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      Science

      
         
         
      

      
      
      
      Chapter 1

      The Big Picture

      
         
         
      

      
      
         State of the Union address:  A yearly speech given by the U.S. president to Congress
            and the people to tell them about important things that are affecting the country.—Merriam-Webster Collegiate Dictionary 

      

      Every year the leaders of countries, corporations, and universities present their
         views of the current conditions of their respective institutions. Given the function
         of these statements, they are often a top-down view with a biased perspective designed
         to make their current administrations look good. 
      

      
      There is no such annual report on science. This book is a report on the state of science
         from a practicing scientist, a view from the trenches. It is not meant to be a top-down
         view, nor is it meant to make anyone look good or bad. 
      

      
      I have written this book because science is not the same as it was in the first 20–25
         years of my career. The way science is done, funded, and disseminated is evolving.
         At the same time, science is being politicized, and the public’s trust in science
         is being undermined. Yet science remains the engine of our economy and is responsible
         for our improved well-being. And perhaps now more than ever before, it is at the cusp
         of altering the most fundamental aspects of our daily lives.
      

      
      What Is Science?

      
      This is probably a good point in the book to define “science” and “scientist.” The
         Merriam-Webster Collegiate Dictionary defines science as “the state of knowing” as distinguished from ignorance or misunderstanding.”
         However, I much prefer Karl Popper’s perspective, according to which a hypothesis
         has to be inherently disprovable for it to be a scientific theory. It is difficult
         to imagine an experiment that can disprove the existence of beauty and God. Hence
         the study of beauty and God is not science. Albert Einstein proposed the existence
         of gravitational waves. Their existence was provable, although the equipment to do
         so didn’t exist when Einstein came up with his general theory of relativity, and it
         took close to 100 years to actually prove that they exist (chapter 6). It was disprovable
         and therefore a scientific theory. Scientists use experiments to test their theories
         and hypotheses. No map shows the way to prove or disprove a theory; the scientific
         process is not linear. Neil Gershenfeld, director of MIT’s Center for Bits and Atoms,
         writes that “to find something that’s not already on the map, you need to leave the
         road and wander in the woods besides it.” He feels that nonscientists do not recognize
         that “science appears to be goal-directed only after the fact. While it’s unfolding,
         it is more like a chaotic dance of improvisation, than a victory march.”[1]   It is also important to realize that uncertainty is an inherent and unremovable
         component of scientific experimentation. It is not a weakness; it is a strength. Critics
         of science often disparage scientific results on the basis of included uncertainties.
         This is a mistake born from a lack of understanding.
      

      
      Before 1833, people who conducted experiments—who mixed, observed, and synthesized
         chemicals—were called natural philosophers. Newton, Galen, Galileo, and Mendel were
         all natural philosophers. In 1833 William Whewell, a professor at Cambridge University,
         coined the term “scientist” to highlight the fact that these were empirical folks
         and not philosophers of ideas. Like an artist works with art, a scientist works with
         science. As an analogy of “artist,” the word “scientist” was infused by Whewell with
         creativity, intuition, and professionalism. 
      

      
      There is a commonly told tale that Whewell derived and popularized the term “scientist”
         because he needed an alternative to the commonly used phrase “man of science” to describe
         Mary Somerville in a positive review he was writing about her.[2]   If true this would be a great story, and Mary Somerville was worthy of the honor.
         Her book On the Connexion   of the Physical Sciences was instrumental in making modern physics into a discipline and was frequently revised
         and republished, with nine separate editions. In 1879, the first women’s college at
         Oxford University was named in her honor. A main-belt asteroid (5771 Somerville) and
         a lunar crater in the eastern part of the moon are also named after her, and she graces
         all Scottish ten-pound notes printed from October 2018 onward. However, according
         to James Secord, professor of philosophy of science at the University of Cambridge,
         “Nowhere did Whewell or anyone else in her lifetime ever call Somerville a scientist,
         nor is it a word, so far as we know, that she ever used herself. By our current understanding
         of the term, Somerville can certainly be called a scientist, but for her contemporaries
         she belonged to a higher and more profound category entirely.”[3]  
      

      
      No matter whether Mary Somerville was the woman for whom the word “scientist” was
         made, we can think of scientists as empiricists who use their creativity to prove
         or disprove theories. Of course scientists are human, as they can discover gloriously
         complex theories while also misinterpreting and presenting data in wondrously imperfect
         ways that lead to fantastic new models that are wrong and subsequently disproven.
         That is the way scientists perform science.
      

      
      Before going on a trip through the scientific world and trying to judge its impact
         on our lives, as well as its reputation and health, it is a good idea to take a few
         steps back and look at the big picture. Because when we talk about science, it is
         impossible to ignore the political, environmental, economic, and global surroundings.
         We need to know how science has gotten us here and what challenges it faces in today’s
         world. 
      

      
      Science and the Anthropocene

      
      Since the arrival of the first Homo sapiens 40,000 years ago, a total of 108 billion humans have lived on Earth. A 15th of all
         these people are alive and kicking right now. Science and technology are the reason
         the numbers have undergone such robust growth. 
      

