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How to Use This Book


This book offers a comprehensive review of the Enduring Understandings, Key Concepts, Learning Objectives, and Essential Knowledge taught in the AP Environmental Science course, with many content examples and practice questions. Each element of this book is designed to prepare you for the exam.




Review and Practice


This book includes nine content review units that align with the nine units of the AP Environmental Science course curriculum. In addition, each chapter contains practice questions that highlight stimulus material, such as graphs and tables, food webs, environmental diagrams, and maps. All multiple-choice and free-response questions include answer explanations.







Practice Tests


The final section of this book offers the opportunity to take two full-length practice tests that include all question types found on the actual exam. There are 80 multiple-choice questions on the exam with only four answer choices. You will have 90 minutes for the multiple-choice questions. There are three free-response (FRQs) questions free-response questions, on the exam, which you must answer in 70 minutes. A comprehensive answer explanation is provided for each multiple-choice question, and a rubric is provided for all free-response questions.







Online Practice


There are three full-length practice exams available at online.barronsbooks.com. You may take these exams in practice (untimed) mode or in timed mode. All questions include answer explanations. This book also includes online virtual labs for each chapter. Reinforce your understanding of environmental science by reviewing simulated laboratory experiments. All lab questions are fully explained. Please see the beginning of each chapter for which labs to use.







For Students


By using this book, you have the opportunity to prepare for the exam by concentrating on the areas that the College Board has identified as “essential knowledge.” This book highlights the key concepts in each APES unit and explains them by giving content examples. How you use the book depends on how your school offers the course. Nevertheless, by answering the review questions at the end of each chapter and by taking the practice tests, you will have an indication of how well you will do on the actual exam.







For Teachers


Suggest to your students that they use this book along with their textbook. If you develop your own assignments and tests around the Enduring Understandings, Key Concepts, Learning Objectives, and Essential Knowledge found in the College Board’s AP Environmental Science Curriculum Framework, this book should offer your students the opportunity to use the material for review.


This book and its online features were designed to be used beginning on Day 1. Advise your students to not wait until a few weeks before the APES testing day to begin reviewing. Many teachers use this book along with the textbook during the course of the year. Be sure to have students mark the practice questions in this book that they missed so that it is easier for them to go back later to review them before the exam.


Please Note: Barron’s AP Environmental Science Flashcards can also be used in tandem with this guide for additional practice. The flashcards are organized by units and are aligned with the College Board AP Environmental Science Course. It is great for a whole class review or individual study.


























	BARRON’S ESSENTIAL


	5











As you review the content in this book and work toward earning that 5 on your AP ENVIRONMENTAL SCIENCE exam, here are five things that you MUST do:
















	[image: 1]


	Practice writing your own answers to the free-response questions (FRQs) found in the two full-length practice exams at the end of this book and the three full-length online practice exams. After you review each FRQ, close this book and write your own response to the question. Then, compare your answers to those in this book. The more you practice writing your own responses, the higher your score will be on the actual APES exam.
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	Be sure to review the Case Studies presented in this book. You will find several questions on the exam that focus on specific events that have occurred throughout recent history and involve environmental science principles and issues. When possible, reference these Case Studies in your responses to the FRQs.







	[image: 3]


	The AP Environmental Science exam focuses on having you analyze data and draw logical conclusions. All practice tests in this fully aligned edition are written to reinforce those required skills.
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	Become comfortable with doing the types of math problems found in this book, especially those involving calculations. These types of problems are found in each practice exam.
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	Review the relevant acts, laws, and treaties detailed in each chapter. You will find several questions on the APES exam that test your knowledge on them; you can also reference them in your answers to the FRQs when appropriate.




















Questions Commonly Asked About the APES Exam




	Q:WILL THE AP ENVIRONMENTAL SCIENCE EXAM BE PAPER AND PENCIL OR DIGITAL?



	
A:Beginning May 2025, the AP Environmental Science exam is now only offered to students digitally through the College Board Bluebook App. You may take the exam on any of these devices—Mac, Windows, iPad, or school issued Chromebook. Your AP teacher will explain the process to you as you begin to prepare and study. You will get to know the Bluebook App very well and how the exam interface works so you can be ready for test day.


You can find more information about AP Digital Testing at https://apcentral.collegeboard.org/exam-administration-ordering-scores/digital-ap-exams/28-exams-digital-2025


Please take a look at how to answer and enter mathematical operations into the exam on Bluebook by visiting: https://apcentral.collegeboard.org/media/pdf/digital-entry-environmental-science.pdf




	Q:WHAT’S THE BEST WAY TO PREPARE FOR THE APES EXAM?



	A:Barron’s AP Environmental Science Premium is NOT a cram book to be used at the last minute, rather was designed to be used throughout your AP Environmental Science course to reinforce the most important concepts that you will find on the actual APES exam. Also, be sure to use Barron’s flashcards in tandem with this book, especially in the last few weeks before the exam, to review and reinforce major concepts and principles.



	Q:HOW ARE THE MULTIPLE-CHOICE QUESTIONS SCORED?



	A:The AP Environmental Science exam has 80 multiple-choice questions, which you need to complete in 90 minutes, with four answers to choose from. The format of the questions requires you to read and analyze text and graphs in order to answer the questions properly. The two practice exams found in this book and the three online practice exams are each written in this same format.



	Q:HOW ARE THE FREE-RESPONSE QUESTIONS (FRQs) GRADED?



	A:The AP Environmental Science exam has only three essay questions, also known as free-response questions (FRQs), which you need to complete within 70 minutes. Barron’s uses FRQs submitted by top AP Environmental Science teachers from across the United States, along with complete scoring guides (rubrics).



