about the boat’s speed changing as it moved through the water before you spoke about water resistance, air resistance and thrust,’ when I can just say ‘You didn’t follow the concrete → abstract DOT!’ (see Chapter 16). Devising a shared language looks a bit funny to those who aren’t familiar with it, but for those on the inside it’s crucial as a tool for global and collaborative improvement.


Another problem I have needed to address over the last couple of years relates to the fragmentary nature of the online science teacher community’s output. If your knowledge is gleaned from ad hoc blog posts, interesting conference talks or generalist books about teaching, you have to do quite a lot of work to turn those isolated learning experiences into something comprehensive or cohesive. A unified method is always going to outperform a disparate collection of ideas with no sense of organisation or overarching structure, and I wanted to try to tie together everything I had learnt and seen into a coherent style of teaching that covered pretty much every aspect of the craft. Of course, an infinite number of potential classroom scenarios means that no work in this area will ever be truly complete, but I think it’s possible to get a good chunk of the way there.


In light of the above, this book is written for the following reasons:




	I want to stop you having to go through the same isolation and long journey of improvement I went on. This book outlines the things I learnt in that time, and it may help you skip that period of lonely and frustrating self-improvement.



	I want to communicate these ideas and strategies to you, so this book uses a jargon that will probably be unfamiliar to you. Of course, I will try to explain every term clearly, and there is a glossary at the back with further examples. I hope you find this shared language helpful, even if it is a little odd at times.



	I want to be as concrete and useful as possible, so this book is quite light on ideology and philosophy. This book is not a polemic; I am not trying to convince you of anything. I am trying to give you ideas that may be useful in your classroom. As such, this book is not intended to be interesting or enlightening. It is intended to be useful. If you find it interesting, stimulating and challenging as well, so much the better – but the main point is to be useful.



	In a similar vein, I didn’t want to write yet another book about the theory behind cognitive science or why it is important. There are enough books like that around, and they are written by more skilled and knowledgeable authors than me. This is a book about how to apply those principles in a concrete fashion. I have included snippets of theory as sidebars to the text, but they are there so that you understand why I am saying the things I am saying; they aren’t the core driver of the book.



	I am acutely aware that a lot of the books about teaching are about teaching in general. This is a book about teaching science. I don’t know much about teaching subjects that aren’t science and don’t pretend to. Everything in this book is about teaching science. I like to think there are helpful ideas in here for non-science teachers too, but I am aiming primarily at the science classroom.



	I want to build a unified and coherent method of teaching that will help guide science teachers through the overwhelming majority of classroom scenarios.






I hope this book achieves those ends. I hope that its existence means you can skip part of the road I had to walk. But I also hope, far more selfishly, that it means you get to the point where you can innovate in your classroom and share your findings. I think I’ve made clear that we only get better when we work together, and the more people working on the same project, the more we will all grow and develop. And, as I will say again later, even though it would be nice if you found this book interesting, my main hope is that you find it useful.




1. DfE (2011) ‘Teachers’ Standards’. Available at www.bit.ly/2YrExSY [Accessed: 28/7/21]



2. Coe, R., Aloisi, C., Higgins, S. & Major, L. E. (2014) ‘What makes great teaching? Review of the underpinning research’. Durham University, UK.



3. Kirschner, P., Sweller, J., & Clark, R. E. (2006) ‘Why minimal guidance during instruction does not work: an analysis of the failure of constructivist, discovery, problem-based, experiential, and inquiry-based teaching’. Educational Psychologist, 41(2), 75–86. www.bit.ly/3jdYQ3K.



4. Bennett, T. & Boxer, A. eds., (2019) The researchED guide to explicit and direct instruction. Melton, UK: John Catt.





















STRUCTURE OF THIS BOOK






This book is in three main parts. The first part is the introduction-type stuff, i.e. what you are reading right now. The second part is the main body of the book, and establishes in detail the things I have learnt about teaching science. The third part contains the glossary I promised earlier, as well as a series of my answers to questions I have been asked about science and science teaching.

