      
      Thanks to the development of weapons, protective houses, medicine, fertilizer, and
         so forth, humans have moved from being an occasional snack for predators to being
         at the top of the food chain. We have overcome constraints imposed by nature and evolution.
         There are no predators, other than ourselves, to limit our growth. Humans have become,
         in the worst sense of the word, the dictators of nature. Thanks to science, we can
         impose our will on nature and determine our own destinies. We are not doing a great
         job. Currently we are losing species 1,000 times faster than the natural rate of extinction.
         Humans represent just 0.01 percent of all living things by mass, yet during our time
         on Earth we have caused the loss of 83 percent of all wild mammals and half of all
         plants.[4]   
      

      
      Natural selection has been around for four billion years, since life on Earth began.
         But humans as a species are no longer governed by it. Not only are we in charge of
         our own evolution, but we have also changed how nature evolves. Ever since the continents
         broke apart, delicate ecosystems have been isolated by mountain ranges and oceans.
         Increased human movement has made the borders between ecosystems more porous. We have
         both inadvertently and purposefully introduced new species into ecosystems they could
         never have visited without hitching a ride on our cars, ships, and planes. In some
         sense, we have created a whole new global pseudo-ecosystem.[5]   At the same time, thanks to modern science (CRISPR, gene drives, etc.; chapter
         9) we have the ability to control the evolution of other species.
      

      
      In 2000 Paul Crutzen, an atmospheric chemist and Nobel laureate, started popularizing
         the concept of the Anthropocene, a new geological age, during which human activity
         has been the dominant influence on climate and the environment. The International
         Commission on Stratigraphy, which is in charge of approving and naming subdivisions
         of geological time, hasn’t yet officially approved the use of “Anthropocene” but is
         working on it. In an important first step, a preliminary Anthropocene working group
         supported the proposal and suggested the epoch start in the mid-20th century, in part
         because radioactive debris from the first atomic bomb is a distinct part of the geological
         record. Artificial radionuclides are just one of many traces we will leave as signatures
         in the strata of time. Traces of plastics, nitrogen-rich fertilizers, and fossils
         of domesticated animals and livestock species are just some of the many remnants we
         will leave behind in the anthropogenic layers of rock. 
      

      
      The International Commission on Stratigraphy will most likely vote on introducing
         the label for the new epoch in 2021.[6]   For now, we are still officially in the Holocene era. Nevertheless, there can be
         little doubt that we are in an age in which humankind, through science and technology,
         possesses unprecedented control over its surroundings and nature. 
      

      
      Science, Economy, and Equity

      
      Science and its resultant technologies are also responsible for the well-being of
         our economies. Our financial systems rely on growth. To be successful in today’s global
         market, the economies of our countries are expected to grow at increasing rates. Games
         such as The Settlers of Catan, Civilization, Risk, Monopoly, and Minecraft, in which
         one has to expand one’s possessions to win the game, are microcosms of this need.
         There isn’t much room today to grow our agriculture or industries, and fortunately
         the days of colonization are over, so finding new science-based technologies is one
         of the few ways we can increase our economies. This places pressure on scientists
         to produce, which can result in corners being cut and science moving too fast for
         the global community to establish ethical and safe boundaries. 
      

      
      Scientific discoveries have not only enabled the expansion of the human population
         but are also the key to expanding economies in the postindustrial world. To keep the
         financial systems growing, such findings need to come faster and faster. At the same
         time, scientific discoveries will have to curtail the environmental and ecological
         degradation associated with growth. These expectations are unrealistic and a sign
         of a broken system; science cannot deliver all this. Expecting science to rescue us
         from the consequences of our overconsumption is just as dangerous as failing to acknowledge
         its great potential. In Falter: Has the Human Game Begun to Play Itself Out?, Bill McKibben argues that we have to move from a growth economy to a mature economy.[7]   To illustrate his thinking, he uses a human analogy: as teens we are expected to
         grow and would be taken to the doctor if we didn’t; however, as mature adults we have
         reached stasis, and our families and doctors would be very concerned if we continued
         to get taller. McKibben argues, and I agree, that our economies are now mature.
      

      
      At best science may be a bandage on an unsustainable, growth-based economy, but it
         won’t be the cure. Our economies and societies are complex ecosystems constrained
         by thermodynamics, and from thermodynamics we know that all this growth requires energy
         and generates waste (entropy). According to Philip Ball, former Nature editor, “creating a true science of sustainability is arguably the most important
         objective for the coming century; without it, not an awful lot else matters. There
         is nothing inevitable about our presence in the universe.”[8]   
      

      
      Throughout the 20th century, children enjoyed better lives than their parents. However,
         this pattern cannot continue forever; something has to give: the economic system built
         on growth, the environment, our energy consumption, and/or our eating habits. There
         is no denying that an increase in scientific knowledge will increase the quality and
         length of our lives, but it will also bring increasing environmental and ethical problems.
         It will widen the gap between the haves and have-nots, both within the United States
         and between nation-states. Developments in science won’t just improve transportation
         (cars, trains), communication (phones, internet), and consumption (fertilizers), as
         they did in previous generations; instead new advances have the potential to improve
         our bodies (CRISPR; chapter 9) and minds (optogenetics; chapter 8). 
      