	Q:WILL I FIND QUESTIONS ABOUT LABS?



	A:Yes. In the current test format, the emphasis is on reading and interpreting data and analyzing graphs. All of the units in this book have at least one online APES lab investigation. You will be provided the background to the lab, the directions on how to perform the lab, and the data had you actually done the lab. You will then be asked to analyze and interpret the data, draw graphs, etc. No other APES test prep book includes this important feature.



	Q:WHAT DO THE SCORES MEAN?



	
A:Scores range from 1, being the lowest, to 5, being the highest. For many colleges, scores of 3, 4, or 5 are generally considered passing and are given full college credit. Go to https://apstudent.collegeboard.org/creditandplacement/search-credit-policies to find out which colleges accept AP credit and what scores are required. Historically, about half of the students who take the APES exam “pass” and about half do not. The following are current APES exam results:


























	5


	4


	3


	2


	1


	>3


	<3







	8.3%


	28.4%


	17%


	26.4%


	19.9%


	53.7%


	46.3%












	Q:WHAT MATERIALS DO I TAKE WITH ME TO THE EXAM?



	
A:[image: ]Calculator—you will be permitted to use a scientific or four-function calculator on both sections of the exam or use the one provided through the digital interface.




	[image: ]Official photo (e.g., student ID), including signature



	[image: ]Watch






DO NOT BRING




	[image: ]Cell phones



	[image: ]Your own scrap paper



	[image: ]Food or drink



	
[image: ]Smart watch










	Q:SHOULD I GUESS?



	A:Yes. There is no penalty for guessing.



	Q:CAN I CANCEL MY SCORES?



	A:Yes; however, your request must be received by June 15 of the year you take the test. You may also request one or more of your scores NOT be sent to colleges.



	Q:HOW DO I GET MORE INFORMATION ABOUT THE APES COURSE AND EXAM



	A:Log on to apcentral.collegeboard.com or collegeboard.com/apstudents. You can also join other APES students and teachers, along with the author, at facebook.com/barronsapes.















Chapter 1 The Living World: Ecosystems




Learning Objectives


In this unit, you will learn:




	➜1.1Introduction to Ecosystems



	➜1.2Terrestrial Biomes



	➜1.3Aquatic Biomes



	➜1.4The Carbon Cycle



	➜1.5The Nitrogen Cycle



	➜1.6The Phosphorus Cycle



	➜1.7The Hydrologic (Water) Cycle



	➜1.8Primary Productivity



	➜1.9Trophic Levels



	➜1.10Energy Flow and the 10% Rule



	➜1.11Food Chains and Food Webs











For added practice with this unit and topics, review Online Labs 1A–1D on Barron’s Online Learning Hub at online.barronsbooks.com







1.1Introduction to Ecosystems


An ecosystem is a community of living (biotic) organisms interacting with the nonliving (abiotic) components of their environment as a system through various nutrient and energy cycles.




Biological Populations and Communities




	
[image: ]Organism—a living thing that can function on its own


↓




	
[image: ]Species—organisms that resemble each other; are similar in genetic makeup, chemistry, and behavior; and are able to interbreed and produce fertile offspring


Intraspecific within the same species; interspecific means between different species.


↓




	
[image: ]Population—organisms of the same species that interact with each other and occupy a specific area


↓




	[image: ]Community—populations of different species











Ecological Niches


An ecological niche is the particular area within a habitat occupied by an organism, as well as the function of that organism within its ecological community. The physical environment influences how organisms affect and are affected by resources and competitors. The niche reflects the specific adaptations that a species has acquired through evolution.


Characteristics of a niche include:




	[image: ]habitat



	[image: ]interactions with living (biotic) and nonliving (abiotic) factors



	[image: ]place/role in the food web



	[image: ]types and amounts of resources available










Generalist vs. Specialist Species














	Generalists


	Specialists











	Able to survive on a wide variety of food resources


	Specific/limited number of prey







	Able to withstand a wide range of environmental conditions


	Prone to extinction, sensitive to environmental change







	Live in broad niches


	Live in narrow niches; e.g., pandas







	Examples: cockroaches, humans, mice


	Examples: giant pandas, koalas, mountain gorillas










When environmental conditions are stable, specialist species have an advantage since there are few competitors, as each species occupies its own unique niche (Competitive Exclusion Principle). However, when habitats are subjected to rapid changes, the generalist species usually fare better since they are generally more adaptable.







Interactions Among Species


Symbiosis is a term used to describe any type of close and long-term biological interaction between two different biological organisms of the same or different species. Symbiosis can be obligatory (one or both of the organisms entirely depend(s) on the other for survival) or facultative (the organisms can generally live independently).


Listed below are examples of various types of symbiotic interactions.
















	Interaction


	Description











	
Amensalism


[image: ]



	The interaction between two species whereby one species suffers and the other species is not affected. Example: The black walnut tree releases a chemical that kills neighboring plants.







	
Commensalism


[image: ]



	The interaction between two species whereby one organism benefits and the other species is not affected. Forms of commensalism include: (1) using another organism for transportation, e.g., the remora on a shark or mites on dung beetles; (2) using another organism for housing, e.g., epiphytic plants like orchids growing on trees or birds living in the holes of trees; and (3) using something that another organism created, e.g., hermit crabs using the shells of marine snails for protection.