GENERAL READING






In the introduction, I set out clear aims for this book, to be:




	concrete



	theory light



	helpful



	not overly ideological/philosophical



	science specific






That’s not to say that books that are abstract, theory heavy, overly ideological and generic aren’t important; it is to say that they exist already. Here I have collected a few of the books that have influenced me the most, and I encourage you to try them out if you are interested. There are of course a great many books that aren’t on this list. I’ve just tried to select the few most easily accessible ones.




General psychology and cognitive science


Why don’t students like school? – Daniel Willingham


Seven myths about education – Daisy Christodoulou


How learning happens – Paul Kirschner and Carl Hendrick


The science of learning – Edward Watson and Bradley Busch







General teaching


Teach like a champion 2.0 – Doug Lemov


The researchED guide to explicit and direct instruction – Tom Bennett and Adam Boxer (eds)


The power of explicit teaching and direct instruction – Greg Ashman







Science teaching


Make every science lesson count – Shaun Allison


The big ideas in physics and how to teach them – Ben Rogers


Cracking concepts in secondary science – Adam Boxer, Gethyn Jones and Heena Dave


Applying cognitive science to the science classroom – Frederick Reif







Science blogs


The most interesting, pragmatic, applicable and cutting-edge work in science education comes mainly through science teachers’ blogs. No doubt, by the time this book is published there will be dozens of new ideas that have emerged via science blogs, just a bit too late to be included. I suggest you go to the CogSciSci website (which has its own blog too) and click the ‘who we are’ tab, where you will find links to 15+ science blogs.


www.cogscisci.wordpress.com
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PART 1:


SUBSTANCE





This section of the book deals with the substance of what you are going to be teaching: the knowledge you want your students to have by the time you are done with them. Building your students’ knowledge isn’t as straightforward as you might think, and involves careful thought and planning and the development of a positive culture around learning.




















CHAPTER 1:


WHERE TO START?





Grace is in her second year of teaching science. She’s in the middle of a year 8 unit on ‘energy in biomass’ and is up to lesson ‘8F.2: Photosynthesis’. She opens up the shared drive and starts browsing through the resources in the folder. There are six PowerPoints, each with a different initial after them, and 11 worksheets. It looks like some of the worksheets are the same, just with slightly different formatting. She finds the PowerPoint and worksheet that looks the best and sends it off to print. The lesson seems to be going fine, until halfway through when Grace gives out the worksheet and the students start asking a lot of questions. Most of Grace’s lesson until now had been about the process of photosynthesis and various limiting factors. The second half of the worksheet was a series of questions about how substances necessary for photosynthesis are transported around the plant. Having not been taught any of this content, the students were – quite understandably – fairly perplexed. Frustration followed as Grace tried to go from student to student lending help, and before long the entire lesson was completely derailed.


I doubt the scenario above is particularly unfamiliar. A malaise has spread across science teaching where resources have just built up over time, cobbled together from old textbooks, discontinued National Strategies, paid-for schemes of work, key stage 3 SATs questions and the like. This, coupled with many other factors, has led to a problem where we – as Grace is a proxy for all of us – have lost sight of the most important question in science teaching: ‘What exactly do I want students to know by the time I am done with them?’


This issue has been compounded by a national curriculum (NC) that has low specificity – it does not provide specific information, but talks in more general terms. Take this statement from the key stage 3 science NC: ‘Pupils should be taught about … the reactants in, and products of, photosynthesis, and a word summary for photosynthesis … [and] the adaptations of leaves for photosynthesis.’5 This statement leaves us with more questions than answers:




	Do students need to know where the reactants come from?



	Do students need to know where the products go to?



	Do students need to know how molecules of glucose can be bound together?



	Do students need to know about starch and cellulose?



	Do students need to understand the concept of a limiting factor?



	
What is a word summary?




	Is this a word equation?



	Is this a sentence summary of what is occurring? Like a narrative?








	Which specific adaptations of leaves should we include and which should we omit?