      
      In Homo Deus: A Brief History of Tomorrow, Yuval Harari argues that existing inequities will be compounded by the fact that
         in the past, medicine’s main purpose was to heal the sick, whereas in the future medicine
         will increasingly be designed to enhance the healthy. Treating the sick is an egalitarian
         process, while upgrading the healthy will be a luxury available only to the elite.
         Medicine will increase existing inequities by giving an edge to the rich. “People
         want superior memories, above-average intelligence and first-class sexual abilities.
         If some form of upgrade becomes so cheap and common that everyone enjoys it, it will
         simply be considered the new baseline, which the next generation of treatments will
         strive to surpass.”[9]   For the first time, the rich will have not only significant material benefits but
         also genetic improvements. As in the past, they will have better lives than the poor,
         but thanks to new techniques such as CRISPR, they may actually be better, too. In the extreme case, this could ultimately lead to a new species: Homo superior. Today the richest 100 people have more assets than the poorest 4 billion. In the
         future this financial inequality may lead to biological inequalities.[10]  
      

      
      Ethical and Safety Challenges of Scientific Growth

      
      Authors and thinkers, including Ray Kurzweil and Bruno Giussani, suggest that science
         and technology are growing exponentially, while the structures of our society (government,
         education, economy, etc.) are designed for predictable linear increases, which are
         dysfunctional in today’s exponential growth.[11]   This is why our nation-state system can’t deal with the challenges of modern science.
         The challenges presented by modern science (climate change, CRISPR, gene drives, and
         artificial intelligence) are much larger than those brought about by the Industrial
         Revolution (steam engines and electricity). Even if we find ways of globally regulating
         science, there will always be a country marketing itself as a place to do research
         that is banned elsewhere. And it just takes one country pursuing a high-risk, high-profit
         path for all the other countries to follow. In fact, the nation-state/growth economy
         that exists today requires that countries follow such paths to avoid falling behind.
         
      

      
      Many governments, including that of the United States, control research by intentionally
         not funding certain areas that are either dangerous and unethical or difficult to
         regulate. This technique doesn’t work when foundations or start-up companies fund
         the work. It also fails when the techniques and materials being used are inexpensive,
         as is the case with CRISPR (chapter 9), and government funding isn’t needed (The Amateur
         Scientists; chapter 3). In the absence of clearer guidelines or regulations, scientists
         have to rely on themselves, on their own scientific norms. This doesn’t work too well
         in modern science because of the intensely competitive nature of academia, in which
         “the drivers are about getting grants and publications, and not necessarily about
         being responsible citizens,” notes Filippa Lentzos of Kings College London, who specializes
         in biological threats.[12]   High-profile results matter. In addition, to prevent their competitors from knowing
         what they are doing and prevent being scooped, scientists keep their experiments under
         wraps until they are ready to publish, at which point the cat is let out of the bag,
         and it is too late to think about the ethical impact of the work or to try to stop
         the research.
      

      
      Dual-use research, which could be used for either good and ill, presents its own challenges
         to the safe and ethical regulation of global scientific research. Occasionally scientists
         work their way to an invisible dual-use research line and cross it. In response, surprised,
         shocked, and scandalized scientists have urgent meetings to discuss the moral and
         safety implications. Scientists often proudly point to the 1975 Asilomar conference
         on recombinant DNA as a model response for dealing with science that has reached new
         and challenging boundaries in ethics and safety. They perceive the conference as a
         successful self-regulation in the public’s interest. Senator Ted Kennedy and other
         politicians of the time saw it differently; they considered the scientists a group
         of unelected experts making public policy without public input. Scientists need broader
         input from the general public and ethicists, but they are hamstrung by the goals and
         modus operandi of the expert collaborators they need. Philosophers and ethicists take
         a contemplative, long-term perspective, while engineers are eager to take results
         from the laboratory to the market, and investors are always in a hurry and looking
         for short-term financial gains. Consequently, we have been very good at commercializing
         scientific discoveries but less proficient at predicting their consequences and proposing
         the appropriate guidelines (e.g., DDT, fracking, nuclear chemistry). The increasing
         speed at which scientific breakthroughs are being made will also make it harder and
         harder to predict and regulate them in the future.
      

      
      Scientists, despite their desire to have inputs into policy related to their community’s
         discoveries, are not trained to anticipate the consequences of their research, and
         their solutions are often ineffective, as evidenced by the frequency of such “transgressions’
         and mini “Asilomars.” For example, in 2002 scientists from the State University of
         New York, Stony Brook synthesized a polio virus from scratch; in 2005 researchers
         from the Centers for Disease Control and Prevention (CDC) reconstructed a particularly
         virulent form of the 1918 flu virus; in 2012 two teams mutated the bird flu virus
         to make it more virulent in mammals; in 2017 a group at the University of Alberta
         resurrected a horsepox virus, a close cousin of the smallpox virus; and in 2018 CRISPR
         was used for the first time to create genetically modified human babies. Each of these
         experiments crossed a line that may have unforeseen consequences, and each led to
         an emergency conference. Each case leads us closer to the point at which one small
         accident or well-placed malicious scientist can affect a large portion of the human
         population or even accidentally wipe out an entire species. In an interview with the Atlantic’s Ed Yong, Kevin Esvelt, a CRISPR/gene drive expert at MIT, succinctly summarizes
         the problem: “Science is built to ascend the tree of knowledge and taste its fruit,
         and the mentality of most scientists is that knowledge is always good. I just don’t
         believe that that’s true. There are some things that we are better off not knowing.”[13]   On the other hand, we have to remember that some research, such as in vitro fertilization,
         was once seen as a transgression of scientific norms but is now scientifically and
         socially acceptable.
      

