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				[image: A group of people stands and sits among tall trees with yellow autumn leaves in a forest.]Students studying in a forest preserve in southern Indiana, USA. Vicky Meretsky. CC0. Welcome to Environmental Sustainability Science. This text was written in  2025 as a survey text for graduate students, broadly covering aspects of science related to environmental sustainability. In a rapidly changing world, a sound foundation in environmental science is essential for all those who are working in support of a sustainable planet – researchers, planners, managers, policy-makers, advocates, and citizens of the world.
 Environmental Sustainability Science is a free and open textbook licensed under CC BY NC 4.0 , edited and largely written by Vicky Meretsky, Ph.D., of the Paul H. O’Neill School of Public and Environmental Affairs at Indiana University, Bloomington. Chapter 7 was co-authored with Ms. Janet Mireku and Chapter 10 was largely written by Ms. Mara Flynn, both master’s students at the O’Neill School. Colleagues who commented on portions of the text are acknowledged with deepest appreciation in the chapters with which they assisted.
 Environmental Sustainability Science was developed from Introduction to Environmental Science and Sustainability, licensed under CC BY 4.0 and edited and co-authored by Emily P. Harris, M.S., with the Department of Earth and Environmental Sciences at the University of West Florida. Very little of Ms. Harris’ text remains, mostly due to differences in level and date, but I owe a great debt for the model of science and craft her text provided. Ms. Harris in turn acknowledged these open sources .
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		Chapter 4: Water Availability and Use

	

	
		 
 [image: A concrete bridge with yellow and black striped barriers spans a body of water, supported by multiple pillars. A vehicle is parked on the road leading to the bridge on the left side. The sky is mostly cloudy with patches of blue, and power lines with pylons are visible in the background.]A portion of the newly constructed Qosh Tepa canal in northern Afghanistan, 2023. The canal offers an opportunity to reduce food insecurity for many. However, construction issues and open construction in a desert may lead to substantial water losses. Bek 1998 CC BY-NC-SA 
 In their 2025 progress report on the UN sustainable development goals, the UN reported that 2.1 billion people lacked access to safely managed drinking water in 2024. Although water pollution can reduce water availability, arid areas and areas with poorly managed water supplies have little water to begin with. In this section, we will see some of the management issues associated with use and overuse of water resources and methods used to improve availability.
 Learning Outcomes
 After studying this chapter, you should be able to:
 	Understand the water cycle and sources of fresh water
 	Understand the extent of unsustainable withdrawals of water from surface water and groundwater sources
 	Understand major causes of water loss from water systems
 	Understand the anticipated impact of climate change on water availability
 	Be familiar with standard methods to improve water availability
 
  
 Chapter Outline
 	7.1 The water cycle and fresh water supply
 	7.2 Water supply problems and solutions
 	7.3 Water availability case study
 
 Media Attributions
 	A portion of theQosh Tepa canal under construction in northern Afghanistan., 2023. © Bek1998 is licensed under a CC BY-NC-SA (Attribution NonCommercial ShareAlike) license
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		Chapter 9: Oceans - ecosystems, ecosystem services, threats, and conservation

	

	
		 [image: A bright red crab just inside an envelope of water on coral.]Young convex reef crab inside the edge of the rising tide in the Kapoho tide pools near Hilo, Hawaii. The pools were obliterated by a lava flow from Kīlauea  in 2018. Vicky Meretsky CC0. 
  
 The oceans comprise almost three-quarters of the planet, but our familiarity with them varies tremendously depending on where we live and what we do. In this chapter, we will explore the ocean environment and its major ecosystems, the threats to water quality and ecosystem health, and measures to manage and conserve its resources.
 Deepest thanks to Mr. Stephen (Chip) Glaholt of the O’Neill School of Public and Environmental Affairs for a thorough review in very short order!
 Learning Outcomes
 
 After studying this chapter, you should:
 	Understand the main processes acting in oceans
 	Be able to describe major marine ecosystems
 	Be familiar with the major threats to marine water quality and ocean biodiversity
 	Understand the main methods of governing ocean resources sustainably
 
 Chapter Outline
 	9.1 Ocean basics
 	9.2 Marine ecosystems
 	9.3 Threats to ocean health and biodiversity
 	9.4 Managing and conserving ocean resources
 	9.5 Case study – the High Seas Treaty
 
 Media Attributions
 	Convex reef crab. Kapoho tide pools. Hawaii © Vicky Meretsky is licensed under a CC0 (Creative Commons Zero) license
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		6.5 Improving Energy Sustainability

								

	
				Is it feasible to eliminate GHG emissions – to reach net zero emissions?
 Plans exist that define emissions reduction strategies to avoid global warming beyond 1.5°C above pre-industrial temperatures or to return quickly to temperatures less than 1.5°C above historic temperatures. However, the longer progress towards sustainable energy use is delayed, the greater the levels of global warming that will be reached. As a practical matter, we have seen that nations have neither pledged nor made sufficient emissions reductions to avoid increasing their GHG emissions and therefore increasing global warming. Following the 2024 presidential elections, the US has made and committed to making steps backwards away from a goal of net zero emissions.
 The IPCC’s 6th Assessment Report provided extensive guidance, particularly in the Working Group III report on climate mitigation, for actions to reduce emissions and to remove CO2 from the atmosphere. The International Energy Agency’s (IEA) Net Zero by 2050 plan[1] provides a roadmap with many specific milestones for reaching net zero emissions. For the US, the National Renewable Energy Laboratory developed four separate scenarios for achieving 100% clean electricity by 2035[2].
 The IEA breaks the path to decarbonization into 7 processes, with changing importance over time (Fig 1).
 	Energy efficiency – decreasing in importance over time as efficiency gains become permanent
 	Behavioral change and avoided demand – increasing in importance as technology helps to reduce energy demand
 	Electrification – increasing in importance to move energy demand to energy forms that can be supplied cleanly
 	Renewables – supply approximately half of emissions reductions until 2030, and supply 90% of electricity by 2050.
 	Hydrogen and hydrogen-based fuels – initially a transition fuel to avoid transmission and distribution needs, then a mainstay for flexibility in electricity and for transportation.
 	Bioenergy – traditional biomass for cooking ceases by 2030, solid bioenergy provides flexible fuel, heat, CO2 removal. Liquid biofuel becomes important for aviation.
 	Carbon capture, utilization, and storage – offsets emissions during transition, especially in emerging and developing economies, removes CO2 while permitting use of natural gas.
 