And so on. Understandably, one teacher chooses to focus on certain areas when they prepare resources, and another chooses to focus on other areas. Who is right? Both? Neither? What about when the assessment comes along and there is content that the first teacher taught but the second didn’t? And what happens when a science teacher new to the school or the topic, short of time and desperate for a quality resource, picks one and not the other, unwittingly being drawn into teaching some content, but not all of it?


The low specificity of the NC means it is best thought of as the title, and no more. Your lessons and your plans must have high specificity: a granular delineation of exactly what you want students to know. Your teaching and your resources are then planned around that content. Grace’s teaching is effectively resource-led – it’s about first finding a resource that looks workable in the class and then planning around that. This failure to adequately consider the content of the lesson before considering how it is to be delivered will lead to many problems both in class and further down the line. Your teaching has to be content-led – about figuring out what you want students to know by the time you are finished with them, and building your explanations and work around that.


How is this best achieved? I’ve personally found conceptualising the content as a series of questions and answers to be the best route for achieving high specificity. Using the same example as above, I think about the list of questions I would want students to be able to answer about photosynthesis by the time I am finished, and it might look something like this:


















	1


	Give a word equation for photosynthesis


	Carbon dioxide + water → glucose + oxygen







	2


	In photosynthesis, where does the carbon dioxide come from?


	The air







	3


	In photosynthesis, where does the water come from?


	The roots (which are usually in soil)







	4


	In photosynthesis, where does the glucose produced go to?


	All around the plant







	5


	What is glucose?


	A molecule produced in photosynthesis







	6


	What do plants use glucose for?


	Respiration and growth







	7


	In photosynthesis, where does the oxygen produced go to?


	The air







	8


	In photosynthesis, where does the light come from?


	The Sun







	9


	In the photosynthesis word equation, why is light not included as a reactant?


	It is not made of matter (atoms)







	10


	Where does photosynthesis take place in a plant?


	Mostly in the leaves







	11


	Which kind of cell is specialised to conduct (do) photosynthesis?


	Palisade cell







	12


	How is a palisade cell adapted to its function?


	Cuboid shape, lots of chloroplasts, found at the top of leaves







	13


	Why does the palisade cell have a cuboid shape?


	So many palisade cells can pack together efficiently







	14


	Why does the palisade cell have lots of chloroplasts?


	To absorb lots of light for photosynthesis







	15


	Why are palisade cells found at the top of leaves?


	Because that’s where most of the light is










I’m hoping you disagree with some of my choices. If you don’t, here are some of the things I thought about while writing them:




	
Should I include a question ‘What is photosynthesis?’ If I do, how am I going to define this in a way that year 8 will understand?




	Most textbook definitions refer to changing energy from light into chemical energy, which isn’t consistent with the language of stores and pathways that we currently use.



	Some definitions reference the production of ‘food’, but that isn’t quite right either – it could lead to the idea that plants somehow eat it, or they do photosynthesis to be food for us.



	Calling it ‘the conversion of light, water and carbon dioxide into oxygen and glucose’ could lead to conflation of light with material substances.



	Calling it ‘the conversion of water and carbon dioxide into oxygen and glucose in the presence of light’ seems a little long winded, and probably too much to expect students to memorise.



	Do they really need to be able to give a formal definition? If a student can identify a word equation for the process and explain that it only occurs in the presence of light, is that not enough?








	I need to make the distinction between light and matter clear, so I include question 9 explicitly. I’m struggling to find the right words for a year 8 to adequately understand the distinction, so I include the terms ‘matter’ and ‘atoms’ to try to help a bit.



	I don’t want students to think that the water for photosynthesis comes solely from rain – a fairly common misconception. Plants get their water from their roots, which in turn might obtain it from rain or some other source. Saying ‘from the soil’ would be a good way to deal with this, but epiphytes like orchids don’t quite work like that, so I add the word ‘usually’. It covers my bases but allows me to develop my ideas a bit more in class through lots of examples and use of hinterland (see Chapter 16)



	Students tend to think of cells as two-dimensional, so I will explicitly build in that palisade cells are cuboid.