	
Competition


[image: ]



	Competition can be either intraspecific (competition between members of the same species) or interspecific (competition between members of different species). Competition is the driving force of evolution whether it is for food, mating partners, or territory. Intraspecific competition results in organisms best suited for surviving in a changing environment. Competition is prominent in predator–prey relationships, with the predator seeking food and the prey seeking survival. The Competitive Exclusion Principal states “Two species that compete for the same limited resource cannot coexist at constant population values. When one species has even the slightest advantage over another, the one with the advantage will dominate in the long term which results either to the extinction of the weaker competitor or to an evolutionary or behavioral shift toward a different ecological niche.







	
Mutualism


[image: ]



	Mutualism is the interaction between two species whereby both species benefit. Example: bees fly from flower to flower gathering nectar, which they make into honey, benefiting the bees. When bees land in a flower, some of the pollen sticks to their bodies. When they land in the next flower, some of the pollen from the first flower rubs off, pollinating the second plant. The bees get to eat, and the flowering plants get to reproduce.







	
Parasitism


[image: ]



	Parasitism is an interaction between two species whereby one species is benefited, and the other species is harmed. Ectoparasites live on the surface or exterior of the host (e.g., ticks or fleas), whereas endoparasites live within their hosts (e.g., tape-worms). Epiparasites feed on other parasites (e.g., a protozoan living in the digestive tract of a flea living on a dog). Social parasites involve behaviors that benefit the parasite and harm the host (e.g., cuckoo birds that use other birds to raise their young). Hosts have evolved defense mechanisms (e.g., immune systems or plant toxins) to diminish parasitism, whereas parasites have evolved mechanisms to keep their hosts alive.







	
Predation


[image: ]



	Predators hunt and kill prey. Opportunistic predators (e.g., alligators, dogs, humans, leopards) kill and eat almost anything, whereas specialist predators (e.g., anteaters) only prey upon certain organisms.







	
Saprotrophism


[image: ]



	Saprotrophs obtain their nutrients from dead or decaying plants or animals through absorption of soluble organic compounds and include many bacteria, fungi, and protozoa. Vultures and dung beetles are also saprotrophs.
















Law of Tolerance


Earth’s ecosystems are affected by both biotic (living) and abiotic (nonliving) factors, and are regulated by the Law of Tolerance, which states that the existence, abundance, and distribution of species depends on the tolerance level of each species to both physical and chemical factors (Figure 1.1). The abundance or distribution of an organism can be controlled by certain factors (e.g., the climatic, topographic, and biological requirements of plants and animals) where levels of these exceed the maximum or minimum limits of tolerance of that organism.




[image: This small graph illustrates the Law of Tolerance. Along the left side is the rising population, along the bottom is the Factor Level from low to high, and at the top of the graph is a line with arrows on each side identifying the tolerance range.]


Figure 1.1 Law of Tolerance








Limiting Factors


A limiting factor is any abiotic factor that limits or prevents the growth of a population. Limiting factors in terrestrial ecosystems may include the level of soil nutrients, the available amount of water and light, and temperature. In aquatic ecosystems, major limiting factors may include the pH of the water, the amount of dissolved oxygen, light, or the degree of salinity.









Predator–Prey Population Relationships


Figure 1.2 shows the relationship (over time) of population cycles of both predators and their prey. Predator–prey cycles are based on a feeding relationship between two species, for example, if the prey species rapidly multiplies, the number of predators increases until the predators eventually eat so many of the prey that the prey population dwindles again. Soon afterward, predator numbers also decrease due to starvation. This leads to a rapid increase in the prey population, and a new cycle begins.




[image: This graph illustrates the prey predator population cycles over time. On the left side of the graph Prey Population and Predator Population is labeled. Along the bottom is time. Through the graph are two wavy lines. Dotted wavy line and solid wavy line. The dotted wavy line shows more activity by the height and frequency of its curve/waves.]


Figure 1.2 Predator–prey population cycle











Resource Partitioning


Resources in an environment are generally limited, and some species have evolved to “share” a specific resource. This sharing may take several forms:




	[image: ]Morphological partitioning occurs when two species share the same resource but have evolved slightly different structures to utilize the same resource (e.g., two different species of bees have evolved different proboscises [tubular mouthpart used for feeding] lengths to utilize various size flowers of the same species).



	[image: ]Spatial partitioning occurs when competing species use the same resource by occupying different areas or habitats within the range of occurrence of the resource (e.g., different species of fish feeding at different depths in a lake or different species of monkeys feeding at different heights in a tree).



	[image: ]Temporal partitioning occurs when two species eliminate direct competition by utilizing the same resource at different times (e.g., one species of spiny mouse feeds on insects during the day while a second species of spiny mouse feeds on the same insects at night).

















1.2Terrestrial Biomes


Biomes are major regional or global biotic communities characterized by dominant forms of plant life and the prevailing climate (Figures 1.3 and 1.4) with temperature and precipitation being the most important determinants of biomes (Figure 1.5).




[image: Map of the continents showing each of the major biomes of the world. This is identified by a map key/legend and area. The map key contains patterns for tropical rainforest, tropical savannah, desert, chapparral, grassland, temperate decidious forest, temperate boreal forest, and artic and alpine tundra.]


Figure 1.3 Major biomes of the world








[image: Pie chart that is divided out by different size pieces of pie and differently shaded pieces as well identifying the total Earth -land surfaces, such as temperate forest and grasslands, savannah, tropical rainforests, mountains, desert, scrub, and tundra.]


Figure 1.4 Percentage of total Earth land surface






Biomes are classified by the types of dominant plant and animal life. The climate determines plants, and the plants determine animals. Species diversity within a biome is directly related to net productivity or the rate of generation of biomass (typically measured in g/m2/day), availability of moisture, and temperature.