 [image: Bar chart showing global CO₂ emissions in gigatonnes (Gt CO₂) for 2020, 2030, and 2050, with contributions from various mitigation measures. Measures include behavior and avoided demand, energy efficiency, hydrogen-based solutions, electrification, bioenergy, wind and solar power, other fuel shifts, and carbon capture utilization and storage (CCUS). Emissions are reduced by 50% by 2030 and reach -100% by 2050. Caption notes that solar, wind, and energy efficiency account for about half of reductions by 2030, with electrification, CCUS, and hydrogen increasing thereafter.] Figure 1. Decarbonization pathway for IEA Net Zero by 2050 plan. Emissions increase between 2020 and 2030, offset by decarbonization processes. Emissions increase from 2030 to 2050, offset by a different balance of decarbonization processes to reach zero emissions by 2050. International Energy Agency. CC BY.
  
  
 Several of steps needed to reach zero emissions and beyond require technology and infrastructure not currently available. Carbon capture and storage, hydrogen technologies, and enhanced energy transmission systems will all need to be improved and extensively deployed to halt and eventually reverse global warming. It is not enough to create clean energy – it must be stored so that supply can meet demand, it must be transported from production sites to end users, and new energy types must be integrated into the existing power grid so that control of the power supply remains smooth.
 Some processes that currently exist, particularly in carbon uptake by ecosystems and agricultural soils still need extensive study. As a result of ongoing developments and research needs, all scenarios to halt and reverse global warming have considerable uncertainty built into them. Some aspects may go faster than anticipated, but so far, where large uncertainties exist, deployment has been very modest.
 Reaching net zero emissions will neither immediately halt nor reverse global warming
 As noted in Chapter 2, research indicates that if all anthropogenic GHG emissions were to cease, global temperatures would level off in a few decades – not immediately, but perhaps within a lifetime. But a return to pre-industrial temperatures – a decrease in planetary temperature – will require many centuries. Partly this is due to the lifetime of greenhouse gases in the atmosphere, but CO2 and heat have also been absorbed by the ocean, including the deep ocean, and all of that heat and CO2 must be purged to return the planet to pre-industrial temperatures.
 The IPCC scenarios that result in global warming that remains below 1.5°C above historic levels (or quickly returns to levels below 1.5°C following an overshoot) all combine zero emissions with removal of GHG from the atmosphere. Carbon reduction strategies are a suite of practices, techniques, and associated technologies that manage carbon either by reducing emissions of GHG or by removing GHG already present in the atmosphere. Carbon capture and storage is one technique that involves capturing carbon emissions at the source – at power plants and industrial sites – and redirecting them into storage in the deep subsurface, or removing CO2 directly from the atmosphere through a variety of means and also storing them geologically. Some emissions may be used to create carbon-based products, in carbon capture, use, and storage (Fig 2).
 [image: Diagram illustrating the carbon capture, transport, use, and storage process. It includes four stages: Capture (from power stations, industrial facilities, or air), Transport (via ship or pipeline), Use (as feedstock for products or services), and Storage (in underground geological formations, onshore or offshore). Icons depict a factory, pipelines, a ship, a cement mixer truck, and an offshore platform.] Figure 2. A generic carbon capture, use, and storage system. International Energy Agency CC BY.
  
 Although deployment of carbon capture and storage is increasing, it still falls short of levels considered necessary to fulfill its role as part of carbon management strategies needed to hold warming at or below 1.5°C (Fig 3). Technology for carbon capture at emissions sites is still improving; support for development and implementation can speed progress, but political and economic barriers may exist.
  
 [image: Bar chart showing projected CO₂ emissions from 2020 to 2030 in megatonnes per year (Mt CO₂/year), with the y-axis ranging from 0 to 1200. The x-axis includes years 2020, 2022, 2024, 2026, 2028, and 2030. Each bar is segmented by development stage: Operating (blue), Under construction (light blue), Advanced development (green), Concept and feasibility (dark green), and Gap to Net Zero Emissions (yellow). The chart shows a rising trend in emissions through 2030.] Figure 3. Carbon capture capacity compared to needed capacity for the International Energy Agency’s net zero emissions (NZE) scenario, 2020-2030. International Energy Agency. CC BY.
  NZE = Net Zero Emissions by 2050 Scenario. Includes large-scale projects with a capture capacity over 100 000 t per year (1 000 t per year for DAC). Capture projects for CO2 use are included as long as CO2 is used in fuels, chemicals, polymers, building materials, or for yield boosting. Within planned carbon-capture-use-storage (CCUS) industrial hubs, only identified CO2 capture projects are included (not the full potential capture capacity of industrial hubs for which capture sources are not specified).
 
 
 Nature-based climate solutions are also available for carbon capture and storage. Plants take up CO2 during photosynthesis and store the resulting carbohydrates in biomass. Soil can sequester carbon from organic material. Some organic material, such as woody tissue, is naturally resistant to decomposition. But organic material can also become sequestered within soil particles, and bound to the surface of soil particles, holding it in the soil without decomposition to CO2.
 Land management practices of ecosystems including halting deforestation, restoring naturally occurring forests (reforestation), planting forests where forests did not previously exist (afforestation), restoration of ecosystems with high plant biomass and high-carbon soils such as occur in wetlands, some tropical forests, and boreal forests can increase CO2 removal from the atmosphere and retention in ecosystems. Regenerative agriculture that seeks to maintain and improve soil health is similarly useful. We will see more about these practices in later chapters.
  
 Barriers to a transition to clean energy
 Complex energy systems
 Energy contributes to quality of life for individuals and drives economies of nations. Traditional energy systems are over a century old and worked well to advance society into the modern age through the use of high-density energy resources – fossil fuels. However, the greenhouse gases associated with that progress are an outstanding example of an externality that was never calculated into the overall expense of the energy systems, and the cost of addressing that externality has become extreme, and, unsurprisingly, unwelcome. Cost reductions have helped to ease the transition, but as energy demands continue to increase, the overall share of cleaner energy sources in the world energy portfolio has increased rather little.
 Wholesale change in energy portfolios is therefore something to approach with care. Science can describe a path to clean energy, but implementing such large changes involves a host of other actors in policy, politics, communication and other social and economic areas.
 National energy grids are typically complicated and highly regulated. Energy is subject to regulation at local, state, and federal levels, in the US, and even changes associated with conventional energy can be mired in delays.  Watch video click here for a discussion of the complexities associated with the US power grid and the increasing power demands associated with electric cars (if you like, stop at time code 11:13). Note that most of the relevant elements of the Inflation Reduction Act in the US, referenced in the video, have been halted by the subsequent US administration.
  