	I’m not sure about question 5. ‘What is…’ questions are always a little tricky, and I think this is no exception. I think the question sequence could survive without it, so I would rather delete it.



	I’m not sure about the answer to question 14. A plausible alternative in year 8 could be ‘to conduct lots of photosynthesis’. The original emphasises that chloroplasts absorb light, but the alternative emphasises that the chloroplasts actually do photosynthesis. Perhaps they can be amalgamated to ‘To absorb lots of light and use it for photosynthesis’. At this point, I would confer with a biology specialist.



	Selection: there are lots of adaptations of leaves that I did not include. A line will always have to be drawn somewhere, and many similar items can – and should – be debated with other teachers.



	Sequencing: I put the questions about light after the questions about the reactants involved. Is that the right way to do it, or should I start with light and then ask about the reactants?






These are just a few thoughts to demonstrate what was going through my head. In truth, pretty much every question there can be dissected and developed in the same way, and the reason why I hoped you found something to disagree with is because there are a number of legitimate ways to phrase and sequence the questions. That doesn’t mean that anything goes, but it does mean that the activity of writing questions like this gets you thinking hard about the content – both the ‘what’ and the ‘when’.


I call lists of questions like this core questions. The act of crafting them is transformative, and will radically change the way you think about the content you are delivering. When done collaboratively (as with the question I want to ask to a biology specialist) they develop both your school subject knowledge and your pedagogical content knowledge.




SCHOOL SUBJECT KNOWLEDGE (SSK) AND PEDAGOGICAL CONTENT KNOWLEDGE (PCK)


These terms are crucial when discussing the knowledge that effective teachers have to hold. Though there isn’t unanimity in the literature in terms of their strict definitions, I think the below serves as a useful working definition:




[image: Circular comparative profiling of School Subject Knowledge (SSK) and Pedagogical Content Knowledge (PCK) about photosynthesis.]




You can assume that a professional botanist knows all the content you are going to teach in school about photosynthesis. This is your school subject knowledge. Of course, there will be lots the botanist knows about plants and photosynthesis that you don’t. There is, however, a lot of stuff you know about plants and photosynthesis that they also don’t know, which relates to the way that it is taught and understood. A botanist, parachuted into a classroom, would do a worse job of explaining the principles of photosynthesis than you would because there is so much they don’t take into account: what students already know, the misconceptions they might hold, the best way to construct an explanation of photosynthesis, the misconceptions students might gain as a result of clumsy wording and so on and so forth. We call that your pedagogical content knowledge, and I generally frame this as ‘the content you know about your subject that a professional working in that discipline wouldn’t know’.


Writing core questions increases your SSK and your PCK. It means that the content – the very substance of education – is first and foremost in your mind.




THEORY SIDEBAR 1.1: SSK AND PCK


Does increasing subject knowledge increase the effectiveness of teaching? We can tell for sure that if a teacher has zero subject knowledge, they will not be effective, but how does their effectiveness increase with subject knowledge? Is it linear? Is it exponential? Is there a plateau at a certain threshold? Unfortunately, the research doesn’t really provide the answers. There are a number of measurement problems in both variables – measuring teacher effectiveness is extremely difficult, and measuring teacher subject knowledge can also be vague – resulting in an inconclusive literature.


There seems to be stronger support for pedagogical content knowledge as a predictor of teacher effectiveness, but even within that, different sources define the term slightly differently and focus on different aspects, again resulting in a relatively inconclusive literature.


Despite the difficulties above, Evidence Based Education’s recent review of the research comes down fairly conclusively: ‘Great teachers understand the content they are teaching and how it is learnt.’


Further reading:


Coe, R., et al. (2020) ‘Great Teaching Toolkit Evidence Review’. UK: Evidence Based Education.


Shulman, L. (1986) ‘Those who understand: knowledge growth in teaching’. Educational Researcher, 15(2), pp.4–14.










PLAY TO THE CONTENT, NOT THE BELL


Most schools and most schemes of work will give you a lesson title and maybe a couple of objectives and tell you ‘This is what happens in lesson 1; this is what happens in lesson 2’ etc. This approach fails for a number of reasons:




	Different schools have different lesson lengths.