      
      Challenges to Science

      
      President Donald Trump is not a strong supporter of science, the scientific method,
         or facts. In his tweets he promotes conspiracy theories and implores Americans to
         distrust conventional sources of information and traditional institutions. In his
         first 5,000 tweets as president, the words “science” and “technology” were never used.
         It took two years before he appointed a science adviser. Deregulation has been a priority
         of the Trump administration, and by July 2019 it had rolled back more than 80 environmental
         rules and regulations.[14]   It has weakened the Environmental Protection Agency (EPA), cutting staff and budgets
         and undercutting the agency’s ability to use science in its policy making, resulting
         in steep drops in civil and criminal enforcement of violations of laws such as the
         Clean Air and Clean Water Acts.[15]   According to the EPA, the number of “unhealthy-air days” has increased by 14 percent
         under this administration, and ozone, nitrous oxide, and particulate matter are more
         common than in 2016.[16]   One of the most telling facts is that both the EPA and CDC have been prohibited
         from using the phrase “evidence-based” in their publications and press releases. So
         far, thanks to congressional intervention, the budgets of the National Science Foundation
         (NSF) and the National Institutes of Health (NIH) have survived, despite three requests
         by the Trump administration to reduce their size and their budgets.
      

      
      Ironically, although he has claimed that climate change is “bullshit,” “pseudoscience,”
         and “a total hoax,” President Trump’s representatives have applied for permission
         to erect a sea wall to protect one of his golf courses in Ireland from rising seas
         due to “global warming and its effects.”[17]   (Although this book could easily have been a rant about the Trump administration
         and its attitudes toward science, I have tried to show some restraint and have limited
         my comments about the president to the first and last chapters.)
      

      
      President Trump’s opinions weren’t formed in a vacuum. He was elected by the American
         public and still has support. This reflects the increasing public mistrust and resentment
         of experts. This rejection of scientific thinking and evidence comes from many directions:
         postmodernist academics and journalists, Christian fundamentalists, liberal new-age
         purists, and industrial interests and lobbyists. A 2015 Pew Research Center poll showed
         that “a sizable opinion gap exists between the general public and scientists on a
         range of science and technology topics,” and that “compared with five years ago, both
         citizens and scientists are less upbeat about the scientific enterprise.”[18]   In The Workshop and the World: What Ten Thinkers Can Teach Us about Science and Authority,  Robert Crease writes, “Some people, including many scientists, seem resigned to
         this. They hope that scientific authority is a natural thing that will shortly reassert
         itself, like a sturdy self-righting boat knocked over by a rogue wave.” He argues
         that this is not going to happen because the scientific process described earlier
         in this chapter is inherently vulnerable to attacks. “The fact that it is done by
         collectives, is abstract and always open to revision” provides fuel for science deniers.
         To change their minds, we can’t just explain the science over and over again; we have
         to learn how they think and why they are rejecting science.[19]   
      

      
      Many scientists and science supporters have rallied against the antiscience bias,
         climate denial, flat-earthers, and anti-vaxxers. For example, the first March for
         Science was held on April 22, 2017; many scientists ran for office in the 2018 elections;
         and there have been many initiatives to improve scientific outreach.
      

      
      Fake News and Science

      
      In an essay in the New York Times Magazine in 2016, Jonathan Mahler writes that people “are abandoning traditional sources of
         information, from the government to the institutional media, in favor of a D.I.Y.
         approach to fact‐finding” and are “forming a radical new relationship between citizen
         and truth.”[20]   In addition, over the last decade science has been revolutionized by the development
         of new techniques that allow scientists to conduct experiments bordering on the fantastic,
         increasing the difficulty for the layperson to distinguish between fact, hyperbole,
         quackery, and fake news (chapters 9 and 11). 
      

      
      Fake news and pseudoscience occasionally get the better of scientific facts in Congress,
         too. Congress also struggles with the fact that the amount of scientific knowledge
         in the world is not only increasing but growing faster and faster. At the same time,
         science is becoming more complex thanks to a spike in interdisciplinary work between
         previously disparate fields, such as optics, electrical engineering, and neuroscience
         joining forces in optogenetics (chapter 8). This has resulted in an ever-widening
         gap between the scientific knowledge of legislators, religious leaders, and voters
         and the total available science knowledge.
      

      
      In Congress, which is ultimately in charge of regulating and defining the direction
         of science research in the United States, these difficulties are amplified by the
         fact that there are only 3 scientists and 8 engineers in the 115th Congress of the
         United States, while there are 218 lawyers. The 7 radio talk show hosts, 26 farmers,
         and 8 ordained ministers all outnumber the scientists as well. Similarly low numbers
         are found in Australia and Canada, where scientists make up just 4 percent of each
         country’s parliament. The vast predominance of lawyers in the House of Representatives
         and Senate sets the tone of the debate in the U.S. Congress. Trial lawyers are trained
         to win debates, they use facts selectively, and they aren’t looking for the truth,
         nor are they interested in presenting the whole picture. In contrast, science relies
         on gathering evidence, weighing that evidence, and validating theories.[21]   Scientists and science in general don’t do well in politics (Angela Merkel and
         Margaret Thatcher, both chemists, are obvious exceptions). Scientists believe in the
         importance of facts and think they can win public debates by using facts, despite
         empirical evidence that suggests passionate opinion will often overcome scientific
         facts. We can no longer rely on Congress to provide the leadership and guidelines
         for scientists and industries to deal with the problems and ethical dilemmas associated
         with gene editing (chapter 9), climate change (chapter 11), and quackery (chapter
         12). Scientists have to become more media savvy. They have to learn how to interact
         with journalists, regulators, and politicians, and they need to have a larger presence
         on social media. Scientists make good administrators, and many are university presidents;
         it is time some make the transition into politics. 
      

      
      Having placed today’s science in a wider context, it is time to see the new science, contrast it with the old science, see all that good science can do, and lament how it can be abused as bad and pseudoscience. (In an earlier incarnation, this book was subtiitled “New Science,
         Old Science, Good Science, Bad Science.”)
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      Chapter 2

      The Professional Scientist

      
         
         
      

      
      Is the disheveled, gray-haired, Einstein-like character in a lab coat still a good
         representation of a scientist? Who are our scientists, and who should they be?
      