  One or more interactive elements has been excluded from this version of the text. You can view them online here: https://iu.pressbooks.pub/environmentalsustainabilityscience/?p=199#oembed-1 
 
 Social, political, and economic forces
 From the earliest stages of global warming, scientific information has been met with distrust and disbelief. As global warming progresses and scientific certainty grows, along with loss of life and property, distrust and disbelief persist. Considerations of financial and political power have led to persistent misinformation and opposition[3]. These, in turn, are sometimes offset by the economic and social advantages associated with reducing air and water pollution and climate change.
 In the past, new technologies that were in the best interests of society often received support from governments in the form of direct subsidies, tax exemptions, protection of patents, etc. As technologies mature, industry begins to take over support in order to make profits, and prices begin to become competitive with existing technologies, so that market forces begin to encourage adoption of the new technology. The more consistent the support, and the more considered the transition from government support to private support to widespread adoption, the more straightforward the process. Development of both technology and policy to halt and reverse climate change has often lacked support and consistency. The changes envisioned are large, which creates the potential for economic and political winners and losers. The US, in particular has seen see-sawing support for climate-related actions and policies. Changes in financial incentives for climate-related actions have global repercussions; supply chains for climate-related technologies, including for critical minerals, have global reaches. The result has been slower progress, but not halted progress, in combating global warming.
 For a discussion of the global processes related just to carbon capture and sections, watch this video that discusses the status, trends, and barriers to carbon capture and sequestration as a global mechanism to reduce and reverse carbon emissions. From the The 2nd High-Level Roundtable on Carbon Management Technologies, held in Riyadh, Saudi Arabia in February 2023. Note that most of the relevant elements of the Inflation Reduction Act in the US, referenced in the video, have been halted by the subsequent US administration, whose intransigence in matters of energy production contributes significantly to the barriers to decarbonization.
  
  One or more interactive elements has been excluded from this version of the text. You can view them online here: https://iu.pressbooks.pub/environmentalsustainabilityscience/?p=199#oembed-2 
 
  
 Geoengineering: an emergency intervention for climate change
 Geoengineering involves major interventions into Earth’s energy processes in order to reduce or reverse climate change. Proponents suggest such interventions as emergency measures to avoid the worst impacts from climate change. However, safe testing procedures would require a test planet, and ours is the only one available. The balance between the documented evident harms from present and future climate change on one side and the potential harm of impacts from geoengineering is very hard to estimate, given the large number of unknowns on both sides.
 Solar radiation modifications
 The group of geoengineering interventions grouped together as solar radiation modifications seek to increase planetary reflectance or albedo to reduce the warming impacts of solar radiation.
 	Injecting sulfur dioxide into the stratosphere to increase albedo. As we learned in chapter 2, atmospheric sulfates are associated with acid rain, which can cause severe air and water pollution and significant damage to terrestrial and aquatic ecosystems. Modeling work on sulfate geoengineering suggests that the approach is unlikely to cause catastrophic harm, but would change the location of acid rain from industrial regions to less disturbed parts of the planet where sensitive ecosystems may be at risk.[4] Sulfate injections are achievable with current technology and would last 1-3 years in the atmosphere, requiring ongoing injections.
 	Spraying aerosols of sea salt (basically, seawater) into low-elevation marine clouds to enhance cloud cover and associated reflectivity. This practice is achievable with current technology. Effects would be short-lived, so it would be easy to stop impacts. A recent review of research needed to understand this approach emphasizes that the effectiveness of the practice is still unclear, and that risks of changes to regional temperature and rainfall and resulting impacts to human and natural systems are also unclear.[5]
 	Orbiting mirrors or sunshades. This approach would carry large blocking, reflecting, or solar-panel-covered bodies into a point in space where they would be stable and would intercept solar radiation. This approach is currently only hypothetical as the fleet of spacecraft needed for the operation and the engineering technology needed for the sunshades do not exist at this time. Proponents point out that deploying sunshades avoids actions on Earth, can be undone at need (if you have the spacecraft to deploy them, theoretically, you have the spacecraft to move them out of line with the sun to return incoming radiation), and could, potentially, supply additional energy to Earth if the sunshades were designed to collect or focus solar energy to terrestrial energy facilities.
 
 Carbon dioxide removal
 A variety of geoengineering techniques are suggested that can remove carbon dioxide from the atmosphere using biological and geological approaches. Four of the most common suggestions follow.
 	Direct-air capture removes carbon dioxide directly from the atmosphere and then injects it deep underground to sequester it there, permanently. In 2024,  the International Energy Agency reported that several nations had plans to implement carbon removal in the coming years, but the process is expensive and the volumes of C to be removed are still small relatively to the overall need.[6]
 	Nature-based climate solutions facilitate carbon uptake by plants and soil in natural ecosystems and also in agro-ecosystems. In addition, some solutions seek to maintain carbon in natural carbon sinks, particularly in organic soils in tundra, wetlands, and peatlands, including tropical rainforest peatlands. Our understanding of the details of carbon processes in natural ecosystems and agroecosystems is still incomplete[7], but researchers estimate that land systems presently absorb perhaps 30% of current emissions.[8] Reforestation and protection of existing forests, wetland restoration, and supporting large grazer populations on tundra are some of the recommended approaches for increasing carbon sequestration in natural systems. Chapter 7 describes some of these approaches for using agroecosystems for carbon sequestration. 
 	Ocean fertilization uses iron additions to the ocean to increase algal biomass in less productive parts of the ocean. The algae take up CO2 during their lifetimes, during photosynthesis and incorporate it into their biomass. When they die, some of the biomass sinks to the ocean floor, which is a global C sink. Ocean fertilization experiments have been performed, and they do increase uptake of C by algae. However, these experiments also have the potential to cause ecosystem-level changes that propagate through the ocean, reducing productivity by using up nutrients to produce algae that would otherwise be used elsewhere in the ocean. Models of fertilizing the Southern Ocean suggest significant impacts to tropical fisheries, demonstrating the potential for far-reaching ripple effects from the practice.[9]
 	Enhanced weathering of rock formations to absorb CO2 during weathering – CO2 from the atmosphere is chemically fixed into the minerals that form during weathering. In these approaches, ground rock would be applied to oceans or land. Powdering the rock (olivine is one suggested mineral to use) greatly increases its surface area, providing more surface for weathering reactions that transform CO2 into rock. The chemistry is not always straightforward and rock with the wrong composition could actually increase GHG emissions. But the largest problem with enhanced weathering is the cost and energy use of mining, pulverizing and transporting rock. [10]
 