Be aware of the following general information on terrestrial biomes:




	[image: ]Many places on Earth share similar climatic conditions despite being located in different areas (e.g., Death Valley, California, and the Sahara Desert in northern Africa). As a result of natural selection, comparable ecosystems, including the adaptations of both plants and animals, have developed in these geographically distinct areas.



	[image: ]Most terrestrial biomes are identified by the plant life primarily found within them.



	[image: ]The geographical distribution (and productivity) of the various terrestrial biomes are controlled primarily by the average air temperature and the amount of rainfall the biome receives.










[image: This graph shows the distribution of biomes by precipitation and temperature for tropical rainforest, temperate rainforest, grassland, desert, taiga, tundra, and tropical seasonal forest. Each type of biome is represented by a large circular shape on the graph.]


Figure 1.5 Distribution of biomes by precipitation and temperature








Deserts


Deserts are defined in terms of the amount of rainfall they receive, not temperature. They cover about 20% of Earth’s surface and occur where rainfall is less than 20 inches (50 cm) per year. Daily extremes in temperature (very hot days with very cold nights) result from exceptionally low humidity as water vapor tends to block solar radiation (Figure 1.6). Most deserts are located between 15° and 35° north and south latitudes; however, the Arctic tundra is a cold desert due to the low amount of rainfall it receives yearly (< 10″ [25 cm]).




[image: This small graph is called a climatograph because it is showing the rainfall vs. the temperature within a desert climate. The graph shows a shaded group of bars on the left at different sizes and the same on the right.]


Figure 1.6 Desert climatograph






Desert soils often have abundant inorganic nutrients, but little to no organic matter. Desert plants are spaced apart due to limiting factors and primarily comprise plants that have fleshy leaves or stems that store water and are known as succulents (e.g., cacti).


Succulents have




	[image: ]deep roots to tap groundwater;



	[image: ]open stomata at night;



	[image: ]shallow roots to collect and store water after short rainfalls;



	[image: ]small surface areas exposed to sunlight;



	[image: ]vertical orientation to minimize exposure to the sun; and



	[image: ]waxy leaves to minimize transpiration.






Sharp spines on cacti create shade, reduce drying airflow, discourage herbivores, and reflect sunlight. Cacti may also secrete toxins into the soil to prevent interspecific completion (allelopathy).


Desert plants such as wildflowers




	[image: ]are dependent on water for germination;



	[image: ]have short life spans;



	[image: ]perform their entire life cycle from seed to flower to seed within a single growing season (e.g., wildflowers); and



	[image: ]store biomass in seeds.






Desert animals




	[image: ]are generally small;



	[image: ]are often nocturnal;



	[image: ]have small surface areas; and



	[image: ]spend time in underground burrows where it is cooler.






Aestivation (summer hibernation) is common, although some animals are able to metabolize dry seeds; e.g., kangaroo rats are metabolically able to produce their own water and secrete concentrated urine, and insects and reptiles have thick outer coverings to minimize water loss.


Natural disturbances are common in the form of occasional fires and sudden, infrequent, but intense rains that cause flooding.




[image: This is a diagram with large boxes showing the order of a desert food web, starting with the large predators, small predators, plant eaters, and primary producers.]


Figure 1.7 Desert food web








TIP


According to the Second Law of Thermodynamics, as energy flows through systems, more of it becomes unusable at each step or transformation.







Major Environmental Threats




	[image: ]Global warming is increasing the incidence of drought, which dries up water holes.



	[image: ]Grazing livestock can destroy many desert plants and animals.



	[image: ]Higher temperatures may produce an increasing number of wildfires that alter desert landscapes by eliminating slow-growing trees and shrubs and replacing them with fast-growing grasses.



	[image: ]Irrigation that is used for agriculture may, in the long term, lead to salt levels in the soil that become too high to support plants.



	[image: ]Nuclear waste may be dumped in deserts, which have also been used as nuclear testing grounds.



	[image: ]Off-road recreational activities destroy habitats.



	[image: ]Residential development.






Solutions




	[image: ]Dig artificial grooves in the ground to retain rainfall and trap windblown seeds.



	[image: ]Find new ways to rotate crops to protect fragile soil.



	[image: ]Only use off-road vehicles on designated trails and roadways.



	[image: ]Plant leguminous plants, which extract nitrogen from the air and fix it in the ground, to restore soil fertility.



	[image: ]Plant sand-fixing bushes and trees.



	[image: ]Use existing water resources more efficiently and better control salinization.














Forests


Forests are the most dominant terrestrial ecosystem and cover about one-third of Earth’s land surface, mostly in North America, the Russian Federation, and South America, and account for 75% of all gross primary productivity and plant biomass on Earth. Forests at different latitudes and elevations form distinctly different ecozones, such as boreal forests near the poles and tropical forests near the equator (Figures 1.8 and 1.9).




[image: Pie graph showing how the world’s forests (precentage) are distributed through Canada, Russian, U.S. Brazil, and others.]


Figure 1.8 World forest distribution








[image: Pie graph showing how the world’s lands are being used (percentage), what the land is being used for, such as forest, rangeland, cropland, preserves, unproductive, and other.]


Figure 1.9 World land use











Forest Layers


There are two types of forest layers:




	[image: ]Closed canopy—tree crowns (including branches, leaves, and reproductive structures extending from the trunk) cover more than 20% of the ground’s surface. The majority (80%) of the forest biome is classified as closed canopy.



	
[image: ]Open canopy—tree crowns cover less than 20% of the ground surface.




[image: This illustration shows trees in a forest, but identifies each layer of the forest. The emergent layer is at the top, followed by the canopy layer, the understory layer, and the forest floor.]