      
      In an interview with the Guardian, Donna Strickland, 2018 physics laureate and the third woman to ever receive a Nobel
         Prize in physics, says, “I don’t see myself as a woman in science. I see myself as
         a scientist.”[1] 
      

      
      As discussed in this chapter, the situation for women and people of color in science
         may have improved over the last decade, but inequities still exist. Many people still
         see the woman before they see the scientist. The United States and the world as a
         whole have not been taking full advantage of the diverse pool of potential scientists.
         We may have found and nurtured many future Einsteins, but we have fallen behind in
         cultivating new Marie Curies and George Washington Carvers. To stay competitive in
         the current economic system, to solve our global food needs, and to overcome our environmental
         problems, countries, companies, and academic institutions need to make use of all
         scientific talents available across a vast array of gender identities, races, and
         ethnicities.
      

      
      From the 1970s to 2019, the number of current college graduates has flipped from being
         58 percent men to being 56 percent women.[2]  However, the gender distribution is not uniform; while women receive 59 percent
         of bachelor’s degrees awarded in the biological sciences, they receive only 40 percent
         of physical science and mathematics degrees and much less than 20 percent in the computer
         sciences and engineering.[3]  Women make up half of the total U.S. college-educated workforce but only 29 percent
         of the science and engineering workforce. A 2017 National Center for Science and Engineering
         Statistics report shows that although white men make up only one-third of the U.S.
         population, they constitute at least half of all scientists.[4] 
      

      
      Scientists of Color

      
      Although students from underrepresented groups aspire to careers in science, technology,
         engineering, and mathematics (STEM) fields at the same rates as their nonminority
         peers, minorities, who comprise 30 percent of the U.S. population, make up only 14
         percent of master’s students and just 6 percent of all PhD candidates.[5] This gap hasn’t changed much in the last 15 years.[6] In 2017, there were more than a dozen areas in which not a single PhD was awarded
         to a black person, primarily within the STEM fields.[7] There are many reasons for this. In a paper examining underrepresented minority participation
         in biomedical research and health fields, Rosalina James, a member of the University
         of Washington Bioethics and Humanities department, states, “Inadequate preparation
         is a major limiting factor in efforts to increase the pool of qualified minority applicants
         for advanced education. Poverty, sub-par resources in minority-serving schools and
         poor mentorship contribute to losses of minority students at each level of education.”[8] Stereotype threat,[9] impostor syndrome, and numerous microaggressions[10] also prevent scientists from minority groups from performing anywhere close to their
         potential.
      

      
      According to a report by the American Institute for Research, a third of all black
         STEM PhDs earned their undergraduate degrees at historically black colleges and universities
         (HBCUs), institutions of higher education founded to serve primarily African American
         students.[11]   Xavier University of Louisiana, located in New Orleans, is an HBCU and Catholic
         institution nationally recognized for its STEM programs. “Of the 3,231 students enrolled
         at Xavier in fall 2018, approximately 72 percent were African American, and about
         79 percent of the 2,463 undergraduates majored in the biomedical sciences (bioinformatics,
         biochemistry, biology, chemistry, computer science, data science, mathematics, neuroscience,
         physics, psychology, public health sciences, and sociology).”[12]   Xavier is best known for its education in the health professions, and, according
         to 2018 Diverse Issues in Higher Education data, ranks second in the nation in the number of African Americans who earn bachelor’s
         degrees in the physical sciences and fourth in the number earning bachelor’s degrees
         in the biological and biomedical sciences.[13]   A 2013 National Science Foundation report confirms Xavier’s success in educating
         science graduates, ranking Xavier first in the nation in producing African American
         graduates who go on to receive life sciences PhD degrees, fifth in producing African
         American graduates who go on to receive science and engineering PhD degrees, and seventh
         in producing African American graduates who go on to receive physical sciences PhD
         degrees.[14]   The 2012 Report on Diversity in Medical Education published by the Association
         of American Medical Colleges (AAMC) ranks Xavier first in the number of African American
         alumni who successfully complete their medical degrees.[15]   Xavier is one of 101 HBCUs in the United States. I went to visit Xavier to get
         the university’s perspective on minority representation in STEM fields and to see
         what it does so well. 
      

      
      In 2014, the National Institutes of Health (NIH) announced 10 BUILD (Building Infrastructure
         Leading to Diversity) awards, ranging from $17 million to $24 million over five years.
         In his announcement of the awards, NIH director Francis Collins explained that the
         program was designed to increase the representation of African American, Hispanics,
         and Native Americans in science. Collins is particularly concerned because “although
         12.6% of the U.S. population is African-American, only 1.1% of our NIH principal investigators
         are African-American.”[16]  One of these awards, in the amount of $19.6 million, was presented to Xavier.
      

      
      Professor Maryam Foroozesh is the chemistry department chair and the lead principal
         investigator of Xavier’s NIH BUILD award. Like Professor James, she feels the root
         of the problem is in K–12 education. The public school system needs serious improvement
         across the country. If we are all paying taxes, then every one of our children should
         have the right to the same type of education. The underrepresentation of students
         of color in the sciences is not due to their ability but to a lack of preparation
         and the reduced expectations that can come with an inferior education. “I think if
         there was a standard K through 12 national education program with federal oversight,
         then all the students including the ones from the inner cities or rural areas of the
         country would get a better education,” Foroozesh told me. “A federal education system
         would hopefully also address some of the diversity issues you see in science at the
         higher levels, because once you provide all the students in the U.S. with the education
         they deserve, then you would get a higher number of scientists coming out of the groups
         currently underrepresented in science.”
      