 Just as the use of natural gas was put forward as a means of transitioning from coal to decarbonized energy sources – a way to buy time while technology was developing and society was adapting – geoengineering is suggested as a means of offsetting carbon emissions while society continues to make progress towards decarbonizing. One major criticism of geoengineering is the same as a major criticism leveled against use of natural gas as a transition fuel: those who profit from slowing progress towards decarbonization will use the breathing room gained from geoengineering to continue business as usual with fossil fuels, slowing progress and dulling public perception of the urgency of the climate crisis.
 However, as mentioned above in this section, all modeled climate futures that avoid global warming above 1.5 or 2°C require some kind of removal of carbon dioxide or faster-than-decarbonization-only reduction in GHG emissions. To date, carbon capture and storage is the primary means at hand.
 The United Nations Convention on Biodiversity created an embargo on large-scale geoengineering in 2010, pending strong scientific justification for its use and full understanding of potential impact. Some have noted that concerns about impacts from geoengineering have mostly successfully stymied work to determine feasibility of some approaches. [11] In the face of growing concerns about climate-change impacts and growing pressure to slow climate change, perceptions of nuclear energy have changed considerably. If the pace of decarbonization proves unequal to the task of significantly slowing climate change, perceptions of geoengineering may similarly change.
 Energy sustainability is not only about global warming
 Global warming is probably the most urgent aspect of energy sustainability at this time, because the resulting climate change affects everyone, everywhere, with increasing force. Climate change touches directly on Sustainable Development Goals 7 (affordable and clean energy) and 13 (climate action), but also on many others, including Goal 3 (good health and well-being), 12 (responsible consumption and production), 14 (life below water) and 15 (life on land).
 Increasingly, energy sustainability is also associated with additional social goals, including 1 (no poverty), 2 (zero hunger), 4 (quality education), 5 (gender equality) and 11 (sustainable communities). While developed countries are learning to integrate new, advanced technologies into their energy grids in order to reduce GHG emissions, many areas of the world still have limited access to clean fuels for cooking (Fig 3). The burden of gathering fuel for cooking fires in developing countries falls largely on women and children (particularly girls)[12], contributing to inequality and lack of education. Similar issues related to unequal impacts arise with mining activities associated with energy. Unequal impacts of energy generation include impacts from climate-change, air and water pollution, and land-use change[13]. Some of these sustainability issues will be improved as efforts to reduce climate change continue. Legacy problems associated with prolonged, unequal environmental impacts and related social and economic impacts, will require more focused attention.
  
 [image: World map showing the share of the population with access to clean fuels for cooking in 2021. Countries are shaded in varying tones of green, representing percentages from 0% to 100%. Areas with no data are marked with grey hatching. Clean fuels include natural gas, electricity, biogas, LPG, solar, and alcohol fuels. The map highlights disparities in access to clean cooking technologies, which help reduce indoor air pollution. Source: WHO Global Health Observatory (2024).] Figure 3. Proportion of the population with access to clean fuels for cooking, in 2021. OurWorldinData.org. CC BY.
  
 Knowledge Check
 Take a moment to complete the short quiz below to assess your understanding of this section. Read each question carefully and refer to the section content as needed. This quiz is not graded – it’s simply an opportunity for you to reflect on what you’ve learned and reinforce key concepts.
  An interactive H5P element has been excluded from this version of the text. You can view it online here:
 https://iu.pressbooks.pub/environmentalsustainabilityscience/?p=199#h5p-28 
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		5.1 Kinds of solid and hazardous waste

								

	
				Kinds of waste
 Waste is often categorized by its source, its makeup,  or its destination, and then may be broken down further. The US Resource Conservation and Recovery Act (RCRA defines solid waste as “any waste or  sludge from a wastewater treatment plant, water supply treatment plant, or air pollution control facility and other discarded material, including solid, liquid, semi-solid, or contained gaseous material resulting from industrial, commercial, mining, and agricultural operations, and from community activities. In general, solid waste can be categorized as either non-hazardous waste or hazardous waste.” This is a trifle confusing, as it includes things that are clearly not solid, and separates out some sources very specifically while grouping other sources very broadly. In the US, waste production is tracked by the EPA, but irregularly; In 2025, no major reports were available for conditions after 2018.
 Non-hazardous wastes
 Municipal waste includes non-hazardous waste generated by households and offices – what we often call “trash” or “garbage.” In the US, food and paper waste comprise almost half of all wastes   (Fig 1). In developing countries, waste related to packaging comprises a lower proportion of waste, resulting in a larger proportion of food-related waste (Fig 2).[1] Medical wastes that are not hazardous are typically treated as part of municipal wastes. Hazardous waste from the municipal waste stream includes many categories of material from batteries of all kinds to radioactive medical waste.
  
 [image: A pie chart shows the composition of municipal solid waste by material. Paper and paperboard make up 23.1 percent; food 21.6 percent; plastics 12.2 percent; yard trimmings 12.1 percent; rubber, leather, and textiles 8.9 percent; metals 8.8 percent; wood 6.2 percent; glass 4.2 percent; and other materials 2.9 percent.]Figure 1. Breakdown of municipal waste in the US in 2018. Total volume was 292.4 million tons (265 metric tons). US EPA. Public domain.  
 [image: A stacked bar chart compares the composition of municipal solid waste by region. Each bar shows the percentage of food and garden waste, glass, paper and cardboard, plastic, metal, and other materials. Food and garden waste makes up the largest portion in every region, especially in Sub‑Saharan Africa, Central and South Asia, and East and South‑East Asia. Regions such as North America, Western Europe, and Australia and New Zealand show higher proportions of paper, cardboard, and plastic. Metal, glass, and other materials make up smaller percentages across all regions.]Figure 2. Global average and regional breakdown of municipal solid waste composition. United Nations Environment Programme and International Solid Waste Association. Blanket permission for educational purposes.  
 Agricultural wastes include residue from crop processing and food processing such as residues from brewing and distilling of alcoholic beverages, juice production, grain processing, animal wastes and carcasses, packaging from feed and fertilizers, etc. Crop residues left in the fields are not categorized as agricultural waste. Pesticide containers and left-over pesticides are classified as hazardous wastes.
 Industrial wastes vary considerably by industry and within industries. Construction wastes may include a large component of organic material from wood products or no wood waste at all, for example. Wastes may be largely unprocessed such as rock and mined water from mining operations, or may be heavily processed, such as paints, solvents, and other industrial chemicals. Many industrial wastes are classified as hazardous wastes.
 Because they are classified as non-hazardous materials, many municipal, agricultural, and industrial waste components have potential for recycling and reuse.
  
 Hazardous wastes
 In the US, hazardous wastes are defined by the US EPA as having (at least) one of four characteristics.
 Ignitable: a material that can ignite on its own, without any separate ignition sources such as a spark or flame. The material may combust as a result of heat, chemical changes, changes in moisture, friction, etc. (Combustible materials require an outside ignition source in order to burn).
 Corrosive: corrosive materials can destroy other materials on contact. In particular, they can corrode containers such as metal containers, which makes them difficult to contain. Corrosives are commonly strong acids with pH <2 or strong bases with pH > 12.5 .
 Reactive: materials that combust, explode, or emit harmful vapors or fumes under specific conditions. They may react to heat, compression, or the addition of water.
 Toxic: materials that can cause harm or kill when ingested, absorbed through the skin, or inhaled.
 In international law, hazardous wastes are largely defined in documents related to the Basel Convention on the Control of Transboundary Movements of Hazardous Waste. In addition to the categories defined by the US EPA, the United Nations adds radioactive, infectious, and mutagenic (causing cancer and birth defects) wastes. In the US, radioactive wastes are regulated at the federal level, but separately from hazardous wastes. Infectious wastes are regulated at the state level. Mutagenic wastes are regulated through disposal requirements in the Resource Conservation and Recovery Act (RCRA) and the Toxic Substances Control Act (TSCA).
  