Figure 1.10 Forest layers


















Tropical Rainforests




Characteristics




	[image: ]Animals include numerous birds, bats, small mammals, and insects.



	[image: ]Decomposition is rapid and soils are subject to heavy leaching.



	
[image: ]Distinct seasonality where winter is absent and only two seasons are present (rainy and dry). The length of daylight is 12 hours and varies little year-round (Figure 1.11).




[image: This small graph is called a climatagraph and it is showing the months of rainfall versus the temperature for a tropical rainforest.]


Figure 1.11 Tropical rainforest climatograph








	[image: ]Large diversity of species.



	[image: ]Occur near the equator.



	[image: ]Plants are highly diverse; e.g., orchids, bromeliads, vines (lianas), ferns, mosses, and palms are present in tropical forests.



	[image: ]Precipitation is evenly distributed throughout the year, with annual rainfall exceeding 80 inches (200 cm).



	[image: ]Soil is nutrient-poor because competition is intense for nutrients, with most nutrients being quickly assimilated and stored in plant tissue.



	[image: ]Temperature is warm to hot and varies little throughout the year.



	[image: ]Tree canopy is multilayered and continuous, allowing little light penetration.



	[image: ]Trees are tall, with buttressed trunks and shallow roots, and are mostly evergreen, with large, dark green leaves.










[image: This food web is a large box with four levels and images for each type of animal and organism involved in a tropical rainforest food web. The top level are the large predators: jaguars and snakes. The next level are small predators (carnivores, insectivores) which are reptiles, amphibians, bats, insects, and birds. The third level are primary consumers: small mammals, insects, parrots, monkeys, and fruit bats, The last level are images of trees with their layers and along the bottom is listed: bacteria, protozoan, fungi, and othed dead matter.]


Figure 1.12 Tropical rainforest food web











Major Environmental Threats




	[image: ]Acid rain damages leaves and causes trees and other plants to produce fewer seeds.



	[image: ]Governments and industries clear-cut forests to make way for roads.



	[image: ]Human intrusion into natural areas causes disruption to wildlife and flora (e.g., pollution, light, sound, chemicals, etc.).



	[image: ]Hydroelectric projects flood acres of rainforests.



	[image: ]Mining operations clear forests to build roads and dig mines.



	[image: ]More than half of all tropical forests have already been destroyed.



	[image: ]Non-native organisms are introduced that compete for food and nutrients with native wildlife and flora.



	[image: ]Slash-and-burn techniques are used to clear the land for raising cattle and for cropland.



	[image: ]Trees are cut for timber and pulp (used for manufacturing paper), and land is cleared for agriculture.



	[image: ]Wildfires destroy millions of acres of forest worldwide every year.






Solutions




	[image: ]Administer government moratoriums on road building and large infrastructure projects in the rainforest.



	[image: ]Create sustainable-logging regimes that selectively cull trees rather than use clear-cut or slash-and-burn methods.



	[image: ]Encourage people who live near rainforests to harvest products (e.g., nuts, fruits, medicines) rather than clear-cut the area for farmland.



	[image: ]Start campaigns that educate people about the destruction caused by rainforest timber and encourage the purchase of sustainable rainforest products.














Temperate Deciduous Forest




Characteristics




	
[image: ]Animals include squirrels, rabbits, skunks, birds, deer, mountain lions, bobcats, timber wolves, foxes, and black bears.


Animals include: birds, black bears, bobcats, deer, foxes, mountain lions, rabbits, skunks, squirrels, and timber wolves.




	
[image: ]Have well-defined seasons with a distinct winter, a moderate climate, and a growing season of 140–200 days during four to six frost-free months (Figure 1.13).




[image: Graph identifying the tempertate decidious forest climate. Along the bottom are the first letters of each month. Along the left side of the graph is the degrees cel 5-30 by 5s. In the graph are bars along the bottom and a dotted line appears above but very curvy. The key says the solid shaded bars represents the rainfall (cm) and the dotted line represents the temprature (c).]


Figure 1.13 Temperate deciduous forest climatograph








	[image: ]Occur in eastern North America, northeastern Asia, and western and central Europe.



	[image: ]Only scattered remnants of original temperate forests remain due to development, land clearing, and timbering.



	[image: ]Precipitation ranges from 30 to 60 inches (75–150 cm) and is distributed fairly evenly throughout the year.



	[image: ]Soil is fertile and enriched with decaying litter made from leaves and other plant material.



	[image: ]Temperature varies from –20°F to 85°F (–30°C to 30°C).



	[image: ]Tree canopy is moderately dense and allows light to penetrate, resulting in well-developed and richly diversified understory vegetation and stratification of animals.



	[image: ]Trees are distinguished by broad leaves that are lost annually (deciduous) and include such species as oak, hickory, beech, hemlock, maple, cottonwood, elm, willow, and spring-flowering herbs.










[image: This is an illustrated food web with four levels in a box. At the top level are the large predators of the decidious forest: cougars and bears. The next level is labeled Small predators, carnivores and insectivores: those would be foxes, owls, opposums, birds and skunks. There are two arrows from the foxes and owls to the level below which is labeled primary consumers and plant eaters. The images there are deers , rodents, birds, and insects. Arrows pointing up to opposums, birds, and skunks. The bottom level are primary producers: fruit trees, decidious trees, berry bushes/fungi, and ferns/flowers.]


Figure 1.14 Temperate deciduous forest food web











Major Environmental Threats




	[image: ]Acid rain caused by industrial and vehicular emissions poses the biggest threat to temperate deciduous forests. Over time, acid rain damages tree leaves, causes trees to produce fewer and smaller seeds, and reduces resistance to disease.