      
      Foroozesh is also very concerned that the 116th Congress is extremely focused on short-term
         returns on their investments. They are pressuring funders to do short-term assessments,
         but it takes a long time to see the results of diversity programs. Increasing the
         diversity of the faculty and grant writers is a long-term project that involves K–12
         reforms, changes in both undergraduate and graduate programs, and faculty hiring and
         retention. These factors are interlinked, and changes are difficult to evaluate because
         the numbers we are talking about are small. In 2012, 267 African Americans and 329
         Hispanics received PhDs in the biological sciences. Even a small increase or drop
         can represent a large percentage change. Foroozesh worries that funding to programs
         that foster diversity and help STEM undergraduates from underrepresented groups are
         being cut before the programs have adequate time to prove their worth, which will
         disproportionally affect HBCUs that are highly reliant on them because they don’t
         have hundreds of millions of dollars in endowments. 
      

      
      There are many reasons students do not continue in STEM, and any one is sufficient
         to dissuade a student from persevering. Initial assessments of Xavier’s BUILD program
         have shown that mentorship is a major factor. Mentoring is crucial in retention of
         underrepresented students in STEM fields. Ideally the mentors need to serve as role
         models and have to understand the importance of cultural issues, family ties, financial
         needs, and expectations. Xavier’s researchers undergo special mentoring training to
         achieve this understanding.
      

      
      Seventy-five percent of the undergraduates enrolled at Xavier in fall 2018 were African
         American women, most of whom were STEM majors. These women in STEM largely fell between
         two departments at the university. The chemistry department, the largest department
         at Xavier in the number of faculty and research staff and the second largest in the
         number of majors, has 28 faculty members, half of whom are women. Even though Xavier
         is an HBCU, the department only has six African American/black faculty (1 woman and
         5 men). The biology department, the second largest department at Xavier based on the
         number of faculty members and the largest based on the number of majors, has 23 faculty
         members, 6 of whom are African American/black (4 women and 2 men). The causes for
         this disparity are systemic and have roots in retention and recruitment, as well as
         the small numbers of African Americans/blacks, especially women, looking for jobs
         in academia. Another chemistry faculty member, Professor Mehnaaz Ali, is a coprincipal
         investigator on a National Science Foundation (NSF) ADVANCE grant, “which is focused
         on creating an equitable, inclusive and energizing climate for female STEM faculty
         members by addressing systemic barriers which currently lead to higher attrition rates
         of female faculty and women of color.” Dr. Ali told me, “There are many speed bumps
         for female faculty in academia. It could be child care, it could be family care. If
         you are a minority in a school such as this one, where the numbers are low, you end
         up doing a lot of service, if you are a female faculty of color you are a role model
         for everyone, you are on a lot of service-oriented committees. But are you on the
         committees that are high impact? This is significant because committees, mentoring,
         and other unseen burdens result in burnout that can lead to retention issues.”
      

      
      Another reason Xavier has such high graduation rates for African American women in
         science is that it has a critical mass of students of color doing science. The students
         have each other, they can talk to each other, and they look to each other and Xavier
         alums as role models in science. This can make all the difference in the world. The
         critical mass required for this type of group-wide support is absent in most non-HBCUs.
         The ADVANCE team aims to create similar environments for faculty to have a safe space
         where they can talk and address important issues with people who are like minded and
         share intersectional boundaries and thus be connected to a larger campus-wide faculty
         network.
      

      
      I grew up in South Africa. While at university I tutored students from Soweto who
         were boycotting their apartheid education. Each Saturday they traveled more than two
         hours to learn math and science from a naive undergraduate, who was younger than most
         of them. This experience made me realize how important education is and the lengths
         some people go to get it. At Connecticut College I do a lot of chemistry outreach
         and get to see the different levels of preparation students receive. Based on 25 years
         of personal experience, I argue that the inequities (facilities, class size, and equipment)
         between the richer and poorer schools that I visit in the Northeast are growing worse.
         In 2007 I started, and today still direct, an undergraduate program that prepares
         students from underrepresented groups for a variety of science-related careers and
         provides a solid foundation for graduate study or medical school. Participants in
         the Science Leader program come from socioeconomically disadvantaged backgrounds,
         and priority is given to students of color, first-generation college students, students
         with disabilities, and women in mathematics, computer science, and physics. The program
         is based on cohort formation through a first-year seminar, an associated field trip,
         and research. As students go through the college acclimation experience together,
         they quickly become part of the larger Science Leader community. They learn from advanced
         students about what to expect in certain courses. Older students organize study groups,
         peer tutoring sessions, and social gatherings and assist with the orientation of incoming
         students. This creates a supportive network of science professionals and graduate
         and undergraduate students that grows and strengthens organically. Since 2007, 104
         students have entered Connecticut College under the Science Leader program, an average
         of approximately 15 students per year. The six-year graduation rate for students in
         the Science Leader program is 97 percent. As of spring 2019, Science Leader students
         have obtained six medical degrees, one doctorate, and eight master’s degrees in STEM
         fields and six other graduate degrees. Twenty-four Science Leader alums are currently
         enrolled in graduate schools. The Science Leader program has been named a recipient
         of INSIGHT into Diversity magazine’s 2019 Inspiring Programs in STEM Award.
      