 Exclusions to solid waste and hazardous wastes
 In the US, a wide variety of types of waste are excluded from the definitions of solid waste and hazardous waste.[2] Some exclusions are to avoid redundant regulation. For example, the EPA does not address radioactive waste as a hazardous waste because it is regulated by the Atomic Energy Act, rather than by RCRA or TSCA. Similarly, domestic sewage is regulated under the Clean Water Act. Some substances are unregulated when they are emitted in small amounts by municipal users, but are regulated when emitted by industry. These exceptions recognize both the difficulty of regulating a large number of users and the practicality of not regulating users that, individually, cause little harm. Recycling streams are often excluded, to encourage recycling. Finally, in some cases, evidence is not yet available to determine the level of harm associated with a given substance.
 Knowledge Check
 Take a moment to complete the short quiz below to assess your understanding of this section. Read each question carefully and refer to the section content as needed. This quiz is not graded – it’s simply an opportunity for you to reflect on what you’ve learned and reinforce key concepts.
  An interactive H5P element has been excluded from this version of the text. You can view it online here:
 https://iu.pressbooks.pub/environmentalsustainabilityscience/?p=1791#h5p-20 
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		8.4 Sustainable harvest of renewable natural resources

								

	
				All living species are able to reproduce faster than needed to sustain constant population sizes. If they could not do so, they would not be able to recover from periods of increased mortality. The fact that populations can bounce back from disturbances demonstrates their ability to grow their populations.
 Because all species can grow in numbers, it is, theoretically, possible for humans to harvest individuals without threatening the existence of the species involved. So long as the harvest leaves enough individuals to sustain the harvested populations, harvest can be sustainable.
 It’s not a bad theory, and it holds true for a variety of plants and animals in a variety of settings. For example, waterfowl hunting in North America has supported both subsistence and recreational hunting across three countries fairly successfully for many decades.[1] But humans have been involved in unsustainable harvest since at least the last Ice Age, when they were a driver of extinction of the large mammals of that period. We have not needed huge numbers of humans or advanced technology to develop unsustainable practices.
 For any species in any area, there is a limit to the number of individuals the area can support sustainably, called the carrying capacity. Carrying capacity is not constant through time, but depends on the productivity of the area – usually affected by climate and nutrients available to plants – the nature and number of food species, predators, and competitors, and any disturbances, natural or anthropogenic.
 It’s natural to think that management of harvested species would seek to maintain them at carrying capacity – it’s the maximum number of individuals one should manage for – but a population at carrying capacity is a population close to its limits. Food is just enough to sustain the population, leading to higher mortality of young and old individuals, and lower productivity of reproducing individuals. Instead, for harvested species, the goal of harvest regulations is typically to maintain the population well below carrying capacity, where the population is still large enough to withstand unexpected disturbances, but small enough that resources are relatively abundant and reproduction can be quite high, producing lots of “excess” individuals that would increase the population under natural conditions but can be harvested under managed conditions that seek to maintain the base population size.
 This section discusses both terrestrial and marine species because many of the issues associated with harvest are similar.
 Understanding sustainable harvest – fish and wildlife
 We need detailed information about population characteristics in order to determine a sustainable level of harvest, regardless of the species involved. The larger the proportion of “extra” individuals we want to harvest, the greater the need for accurate information and care in managing the harvest.
 For wildlife populations, starting information includes a good estimate of total population size, rate of increase of the population, and the age classes of reproductive individuals and their age-specific reproduction rate. If animals do not reproduce before they are 3 years old, we need to be sure that a good number of individuals reach that age. If only a few three-year-olds reproduce at all, and they all have a single offspring, but 4-year olds often have twins, and animals 5 years old or older might have three or more offspring, then we may want many individuals to reach at least 5 years of age.
 
 But how are trappers, hunters, or fishers to know how old the individuals they target are? Few species are easy to age, accurately. In some mammals, males can be aged to some extent by size of horns or antlers, and size is correlated to age in some species, but not always closely. As a result, even if we have good information about age and reproduction, we may not be able to use it when harvesting.
 Harvest limits on male mammals with horns and antlers may specify recognizable categories of those to try to approximate age classes. But for many species, it may be hard to do more than separate the very young from the not-very-young.  Harvest limits can be set under such conditions, but they have to factor in uncertainty about age and the chances of harvesting reproductively important individuals. Birds and mammals are typically caught one at a time, and are not subject to commercial harvest as fish are. Under these circumstances, it’s easier to document harvest, or, at least, legal harvest.
 Harvest limits on fish that are caught on single-hooks lines often specify a required minimum size because size is easy to measure and determining age requires killing the fish. For fish that are caught in nets, the mesh size of the net can allow small individuals to escape, but those caught in the net are likely to be seriously injured or killed when the net is hauled in. It’s still possible to throw too-small individuals back overboard, if the catch is being handled at the level of individual fish while at sea, but this may only serve to feed sharks and other species that accompany fishing vessels.
 An additional complication in understanding sustainable harvest in fisheries is the role of technology in assisting harvest. Advanced sonar systems on fishing boats not only locate schools of fish but can, in some instances, identify species. Gear to handle miles of nets and lines of baited hooks and “mother ships” that can receive the harvest of many fishing ships extend the reach of fishing effort and enable it to continue nonstop. This level of effort requires well-informed management to understand the potential for large harvests.
 Impacts on non-target species
 Nets are examples of unspecific harvesting gear – they catch whatever enters them that cannot escape through the mesh – jellyfish, sea turtles, sea birds, marine mammals, and many species of non-target fish. Drift nets, which are typically miles long, are now illegal in the territorial waters of many nations, but are still used on the high seas. When they become old and tattered, they are often cut loose from the ship and discarded into the ocean where they can continue to catch anything in their path, as “ghost nets.”[2] Exclusionary devices are available for some kinds of nets and some kinds of non-target species, to allow escape of unwanted catch. They increase the cost of the nets and are not always popular, but in some areas, they are required.
 Baited hooks, particularly if they are on longlines – kilometer-long fishing lines lined with hooks – also catch many non-target species. Non-target or wrong-size fish caught on longlines are unlikely to survive if released, due to exhaustion and injury. Birds, sea turtles, and marine mammals drown.
 Nontarget fisheries catch is referred to as bycatch, and in some fisheries, it comprises the majority of the catch. A recent review of bycatch assessments reported bycatch rates ranging from <1% to >90% depending on the target species. Shrimp fisheries are consistently the worst for bycatch.[3]
 Among harvest methods for birds and mammals, nets (birds) and traps and snares (mammals) may catch and kill non-target animals. Nets are illegal as a means of trapping birds in most countries. Legal use of traps and snares is often for furs or to eliminate pest species, rather than for food. Nontarget species typically do not survive.
 Note that the occurrence of bycatch does not necessarily compromise the sustainability of a particular method if sustainability is judged only by the status of the target species. Judgements of sustainability in such cases should properly consider the full range of impacts of the harvest, not only impacts to the target species.
 Planning for disturbance
 All species are subject to disturbances that may cause gradual or sudden reductions in population sizes – wildfire, drought, flood, disease, changes in predator or prey populations, etc. Such disturbances are not always detectable – for example in fish from the deep ocean or high seas, or terrestrial species that are secretive – yet such disturbances may significantly reduce populations of target species. When this occurs, previously safe harvest levels may threaten population viability.
 Monitoring of harvested populations and harvest calculations that factor in the possibility of changes in population size after harvest levels are set can help to limit harm following unexpected mortality, but these require the additional expense of monitoring and conservative harvesting approaches that may be unpopular with stakeholder harvesting groups. Managers sometimes differentiate between maximum sustained yield that may not leave much margin for safety and optimum sustained yield that explicitly acknowledges possibilities of error in the understanding of population processes and the possibility of surprises. However, in some cases, calculations of maximum sustained yield are conservative and account for similar issues as optimum sustained yield – one has to examine the assumptions and calculations to know for sure.
 Requirements for sustainable harvest
 Sustainable harvest is more likely to be successful with species that reproduce at least somewhat quickly. Wildlife and fisheries experts differentiate between species that reproduce quickly and at fairly early ages, called r-selected species, and species that reproduce slowly and later in life, called K-selected species; of course, many species fall somewhere between these categories. As an extreme example of a K-selected species, Greenland sharks mature sexually around age 150 and have a gestation period of 8 to 18 years, after which they give birth to perhaps 10 young. Although a female may give birth to hundreds of offspring in her life, the slow rate of reproduction makes the species very vulnerable to overfishing – population recovery could take centuries, and any overestimate in the population size could easily lead to dangerous overfishing. Unfortunately, Greenland sharks are not the target of a species-specific fishery, but are more likely to be taken as bycatch, so no fisheries management accompanies their harvest.
 