	[image: ]Climate change



	[image: ]Spread of invasive, non-native species that compete for space and food



	[image: ]Strip-mining and required clear-cutting



	[image: ]Unsustainable forestry practices






Solutions




	[image: ]Increase opportunities for people to switch to renewable sources of energy.



	[image: ]Initiate a “user tax” for homes and businesses that use nonrenewable energy sources.



	[image: ]Lobby legislators to require areas where strip-mining is practiced to restore the land to its original condition at the conclusion of mining activities.



	[image: ]Provide tax incentives for installing solar collectors on roofs.



	[image: ]Take aggressive steps to remove invasive, non-native species when they are first discovered.
















Temperate Coniferous Forest




	[image: ]Common in the coastal areas of regions that have mild winters and heavy rainfall, or inland in drier climates or mountain areas (Figure 1.15).



	[image: ]Found in temperate regions of the world with warm summers, cool winters, and adequate rainfall to sustain a forest (e.g., Asia, Canada, Europe, and the United States).



	[image: ]Many species of trees inhabit these forests, including cedar, cypress, fir, juniper, pine, redwood, and spruce. The understory also contains a wide variety of herbaceous and shrub species.



	[image: ]Pine forests support an understory that is generally dominated by grasses, which are often subject to ecologically important wildfires.



	
[image: ]Structurally, these forests are rather simple, generally consisting of two layers: an overstory and an under-story. Some forests may support an intermediate layer of shrubs.




[image: This graph shows the precipiation and temp per month for a temperate coniferous forest environment. Along the bottom each letter represents the first letter of the month. Along the left side is precipitation -15 to 25 by 5s celsius. The solid horizontal bars represent the rainfall and the dotted wavy line above them represents the tempearture.]


Figure 1.15 Temperate coniferous forest climatograph











Specific adaptations characteristic of coniferous forests include the following:




	[image: ]Birds have layers of feathers, and many animals have thick fur to protect them from cold weather extremes (e.g., bears, beavers, foxes, and mink).



	[image: ]Conical-shaped trees enhance shedding of snow and prevent loss of branches.



	[image: ]Dark green color of the needles helps to absorb maximum light for photosynthesis.



	[image: ]Many animals hibernate during the winter to conserve energy, as food resources are scarce, and build up fat during the warmer months when food is available.



	[image: ]Needles are retained throughout the year and allow trees to start photosynthesis as soon as temperatures become favorable. Needles have thick, waxy coatings, waterproof cuticles, and sunken stomates. Needles also reduce the surface area compared to a leaf and minimize water loss due to transpiration.



	[image: ]Some animals migrate to warmer climates during the winter months (e.g., caribou, Canadian geese, and elk).










[image: This is an illustrated food web with four levels in a box. At the top level are the large predators of a confierousforest: wolves & lynxes. The next level is labeled Small predators, carnivores and insectivores: those would be foxes, owls, opposums, birds and skunks, and weasels. The third level are the plant eaters/primary consumers: moose, elks, insects, birds and small rodents (chipmunks, squirrels, and mice). The bottom level are primary producers: evergreen trees, shrubs, grasses, ferns, and moss. Of course underneath that layer are worms, protozoans/fungi, and soil bacteria.]


Figure 1.16 Temperate coniferous forest food web








Major Environmental Threats




	[image: ]Acid rain, which weakens trees by damaging their leaves (needles) and limiting the nutrients available to them



	[image: ]Clear-cutting driven by agricultural or timber interests



	[image: ]Excessive degree of trapping and hunting, which creates an imbalance within the ecosystem, causing a negative impact on biodiversity



	[image: ]Global warming and associated changes in precipitation patterns, causing climatic zones to shift toward the poles



	[image: ]The construction of highways and the disruptions caused by the conversion of land for agricultural, industrial, and/or residential purposes that act as barriers and isolate populations of the same species from feeding grounds, migration routes, and breeding opportunities, thus limiting and reducing gene pool diversity






Solutions




	
[image: ]Companies can introduce “zero deforestation” policies that clean up their supply chains (e.g., holding their suppliers accountable for producing commodities like timber, beef, soy, palm oil, and paper in a way that has a minimal impact on climate).






	[image: ]Companies can set targets to maximize the use of recycled wood, pulp, paper, and fiber in their products. For the non-recycled products they buy, companies should ensure that any virgin fiber used is certified by a third-party certification system (e.g., the Forest Stewardship Council).



	[image: ]Developing countries with tropical forests can make commitments to protect their forests in exchange for the opportunity to receive funding for capacity-building efforts and national-level reductions in deforestation emissions, which provides a strong incentive for developing countries to continually improve their forest protection programs.



	[image: ]In the United States, laws like the Endangered Species Act, the Wilderness Act, the Lacey Act, and the Roadless Rule help protect forests and stop illegal wood products from entering the U.S. marketplace. Other laws, such as the Convention on International Trade in Endangered Species (CITES), protect forests and the endangered species that rely on forest habitats.



	[image: ]People need to respect indigenous peoples’ rights to traditional lands and self-determination.











Taiga




	[image: ]Largest terrestrial biome; found in northern Eurasia, North America, Scandinavia, and two-thirds of Siberia.



	[image: ]The southern taiga (also known as “boreal forest”) consists primarily of cold-tolerant evergreen conifers with needle-like leaves, such as pines, spruces, and larches, with the northern area of the taiga being more barren as it approaches the tree line and the tundra biome.