      
      I wish we didn’t need this program, but it has become increasingly important and relevant.
         Most universities have been forced to introduce similar initiatives. The program is
         both one of the most rewarding and most depressing facets of my job.
      

      
      Nobel Prizes

      
      What Do They Say about Diversity?

      
      As I write this we have just gone through another Nobel Prize season. The three Nobel
         Prizes in chemistry, physics, and medicine are the scientific equivalents of the Academy
         Awards. Just as for the Oscars, there is a pre-Nobel buzz; scientists are trying to
         predict who will be awarded the year’s prizes. In the days and weeks following the
         announcement of the awards, there is a thorough analysis of the winners and their
         research and sympathizing with those who, unjustly of course, didn’t get an award.
         It doesn’t take a very detailed investigation to discover that women and black scientists
         are not proportionally represented among the laureates, the United States does better
         than most countries, and China has surprisingly few science Nobel laureates. 
      

      
      In 1895, five Nobel Prizes were established according to Alfred Nobel’s will. The
         first prizes in chemistry, literature, physics, and medicine were awarded in 1901.
         Each prize can be awarded to no more than three people, and prizes may not be awarded
         posthumously. 
      

      
      The annual Nobel announcements occur in October, which is Black History Month in the
         United Kingdom. This is rather ironic, as no black scientist has ever won a Nobel
         Prize in science. Zero of the 617 STEM laureates! The reasons for this are the limited
         opportunities black (especially African) students have and the biases, hurdles, and
         lack of role models that they experience in science. Not enough young black students
         are choosing science, and there are not enough black full professors in the sciences
         at elite universities, where the networks and reputations required for winning a Nobel
         are made. Unfortunately, it is impossible to give Africa the same economic and political
         power as the global North. But “if we want more black scientists and eventually Nobel
         laureates, then similar direct strategic action (as has been used to increase the
         numbers of women in science) is urgently needed.”[17]  
      

      
      Immigrants to the United States

      
      Thirty seven of the eighty-nine U.S. citizens awarded a Nobel Prize since 2000 were
         foreign born. Most notably, all six American winners of the 2016 Nobel Prize in economics
         and STEM fields were immigrants to the United States. 
      

      
      American universities consistently perform extremely well in all global rankings of
         academic institutions. Foreign graduate students flock to the United States. In 2015,
         more than half the computer science, engineering, mathematics, and statistics graduate
         students were international students. Most of these students return to the countries
         of their birth upon completing their graduate studies, but a significant number of
         the very best stay in the United States and become naturalized citizens. In a disturbing
         trend, the NSF reports that the number of international graduate students coming to
         the United States dropped by 22,000 (5.5 percent) in 2017.[18]  Inside Higher Education reports that the high cost of US higher education, visa denials and delays, the political
         and social environment in the United States, and increasing competition from other
         countries are responsible for this decrease.[19] Had the proposed tax on graduate fellowships passed Congress (it barely failed in
         2017), the decrease would surely have been greater than just 5.5 percent. In 2018,
         the number of international students dropped again, especially in universities in
         the central parts of the United States and at lesser ranked universities. The numbers
         of students coming from Canada and Mexico also declined.[20] 
      

      
      What will this drop in international STEM graduate students, often the best from their
         countries, mean to science research? This change in demographics does not bode well
         for science in the United States. We need to be careful we don’t lose touch with this
         very important talent pool. Not only do immigrants contribute to an inordinately high
         number of Nobel awards, but they also bring new ways of thinking to their research
         labs. They come from other cultures and have learned their science in different educational
         systems, which place different emphases on rote learning, historic understanding,
         and interdisciplinary research. They often bring an alternative and important perspective
         that a homogeneous scientific community cannot match.
      

      
      Women in Science

      
      Between 1901 and 2019, there were 213 Nobel awardees in physics, 184 in chemistry,
         and 219 in medicine. Over that period women were only awarded 3 Nobel Prizes in physics,
         5 in chemistry, and 12 in medicine.
      

      
      Donna Strickland was awarded the 2018 Nobel physics prize with her PhD mentor, Gérard
         Mourou. Strickland was the first woman to be awarded a physics prize in 55 years.
         At the University of Rochester, Strickland and Mourou together developed the most
         intense and shortest laser pulses ever produced in a laboratory. Mourou had the idea,
         and Strickland made it work. Besides being an impressive scientific advance, their
         technique has resulted in high-intensity lasers that have been used in millions of
         corrective eye surgeries.[21]   Ironically, Donna Strickland wears glasses and refuses to get the laser eye surgery
         that her research made possible: “I have great faith in lasers, but no one’s putting
         one near my eye.”[22]   
      

      
      Many women could have, and probably should have, been awarded a Nobel Prize in physics.
         The Guardian published a 2018 article titled “Five Women Who Missed Out on the Nobel Prize.”[23]   Lise Meitner, who laid the groundwork for understanding nuclear fission, is my
         favorite of these. An element, meitnerium, was named for her posthumously. She is
         the only woman to have earned such an honor (curium is named after both Marie and
         Pierre Curie). But no Nobel. Both Lise Meitner and Jocelyn Bell, who discovered the
         first radio pulsars in 1967, missed the Nobels while their male collaborators, Otto
         Hahn (1944) and Anthony Hewish (1974), were each honored with an award. Lene Hau,
         a physicist at Harvard University, is another woman mentioned in the Guardian article. In 1999, her team was able to slow a beam of light to 17 meters per second,
         which she topped in 2001 by stopping a beam of light completely. This work has implications
         for quantum computing and quantum encryption. Hau’s work is fairly recent, so she
         may yet get a Nobel Prize.
      