	It’s close to impossible to predict in advance how long something will take.



	It removes the ability of the teacher to respond to unexpectedly weak or surprisingly strong class understanding.






Core questions allow you to remove yourself from this quandary. Instead of saying ‘In this lesson, I need to do X,’ you say, ‘In this unit, I need to teach these questions.’ How long will it take? You don’t know: the principle is that you are using the time you have to work through the content that you have. Time is a resource, and – as above – your teaching should not be resource-led. Your teaching must be content-led: you progress at the pace that is demanded by the complex interaction between the content and your students’ growing understanding, the arbitrary chiming of the bell’s only purpose being to tell you that you need to pause for today, ready to resume again soon.


For this reason, throughout this book we will not refer to planning or teaching ‘lessons’; we will refer instead to learning sequences. A learning sequence is a process of taking a particular chunk of knowledge and delivering it. Sometimes, that chunk of knowledge may only take 10 minutes for you to deliver and for students to practise and embed. So be it. Sometimes it may take a number of hours, populating two weeks’ worth of lessons. This gives us the advantage of seeing the content as a journey – a narrative or sequence spread out over time – and moves us away from a myopic focus on a 50-minute block.







THE LIMITS OF CORE QUESTIONS – PROCEDURES


Let’s say you are teaching your students how to balance a chemical equation. Which of the questions below is it important that they be able to answer?




	What is a balanced equation?



	Why is balancing equations important?



	Balance the equation: Na + Br2 → NaBr






I imagine most readers would say question 3 is crucial. If students can’t balance an equation at the end of a learning sequence on balancing equations, then the sequence can hardly be said to have succeeded. I imagine question 2 would be fairly popular too, though students tend not to understand the link between the conservation of mass and balancing equations particularly well. Question 1 is a bit more complicated. To start with, as with photosynthesis, how would we define a balanced equation? Perhaps ‘a symbol equation where the number and type of each atom on the reactant side is equal to the number and type of each atom on the product side’ would do? In terms of answering the question, it definitely helps. But is it an answer I need my students to know? Is it actually important, compared with the ability to spot an unbalanced equation and then to balance it?


I would argue that it isn’t important, and the same applies for any content commonly referred to as procedural knowledge. This is where the knowledge is of some kind of process like balancing an equation, solving a physics equation with multiple variables, constructing a scale correctly or calculating a mean. Whether students can verbally define or delineate these examples isn’t as important as if they can execute the procedure. Of course, there are cases where a bit more knowledge is helpful. For example, while drawing a line of best fit is procedural knowledge, defining it as ‘the line that best fits the data’ or ‘the line that allows us to interpolate or extrapolate’ will help students avoid just drawing it as a straight line through the origin. In this case, knowledge of the purpose of a line of best fit is called declarative knowledge, often conceptualised as just a ‘thing to know’ or just a ‘fact’, like the word equation for photosynthesis, the conservation of mass or Newton’s first law.


Core questions are ideal for declarative knowledge, less so for procedural knowledge. When preparing a learning sequence heavy in procedural knowledge it is therefore worth specifying the exact procedures you want students to be able to solve by the end. For example, the national curriculum says ‘Pupils should be taught about … gravity force, weight = mass × gravitational field strength (g), on Earth g=10 N/kg, different on other planets and stars’, which doesn’t have a particularly high specificity. Within it are questions involving:




	solving for weight, mass or gravitational field strength



	converting N to kN and g to kg



	recalling g on Earth



	using a table or other data source to look up g on other planets and stars






In Chapter 21, we will look in more detail at how to teach equations over the long term, but it is crucial that you identify which of the aspects in the list above you want students to be able to complete by the end of your sequence. For example, you might say that the hardest question you want students to answer is ‘What is the mass in kg of an object on Saturn with a weight of 1300 N?’ – which means that everything up to that point must be taught as well (i.e. all the bullet points above other than the second one).