	
[image: ]The harsh climate in the taiga limits both productivity and resilience (Figures 1.17 and 1.18). Cold temperatures, very wet soil during the growing season, and acids produced by fallen needles and moss inhibit the full decay of organic matter. As a result, thick layers of semi-decayed organic matter, called peat, form.




[image: This graph shows the precipiation and temp per month for a southern taiga environment. Along the bottom each letter represents the first letter of the month. Along the left side is precipitation -30 to -5 and then 0-20 by 5s celsius. The solid horizontal bars represent the rainfall and the dotted wavy line above them represents the tempearture. The bars start in the middle of the graph at 0. The dotted line goes across the bars in the graph peaking at 15.]


Figure 1.17 Southern taiga (boreal forest) climatograph








[image: This graph shows the precipiation and temp per month for a northern taiga environment. Along the bottom each letter represents the first letter of the month. Along the left side is precipitation -30 to -10 and then 0-20 by 5s celsius. The solid horizontal bars represent the rainfall and the dotted wavy line above them represents the tempearture. Here the bars start in the middle of the graph at 0. The bars seem to be very low - the highest being in August. The dotted line peaks between 10 and 20.]


Figure 1.18 Northern taiga climatograph










	[image: ]Seasons are divided into short, moist, moderately warm summers and long, dry, very cold winters.



	[image: ]Soil is thin, nutrient poor, and acidic. In the boreal forests, the tree canopy permits low light penetration, and as a result the understory is limited.



	
[image: ]Animals consist of woodpeckers, hawks, moose, bears, weasels, lynxes, deer, hares, chipmunks, shrews, and bats (Figure 1.19).




[image: This is a boxed food web with the following images: Left of the food web Wolf with arrows to moose and elk. In the middle of the web the images of: Birds and insects to owl and other birds. The right side of the web: Lynx to squirrels, squirrels to mice, to weasels and foxes, back to the Lynx.]


Figure 1.19 Southern taiga (boreal forest) food web
















Major Environmental Threats




	[image: ]Animals being hunted for fur



	[image: ]An increase in hydroelectric power plants



	[image: ]An increase in wildlife in some areas because of drier conditions as a result of global warming



	[image: ]Gas and oil exploration



	[image: ]Plantation forestry with the introduction of foreign tree species



	[image: ]Road building



	[image: ]Some areas are experiencing a decrease in wildfires due to large-scale clear-cutting, which reduces the amount of nutrients returning to the soil.



	[image: ]Trees diseased by parasites






Solutions




	[image: ]Adopt more sustainable forestry practices.



	[image: ]Adopt safer and more sustainable methods to control the number of parasites (e.g., crop rotation, cover crops, soil enrichment, the use of natural pest predators, and bio-intensive integrated pest management).



	[image: ]Increase alternative energy options to minimize global warming.



	[image: ]Increase the number of protected areas and park reserves to restrict human influence.



	[image: ]Limit road construction, mining activities, and the building of pipelines.



	[image: ]Limit tourism and respect local cultures.
















Grasslands


Grasslands are characterized as lands dominated by grasses rather than by large shrubs or trees. There are two main divisions of grasslands: (1) savannas or tropical grasslands; and (2) temperate grasslands.




[image: This graph shows the precipiation and temp per month for a grasslands environment. Along the bottom each letter represents the first letter of the month. Along the left side is precipitation -5 to 0 and 0 to 30 celsius. The solid horizontal bars represent the rainfall and the dotted wavy line above them represents the tempearture. The tallest bars appear in May and June and the dotted line peaks between 25 and 30.]


Figure 1.20 Grassland climatograph








Savannas


Savannas are grasslands with scattered individual trees and cover almost half the surface of Africa and large areas of Australia, South America, and India.




	[image: ]Animals (which do not all occur in the same savanna) include buffaloes, elephants, giraffes, ground squirrels, hyenas, kangaroos, leopards, lions, mice, snakes, termites, and zebras (Figure 1.21).



	[image: ]Climate is the most important factor in creating a savanna. Savannas are found in warm or hot climates where the annual rainfall is about 20 to 50 inches (50–130 cm) per year concentrated in six to eight months of the year, followed by a long period of drought when fires can occur.



	[image: ]The soil of a savanna is porous, with rapid drainage of water and a thin layer of humus, which provides the vegetation with nutrients. The predominant vegetation consists of grasses and small broad-leafed plants that grow with grasses. Deciduous trees and shrubs are scattered across the open landscape. Savannas have both a dry and a rainy season, and seasonal fires play a vital role in the savanna’s biodiversity.








[image: This illustration contains images of animals inside the savanna food web and the arrows point to how it is connected between the levels. Trophic level is at the very top. Secondary consumers/predators = jaguars, tigers, lions, and lynxes. Primary consumers= grasshoppers, giraffes, deer, monkeys, zebras, and buffalo. Primary producers are trees and grasslands.]


Figure 1.21 Savanna food web













Temperate Grassland


Grasses are the dominant vegetation, while trees and large shrubs are absent (due to limited precipitation). Examples of temperate grasslands include the veldts of South Africa, the pampas of Argentina, the steppes (short grasses) of Russia, and the plains and prairies (tall grasses) of central North America.




	
[image: ]Animals (which do not all occur in the same temperate grassland) include gazelles, zebras, rhinoceroses, lions, wolves, prairie dogs, rabbits, deer, mice, coyotes, foxes, skunks, badgers, blackbirds, grouses, meadow-larks, quails, sparrows, hawks, owls, snakes, grasshoppers, and spiders (Figure 1.22).




[image: This foodweb goes in a circular motion with lines that connect between the food chain. There is a catepillar at the top. From there it goes to trees and shrubs, bluejays, hawks, and then grasshopper to mouse. Mouse goes to a fox and bladed tall grass. Squirrel and rabbits go to the foxes. The rabbits and grass go to deer and wolves.]