 The problem of nontarget harvest highlights another important aspect of sustainable harvest – it should be planned, and the vast majority of harvest should be legal and reported. Nontarget take is unmanaged and its sustainability cannot be guaranteed. Illegal take – poaching of plants and wildlife and illegal and unreported landings of fish – can reduce viability of populations but also threaten entire species with extinction. In the case of wildlife, poaching often targets individual species or groups of species, however illegal capture techniques such as wire snares can catch many species. Illegal and unreported landings of fish often involve nontarget fishing techniques which reduce fish available for subsistence and commercial harvest, render population estimates for legal fishing untrustworthy, and increase bycatch of fish, birds, marine mammals, sea turtles, and other groups.
 [image: A pangolin walking across open ground. It is a bit bigger than a house cat, with a heavily armored body, a pointed head and a long, heavy tail.]Figure 1. A pangolin. Yu-Chih-Wei CC BY NC ND.  
 Obviously, we cannot accurately estimate the level of illegal harvest. The most trafficked mammal in the world is the pangolin – a group of 8 species of medium-sized mammals that look like a cross between an anteater and a pinecone (Fig 1). Estimates of illegal harvest range from hundreds of thousands to over a million, annually. They are taken for food in Africa and as a delicacy and for their scales, for medicinal purposes, in Asia. Trade in illegal natural-resource harvest is considered the fourth largest illegal market in the world.[4] For fishing, a US agency report puts illegal and unreported fishing at 20% of global take, with national levels as high as 50%,[5] but these are estimates with little data behind them.
 Understanding sustainable harvest – trees
 In general, tree populations are more easily understood than animal populations – trees stand still, and as a result, population monitoring is more straightforward. Ownership of plants and plant products can also be more straightforward. For harvest purposes, we typically deal with trees on the basis of their diameter, which is fairly easily measured, and their height, which can usually be estimated with some reasonable degree of accuracy.  
 Just as we harvest wild fish and also have aquaculture, we harvest trees from natural forests and also have plantations. Silviculture, the tree equivalent of agriculture, is the process of managing trees for forest products, and involves practices for both natural forests and plantations.
 We divided trees into conifers and broad-leaved trees when we studied terrestrial biomes. Timber producers make the same division, but refer to softwoods (conifers) and hardwoods (broad-leaved trees), although some hardwoods are noticeably harder than others. Softwoods are used for paper, cardboard, dimension lumber used in construction (2x4s and so forth), and engineered wood products such as plywood and strand board. Many of these products can be made from small-diameter trees, but large lumber beams require older trees. Hardwoods, in contrast, are used for furniture, flooring, veneer, and the pallets used in shipping. These tend to require larger trees. Both softwood and hardwood trees may be used to create wood pellets and other forms of biomass for energy. Wood of any size, including branches, and even shrubs, can be used for pellets.
 Harvest from natural forests can involve harvest of selected individual trees or clusters of trees, leaving a thinned but recognizable forest; harvest of most of the trees, leaving some to provide a bit of shade and seeds to stock the next generation; or clearcutting of all the trees. If only certain species or sizes are desired, then so-called select cutting approaches will work, and leave behind a forest that will still provide habitat to many (but not all) forest species. However, if only the highest-quality trees are being taken out without any plan for continuing to increase the value of the forest – sometimes called highgrading – then forest health and economic value is likely to decrease over time. Select cutting is standard in natural hardwood stands. Hardwoods are also grown in plantations for commercial purposes and on private land, often for investment value.
 Clearcutting – the removal of all trees on a site – can be controversial. Visually, the impact is overwhelming – one day a forest is there, and then there is a forest of stumps, with piles of removed branches and the marks of forest equipment on what was the forest floor. Clearcutting can increase erosion and impair water quality of nearby streams, in some cases for years. It completely removes forest habitat, reducing biodiversity significantly. But so can intense wildfires, ice storms, and windstorms.
 The primary stated purpose of clearcutting is to regenerate a more desired forest stand. For purposes of timber production, natural forests contain unwanted tree species, and older trees may grow more slowly and are more likely to have diseases that reduce their value.
 Clearcutting offers managers an opportunity to reset the forest to the desired species (one or more, but usually just one) and to take advantage of the faster growth rates of young trees. In addition, some tree species have young stages that need sunlight for growth, and those species grow poorly in the shade of a mature forest. However, arguments that clearcutting is not about profit but only about site preparation for the desired forest are disingenuous and ignore the fact that a clearcut of a natural mature or old-growth forest may produce the most valuable harvest the land will ever produce – a harvest more valuable than any subsequent, managed harvest, which will almost certainly involve younger, smaller trees.
 On a site with relatively intact soil, a new forest will begin to grow almost immediately, or, in drier places, as soon as the rains begin. Wildlife species adapted to open areas will soon arrive, but the suite of species will differ substantially from the species that occupied the original forest. As more and more older forests are cut, the species adapted to mature and old-growth forests have declined, some of them precipitously, and the profit motives that accompany commercial timber harvest do not permit such forests to return. Managed forests may grow to the smaller end of the mature size classes, but often do not get even that old.
 Timber managers use the term rotation length to describe the period of time between successive clear cuts. Forests grown for wood pellets (energy), paper pulp, and lower-value timber products – often conifer stands such as pine – may be managed on rotations as short as 10 years. These stands can be thought of as a slow version of corn. Sites are prepared, stands are fertilized, treated with pesticides and harvested. Value of short-rotation forests to wildlife is low but not absent. Some of the environmental impacts of agriculture (including fertilizer and pesticide runoff) occur, although usually at lower levels than for commercial agriculture.
 Longer rotation lengths allow trees to grow larger, and may increase biodiversity, depending on how the stand is managed[6]. Managed stands on public lands typically receive less intensive management and may support more biodiversity. However, such stands are still likely to be monocultures or near monocultures when they are replanted after harvest.
 [image: A tightly planted plantation of broad-leaved trees perhaps 3 m tall.]Figure 2. Coppiced poplar trees in the UK. By Incrediblehunk CC0.  
 Some energy tree crops are grown as coppices – fairly dense, planted stands of trees that are harvested by cutting back the stems every 2-5 years (Fig 2). Unlike pines and firs, trees grown in this way are usually broadleaf trees such as willow that are able to sprout back after their stems are cut to the ground. Some species can be cut 7 or more times before they must be dug up and replanted.[7]
 Plantations of all types are often sited on land that was originally natural forest, so they represent an overall long-term loss of natural forests and of biodiversity. Because plantations are heavily managed, many species of plants and animals are excluded. Plantations may also attract pest species and disease organisms, to the detriment of nearby natural forest.
 Genetically modified trees are increasingly used for plantation stock. Such genetic engineering now involves a host of characteristics including growth rate (which affects rates of carbon sequestration), resistance to disease, resistance to herbicides (much as in agricultural crops, to allow herbicides to be used freely in plantations to suppress any competing plant growth), etc. Recently, genome editing was used to reduce the amount of lignin (a natural “woody” polymer) in poplar trees, which in turn reduced the chemicals needed to process the wood into engineered wood for structural building material. The resulting engineered product was stronger and longer lasting than previous products.[8]
 Use of engineered varies widely, with some countries having almost all plantations planted in engineered species (mostly poplar, eucalyptus, pines) and other countries banning them. The distinction between genome-editing, which only involves changes to the existing genome, and genetic modifications in which genes from other organisms are inserted into the tree genome, is sometimes important in defining whether the new varieties are legal.
  