      
      There can be no denying that just three women in 213 physics Nobel laureates is a
         disproportionately low number and that many distinguished and immensely qualified
         female physicists must have been overlooked. But is this a big deal? Yes, of course
         it is. It is grossly unfair to the women who didn’t get the award and sends the wrong
         message to young people, funding agencies, editorial boards, and others about who
         does noteworthy science. Perhaps much more important, it is indicative of many biases
         and inequities that plague women and minorities in science. 
      

      
      In 2008, I served as a consultant for the Royal Swedish Academy of Sciences’ deliberations
         about the chemistry award; as a result, my wife and I were invited to attend the Nobel
         ceremonies. We stayed in the Grand Hotel with all the awardees. We got to see how
         scientists, excellent but unknown outside their fields, suddenly became superstars.
         They were interviewed on radio and television and hobnobbed with Swedish royalty.
         The events of Nobel week were shown live on Swedish television, and the newspapers
         were atwitter about the clothes worn by the Swedish princesses at the awards ceremony.
         Nobel laureates immediately become role models who are invited to give seminars all
         around the world. In an interview with Nature magazine, Donna Strickland, was asked how her life had changed since being informed
         that she had won the award. She said, “Oh, completely! This is just completely crazy,
         you know; I got to talk to the Prime Minister of Canada for the first time ever. He
         was very nice about it. I said, ‘This must be how your life is like all the time.’
         And he replied, ‘No, I don’t always get to speak to a Nobel laureate.’”[24]   Her answer shows the stature the prize imparts and why women Nobel laureates are
         such important role models.
      

      
      Because only 3 percent of the science awardees have been women and there have been
         no black winners, there are very few role models for the new generation. The entertainment
         industry is no help; media depictions of male scientists and engineers outnumber those
         of women by a ratio of 14 to 1.[25]   Frances Arnold, winner of the 2018 Nobel Prize for chemistry, had a guest appearance
         on The Big Bang Theory. She was the first woman scientist to make a guest appearance in 12 seasons of the
         show. If we want to solve our climate change problems, cure Alzheimer’s, expand our
         economies, and so forth, we can’t afford to completely ignore a large proportion of
         the population. In the words of Virginia Valian, who has spent the past 25 years studying
         the structural and psychological reasons for the paucity of women in the upper reaches
         of science, “If we want talent, we have to welcome it and nurture it, in all its diversity.”[26]   
      

      
      Nomination to receive a Nobel Prize in science or medicine is by invitation only.
         Each year, thousands of members of academies, university professors, scientists, previous
         Nobel laureates, members of parliamentary assemblies, and others are asked to submit
         candidates for the Nobel Prizes for the coming year. The names of the nominees and
         other information about the nominations cannot be revealed until 50 years later.[27] Despite this confidentiality, we know that nominations tend to favor scientists working
         at elite research institutions, famous scientists who are good at self-promotion and
         are well known to their peers. Predictably, these tend to be older, established white
         males. The Royal Swedish Academy of Sciences, for chemistry and physics, and the Nobel
         Assembly at the Karolinska Institute, for medicine, are in charge of selecting the
         Nobel winners from the nominations. They are aware that they have a “white male problem,”
         and starting with the 2019 nominations they have asked nominators to consider diversity
         in gender, geography, and topic in their future nominations. It didn’t work. There
         were no female awardees in physics, chemistry, or medicine at the December 2019 Nobel
         award ceremonies.
      

      
      “The Leaky Pipeline”

      
      The disproportionately low number of female Nobel laureates in the sciences and the
         absence of black science laureates is an extreme example of the “leaky pipeline” in
         science. The NSF coined the phrase for this phenomenon in the 1980s. It comes from
         a report in which the NSF also predicted an upcoming shortage of scientists and engineers
         that would grow to over 500,000 by 2006. The shortage never materialized, but the
         metaphor stuck. It presents a vivid visual image of women and people of color entering
         the sciences but then “leaking out of the pipeline” at greater rates than white males
         as they progress along their educational and career paths. This pipeline should lead
         to awards and board memberships in science, the ultimate being the Nobel Prizes, but
         the number of women and people of color consistently decreases as we move along the
         pipeline. More than 14,000 academic articles have been written about the “leaky pipeline.”[28] However, while the phrase is also very popular with the media and politicians, it
         is a flawed metaphor. Although it is often used in connection with a perceived future
         shortage of scientists, it is less commonly used to show the need for increased diversity
         and equitable representation in STEM, the more important pressing problem. At the
         same time, a leaky, dripping pipeline has the obvious negative connotations of a dysfunctional
         pipe; it implies that there is a single direct pathway from preschool to PhD, and
         that the PhD is a more valuable endpoint than other educational degrees.[29] Although the leaky pipeline is not necessarily a good metaphor, it certainly describes
         something real. Therefore, I use the phrase in this chapter, although I place it in
         quotes to acknowledge its inadequacy.
      

      
      The percentages of women decrease from a bachelor’s degree to a PhD, tenure, full
         professorship, and major awards in the sciences. A 2015 NSF report shows that women
         accounted for 45 percent of PhDs in the STEM fields. The percentage falls to 42 percent
         for female junior faculty members and to 30 percent for female senior faculty members.[30] A similar drop-off is observed in biotech companies, where women just hold 20 percent
         of leadership roles and 10 percent of board seats. Chemistry & Engineering News reviewed the boards of 75 biotech companies that had raised series A funding since
         2016 and found that 39 have only men on their boards, while just 2 have boards with
         over 30 percent women.[31]
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