The general principle is about figuring out exactly what it is you want students to know and codifying that, whether that is through a declarative set of core questions or a single question that encapsulates all the procedural knowledge you are due to teach in the learning sequence.







THE LIMITS OF CORE QUESTIONS – WHAT IS…?


Consider the core question:


What is photosynthesis?


A simple enough question, and on the face of it, quite reasonable. However, when we consider possible answers, things get a little trickier:


A process where plants use light from the Sun to convert carbon dioxide and water into glucose and oxygen


This is probably the answer a science teacher would give. But would students do that? What about:


Something plants do


This answer isn’t wrong per se, but it also isn’t what you were after. I imagine you would get all sorts of answers like:


When plants use sunlight to make glucose
When plants use light to make glucose and oxygen
A process that takes place in chloroplasts
When plants turn carbon dioxide and water into glucose and oxygen
carbon dioxide + water → glucose + oxygen


The issue here is around what it’s fair to ask students to memorise. We want students to learn something about photosynthesis, but our initial answer is too long and bulky for most students to learn. Furthermore, using a question that has a lot of legitimate but differing answers sets us up for classroom ambiguity and a borderline impossibility for students to figure out exactly what you want them to learn, and whether their answer is correct. Replacing our ‘What is photosynthesis?’ question with:


What is the word equation for photosynthesis?


In which organelle does photosynthesis take place?


Which substances are required for photosynthesis?


Which substances are produced in photosynthesis?


What conditions are required for photosynthesis?


and the like will definitely get better responses and give your students an easier go of learning this challenging content. The goal with core questions is to achieve high specificity, and part of achieving that is in both condensing and trimming answers and anticipating the various different responses that students might give.




Chapter take-homes:




	Teaching should be content-led and not resource-led.



	You must delineate exactly what you are going to teach to a level of high specificity.



	Exactly how you do that depends on if the knowledge is procedural or declarative.



	Once you have specified your content, prepare your learning sequence.














5. DfE (2013) ‘Science programmes of study: key stage 3’. Available at: www.bit.ly/3mOkLRx [Accessed 28/7/21]





















CHAPTER 2


WHICH KNOWLEDGE MATTERS?





Grace is about to teach photosynthesis and is better prepared this time. She has specified a list of questions that she wants students to be able to answer at the end of the learning sequence and is ready for it to take as long as it takes. She progresses through the content in class well and then comes to the section on the palisade cell. She uses a really nice explanation and it looks like the students get it. As a check for understanding, she asks students to identify adaptations of the cell. The students look at her blankly. She asks what the function of the cell is. They look at her blankly. Realising something is amiss, she asks them if they know what a cell even is and, by now predictably, they look at her blankly.


Specifying the knowledge to be taught across a learning sequence is of course only half the battle when it comes to planning the content. Science content can be hierarchical – it builds up in the sense that you cannot understand B without having first studied A. Of course, if students don’t know much about cells or about the language of structure and function, they will not be able to understand what a palisade cell is or why it is the way it is. We can call this knowledge prerequisite – it is required in order to understand today’s content.


Before coming back to photosynthesis, let’s concretise the idea of prerequisite knowledge through an example dealing with terminal velocity. Before beginning a learning sequence on terminal velocity, which of the below would be prerequisite? In other words, which of the below must students be able to answer in order to access the content on terminal velocity?




	What is the gravitational field strength on Earth (or Earth’s surface)?



	Is air resistance a contact or non-contact force?



	What causes friction?



	How does gravitational field strength change with height?



	What is the difference between mass and weight?






To go one by one, we could say:


What is the gravitational field strength on Earth?


This is important knowledge that students hold, and it is of course relevant to establishing and understanding both the acceleration of a falling object on Earth and the magnitude to which air resistance would have to increase before terminal velocity could be reached. However, without knowing the exact value of 9.8 N/kg, students can still access the learning.


Verdict: not prerequisite


Is air resistance a contact or non-contact force?