 Certifying sustainability of harvested natural resources
 Sustainability certification programs seek to ensure that natural resources are harvested ethically and responsibly, in ways that protect biodiversity, environmental quality, and social values. In order to be viable, such programs must meet a social or economic demand, so that producers and consumers will support certification. Transparency and oversight are important to maintain trust in the system. Small-scale producers may not have access to such programs, may be unaware of them, or may not be able to afford to meet their requirements The Forest Sustainability Council, the most widely used forest-products certification organization, makes specific efforts to include smallholders in its program.[9]
 In addition to certification programs such as the Forest Sustainability Council (FSC) or the Marine Stewardship Council (MSC), nonprofit organizations provide some sustainability recommendations such as the US Monterey Bay Aquarium’s Seafood Watch guides that help consumers to make informed choices about seafood.[10]
 Knowledge Check
 Take a moment to complete the short quiz below to assess your understanding of this section. Read each question carefully and refer to the section content as needed. This quiz is not graded – it’s simply an opportunity for you to reflect on what you’ve learned and reinforce key concepts.
  An interactive H5P element has been excluded from this version of the text. You can view it online here:
 https://iu.pressbooks.pub/environmentalsustainabilityscience/?p=110#h5p-41 
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		8.3  Wetland and freshwater aquatic ecosystems

								

	
				A number of wetland and aquatic settings of the world are not on the scale of entire biomes. In terrestrial systems, we often see intermingled ecosystems in places with complex topography – a very tall mountain in the desert Southwest of the US might go from desert at the bottom, through grassland, woodland, dry forest, wetter forest, to alpine tundra. The large swaths of continuous vegetation that are biomes are also not completely continuous – they are dotted with wetlands, cut through by rivers, and where the soil changes or bedrock comes near the surface, areas of different vegetation types will appear – too small to be biomes in their own right.
 Terrestrial wetland and aquatic ecosystems are almost never large enough to be considered biomes. Much of the boreal forest is wetland forest, but we label the biome boreal forest. Rivers, lakes, and ponds do not continuously cover the landscape in the way that the major grasslands, deserts, savannas, and forests do. For that reason, this section is about wet terrestrial ecosystems as well as about the aquatic biomes that occur in oceans, where continuously wet environments are the rule. But even in oceans, important features such as coral reefs are not continuous over large areas, and are best discussed as ecosystems.
 Read the linked PowerPoint or its .pdf equivalent for an introduction to wetland and freshwater aquatic ecosystems and biomes, their ecology, ecosystem services, and threats.
 Knowledge Check
 Take a moment to complete the short quiz below to assess your understanding of this section. Read each question carefully and refer to the section content as needed. This quiz is not graded – it’s simply an opportunity for you to reflect on what you’ve learned and reinforce key concepts.
  An interactive H5P element has been excluded from this version of the text. You can view it online here:
 https://iu.pressbooks.pub/environmentalsustainabilityscience/?p=85#h5p-40 
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 [image: A tranquil garden scene featuring a small pond or stream reflecting pink flowers from nearby bushes. The area is surrounded by trees, ferns, rocks, and well-maintained green grass, creating a peaceful natural setting]
 A garden in Brussels, Belgium.
  
  
 This introduction provides background in aspects of science and sustainability that may be useful throughout the text. Many readers will find familiar material in the chapter, but few readers will be familiar with all the parts of the chapter. Skim what is familiar and spend more time with new material.
 Learning Outcomes
 After studying this chapter, you should understand or be aware of
 	Some of the basic components of Earth’s climate
 	Chemical abbreviations
 	Some common concepts in chemistry relevant to environmental sciences
 	The difference between chemical cycles and the energy pyramid
 	The history of the concept of sustainability and the major components of sustainability
 	The role of environmental regulation in markets
 
 Chapter Outline
 	1.1  Earth and environment – introduction to environmental science
 	1.2 Sustainability and the Anthropocene
 	1.3 Environmental economics and the role of environmental regulation in free markets
 
 Media Attributions
 	Garden in Brussels, Belgium © Vicky Meretsky is licensed under a CC0 (Creative Commons Zero) license
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		3.1 The water resource - amounts and kinds of water

								

	
				Properties of water
 Although water is common in many parts of the world, it is unusual among liquids. Unlike many substances, water doesn’t become denser and denser as it gets colder. Solid metal sinks in liquid metal. Solid paraffin sinks in liquid paraffin. But solid water floats on liquid water, and for this reason, when ponds and lakes freeze over in winter, most of the contents remain liquid, continuing to support aquatic ecosystems and their fish, invertebrates, and aquatic plants.
 Water is called the universal solvent because so many substances dissolve in water. As a result of this property, blood and plant sap can carry circulate through plant and animal bodies, delivering gases and nutrients and carrying away wastes. Water can support aquatic ecosystems in the same way.
 Lastly among water’s interesting and useful properties is its slow response to changing air temperature. It takes considerable energy to heat water, and once heated, it cools slowly. This property of thermal inertia, a result of water’s high specific heat capacity , is the reason that coastal areas near oceans and large lakes often have rather mild climates relative to areas at the same latitude that are farther from water. Because water cools slower than the surrounding air in the winter and warms slower in the summer, nearby land experiences less extreme temperature swings. Moist soil also warms and cools more slowly than dry soil, due to its water content.
 Kinds of water
 Of the various kinds of water, humans rely most heavily on surface freshwater; it is, arguably, the most heavily managed natural resource on the planet. Yet, this comprises only a tiny fraction of all the water on Earth (Fig 1).
 [image: A bar chart titled "Where is Earth's Water?" illustrates the distribution of water on Earth in three categories: Total global water: 96.5% in oceans, 0.9% other saline water, 2.5% freshwater. Freshwater: 68.7% in glaciers and ice caps, 30.1% groundwater, 1.2% surface/other freshwater. Surface water and other freshwater: 69.0% ground ice and permafrost, 20.9% lakes, 3.8% soil moisture, 2.6% swamps/marshes, 3.0% atmosphere, 0.49% rivers, 0.26% in living things.]Figure 1. Global water availability. US Geological Survey. Public domain.  Liquid freshwater in groundwater is about 30% of 2.5% = 0.7% of total global water. Liquid, surface freshwater in rivers, lakes, and wetlands is about 24% of 1.2% of 2.5% = 0.007%. Less than 1% of the world’s water is easily used for drinking water. Further, a 2021  United Nations report estimated that about 40% of monitored freshwater bodies did not meet the standard for good ambient water quality due to water pollution. Many freshwater bodies are not monitored.
 
 
 Figure 1 divides water resources between saltwater and freshwater, and then further divides freshwater into a variety of liquid and frozen forms. Liquid freshwater resources can be surface water or groundwater (Fig 2). Surface water occurs above the ground, in lakes, rivers, and wetlands. Groundwater, as the name suggests, is water in the ground. But it may be water immediately under the land’s surface or it may be water under rock layers far below the Earth’s surface.
 [image: A cross-sectional diagram illustrating groundwater flow through geological layers. At the surface, trees and a stream are shown above the "Water table." A "PUMPED WELL" is located on the left side. Below the water table, the diagram features an "Unconfined aquifer" and two "Confined aquifer" layers, separated by "Confining bed" layers. Blue arrows indicate groundwater flow paths, labeled with time scales: days, years, centuries, and millennia.]Figure 2. Groundwater, aquifers, and groundwater withdrawal. T.C. Winter, J.W. Harvey, O.L. Franke, and W.M. Alley, US Geological Survey. Public domain.  
 An unconfined aquifer is a water layer just below the land’s surface, in the soil or sand or gravel (Fig 2). The top of the unconfined aquifer is called the water table. If you ever dug a hole near a lake shore or ocean shore, to reach water, you reached the water table. Where the land dips below the water table, surface water occurs in the forms of lakes, rivers, and wetlands. Surface water, rainfall or melting snowfall can add water to the unconfined aquifer (called recharge) quickly because the water merely needs to percolate through the soil to reach the unconfined aquifer. If water is plentiful, the unconfined aquifer can contribute water to surface-water bodies, as in the figure above, where blue lines point to the stream; if water is less plentiful, then the water table will be lower and flow direction will likely be from surface water into the unconfined aquifer.
 Confined aquifers are separated from the land’s surface by one or more confining layers that significantly slow percolation of water (an aquitard – for example, a clay layer) or prevents it entirely (an aquiclude – for example, a rock layer) (Fig 2). Confined aquifers can occur in several layers, separated by confining layers. Just as the unconfined aquifer isn’t pure water but is soil or sand or gravel saturated with water, confined aquifers are layers of porous rock or sand or gravel saturated with water. Precipitation recharges confined aquifers over long periods, ranging from years to millennia.
 A well that taps into an unconfined aquifer and removes water creates a local depression in the water table (Fig 2). The area and depth of the depression is a balance between the amount of water withdrawn and the amount of recharge from local precipitation. Withdrawal may thus be sustainable or unsustainable. If the depression is extensive or prolonged, the ground in the area may become compressed without water to support it, and the land may subside, creating a surface depression called a sinkhole.
 A well that taps into a confined aquifer is tapping an essentially nonrenewable resource – human use occurs faster than recharge, so the confined aquifer is constantly depleted. As the confined aquifer is drained, the overlying confining layers lose the support of the water and may crack or subside, leading to subsidence at the surface, as well. In addition, collapse of deeper layers may lead to drainage of any unconfined aquifer as well as surface water in rivers or lakes, into the deeper layers.
 [image: Two diagrams compare groundwater conditions. The top diagram, titled "Natural Conditions," shows freshwater flowing from land toward the ocean, maintaining a balance with saltwater. The bottom diagram, titled "Salt-Water Intrusion," illustrates how a pumped well disrupts this balance, drawing freshwater inward and allowing saltwater to intrude. Both diagrams include the land surface, water table, ocean, and directional arrows for freshwater (blue) and saltwater (black).]Figure 3. Saltwater intrusion. New York Water Science Center. Public domain.  In the upper diagram, the water table holds enough water to push against the ocean and maintain freshwater under the land surface. In the lower diagram, water withdrawal from the water table reduces the amount of pressure from the water table outward against the ocean; salt water is drawn towards the well.
 
 
  
 Over pumping of aquifers in coastal regions can lead to saltwater intrusion (Fig 3), a process in which saline ocean water moves into the aquifer when freshwater is withdrawn, and potentially renders it unfit for use as a water supply. Saltwater intrusion has occurred in many coastal areas in the US and is particularly problematic in Florida. The problem of saltwater intrusion is exacerbated by rising sea levels due to global warming.
 Knowledge Check
 Take a moment to complete the short quiz below to assess your understanding of this section. Read each question carefully and refer to the section content as needed. This quiz is not graded – it’s simply an opportunity for you to reflect on what you’ve learned and reinforce key concepts.
  An interactive H5P element has been excluded from this version of the text. You can view it online here:
 https://iu.pressbooks.pub/environmentalsustainabilityscience/?p=446#h5p-13 
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