As an object falling through the air increases in velocity, the air resistance also increases. This is because the object is effectively colliding more frequently with ‘air particles’ as its velocity increases. Though it is conceivable that a student could just accept ‘air resistance increases as the object increases in velocity’, in order to fully understand why that is they would have to be able to explain what gives rise to air resistance, and therefore what kind of force it is.


Verdict: probably prerequisite


What causes friction?


Ordinarily, teachers use the example of a parachutist to teach terminal velocity. However, terminal velocity occurs in a range of dynamic contexts, including a car driving down a straight road with a constant drive force (in fact, this may even be a better example to start with than the parachutist as it is more concrete and familiar [see Chapter 16]). Certainly if students are to be able to understand terminal velocity in that context, they will need to be able to identify what causes friction, much as they need to identify what causes air resistance.


Verdict: probably prerequisite


How does gravitational field strength change with height?


Students are perfectly capable of understanding the terminal velocity of a falling object with a simplified model where the gravitational field strength is constant across the distance between the two objects (in this case, Earth and the parachutist). Understanding that, in reality, it varies across that distance is not only not prerequisite but also probably harmful, as students would have issues with the teacher using a constant weight, when in reality it would be slightly increasing as the object fell. This would add unnecessary complication to the teacher’s explanation.


Verdict: not prerequisite


What is the difference between mass and weight?


This one is a shade more complicated. If all a student knows about the word ‘weight’ is that ‘it is the name scientists give to the “downward” force on an object in a gravitational field’, then they could probably still understand terminal velocity as ‘the velocity at which the weight and the air resistance are equal’.


Verdict: probably not prerequisite


As in Chapter 1, I imagine you have a couple of quibbles with some of my verdicts. That’s a good thing – it shows you are thinking hard about the content and the best way for your students to grasp it. Of course, identifying prerequisite knowledge isn’t a fun academic exercise that exists in a vacuum. It is one that is integral to how you guide your students through any given learning sequence, and in future chapters we will look at how you diagnose students’ understanding of prerequisite knowledge and how to respond when it appears inadequate.


Let us now return to photosynthesis, but before we continue, a brief reminder of the content we wish to teach in the following learning sequence:


















	1


	Give a word equation for photosynthesis


	Carbon dioxide + water → glucose + oxygen







	2


	In photosynthesis, where does the carbon dioxide come from?


	The air







	3


	In photosynthesis, where does the water come from?


	The roots (which are usually in soil)







	4


	In photosynthesis, where does the glucose produced go to?


	All around the plant







	5


	What is glucose?


	A molecule produced in photosynthesis







	6


	What do plants use glucose for?


	Respiration and growth







	7


	In photosynthesis, where does the oxygen produced go to?


	The air







	8


	In photosynthesis, where does the light come from?


	The Sun







	9


	In the photosynthesis word equation, why is light not included as a reactant?


	It is not made of matter (atoms)







	10


	Where does photosynthesis take place in a plant?


	Mostly in the leaves







	11


	Which kind of cell is specialised to conduct (do) photosynthesis?


	Palisade cell







	12


	How is a palisade cell adapted to its function?


	Cuboid shape, lots of chloroplasts, found at the top of leaves







	13


	Why does the palisade cell have a cuboid shape?


	So many palisade cells can pack together efficiently







	14


	Why does the palisade cell have lots of chloroplasts?


	To absorb lots of light for photosynthesis







	15


	Why are palisade cells found at the top of leaves?


	Because that’s where most of the light is










When discussing prerequisite knowledge, we have to figure out what it is that isn’t part of these core questions that students need to know before they can access these core questions. Below is a series of questions that surround the topic of photosynthesis. Which ones are prerequisite in the sense that if a student cannot answer them they cannot access today’s learning?




	What are reactants?



	What are products?



	What is a word equation?



	Why do we use → and not = in a word equation?



	What is carbon dioxide?



	What is water?



	What is oxygen?



	What is air?



	What are plant roots?



	How do plant roots absorb water?



	What is light?



	Which colours of light are absorbed in photosynthesis?



	Which energy store is associated with substances like glucose?



	What is respiration?



	What is a cell?



	What is a specialised cell?



	Name three specialised plant cells.
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