Figure 1.22 Temperate grassland food web








	[image: ]Climate is characterized by hot summers and cold winters, and rainfall is moderate. The amount of annual rainfall influences the height of grassland vegetation, with taller grasses in wetter regions. As in the savanna, seasonal drought and occasional fires are factors that affect biodiversity.



	[image: ]Seasonal drought, occasional fires, and grazing by large mammals prevent woody shrubs and trees from invading and becoming established. However, a few trees, such as cottonwoods, oaks, and willows, grow in river valleys, with some species of flowers growing among the grasses.



	[image: ]The soil is deep and dark, with fertile upper layers, and it is nutrient-rich from the growth and decay of deep, many-branched grass roots. The rotted roots hold the soil together and provide a food source for living plants.











Major Environmental Threats




	[image: ]Continued global warming could turn current marginal grasslands into deserts as rainfall patterns change.



	[image: ]Desertification (natural and human-induced)



	[image: ]Development of urban areas, which reduces grassland habitats



	[image: ]Drought-hardy, cold-resistant, and herbicide-tolerant varieties of corn, soybeans, and wheat allow crops to expand into native grassland.



	[image: ]Overgrazing



	
[image: ]Poaching of endangered species






	[image: ]Soil compaction produced by overgrazing



	[image: ]Soil salinization



	[image: ]The conversion of natural grassland for agricultural purposes (e.g., plowing, which results in the wind blowing away topsoil)



	[image: ]Where only one crop is grown, pests and disease can spread easily, creating the need for potentially toxic pesticides.






Environmental Solutions




	[image: ]Conduct dry-season burning to obtain fresh growth and to restore calcium to the soil that had built up in the dry grasses.



	[image: ]Continue education efforts on how to protect the soil and prevent soil erosion.



	[image: ]Plant trees as windbreaks.



	[image: ]Protect and restore wetlands, which are an important part of grassland ecology.



	[image: ]Rotate agricultural crops to prevent the extraction of nutrients.














Tundra


The tundra is characterized by extremely low temperatures, large repetitive changes in population size, limited soil nutrients, little precipitation, low biotic diversity, poor drainage, short growing and reproductive seasons, and simple vegetation structure (Figure 1.23).




[image: This graph shows the precipiation and temp per month for a tundra environment. Along the bottom each letter represents the first letter of the month. Along the left side is precipitation -30 to -10 & then 0-20 C. The solid horizontal bars represent the rainfall and the dotted wavy line above them represents the tempearture. The bars do not begin until the middle of the graph at 0. The bars are the same length except for the months of July and August. They are slightly taller. The temp peaks between 10 & 20 on the left side.]


Figure 1.23 Tundra climatograph






Because of the unique conditions found in the Arctic tundra, the biota is highly specialized and very sensitive to environmental change (i.e., disrupted ecosystems in the Arctic tundra usually recover slowly). Dead organic material functions as a nutrient pool in the tundra.


The tundra is separated into two types: Arctic and alpine.




Arctic Tundra




	[image: ]All plants are adapted to sweeping winds and disturbances of the soil. Protected by snow during the winter, plants are short and are found in clumped distribution patterns to resist cold temperatures. They can carry out photosynthesis at low temperatures and low light intensities. Most plants reproduce by budding and division rather than sexually by flowering.



	[image: ]Animals include herbivorous mammals, such as lemmings, caribou, Arctic hares, and squirrels. Carnivorous animals include Arctic foxes, wolves, and polar bears. Migratory birds include ravens, falcons, terns, snowbirds, and various species of gull. Insects include mosquitoes, flies, moths, grasshoppers, and bees. Reptiles and amphibians are few or absent because of the extremely cold temperatures. Fish include cod, salmon, and trout.



	
[image: ]Food webs are simple and characterized by low biodiversity (Figure 1.24). Animals are adapted and highly specialized for long, cold winters and to breed and raise young quickly in the summer. Mammals and birds also have additional insulation from fat. Many animals hibernate or migrate south during the winter because food is not abundant.




[image: This food web is contained in a large box with 3 main levels and then a small level at the bottom. The top level is labeled Secondary Consumers (small predators) and are image of snowy owls and artic foxes. Arrows from them go to the second level primary consumers and are connected to lemmings. Other animals in this level are Musk Oxen and insects. The third level are labeled primary producers and are tiny flowering plants, grasses, sedges, lichens, and willows. The very bottom under the ground and labeled nematodes, water saturated ground, and bacteria, followed by permafrost and dormant life.]


Figure 1.24 Tundra food web










	[image: ]The Arctic tundra is located in the Northern Hemisphere, encircling the North Pole and extending south to the coniferous forests of the taiga, and is known for its cold, dry, desert-like conditions.



	[image: ]The average winter temperature is about –30°F (–34°C), while summer temperatures range from 37°F to 54°F (3°C to 12°C), which enables this biome to sustain life. Yearly precipitation, including melting snow, is 6 to 10 inches (15 to 25 cm).



	[image: ]The cold, dry conditions create slow growth rates and slow decomposition rates for both organic matter and pollutants. The very short growing season averages around 50 days per year.



	[image: ]The thin, shallow, easily compacted, nutrient-poor soil forms slowly. A layer of permanently frozen subsoil called permafrost exists, consisting mostly of gravel and finer material. When water saturates the upper surface, bogs and ponds may form, providing moisture for plants that are able to resist the cold climate, such as low shrubs, mosses, grasses, approximately 400 varieties of flower, and lichen.











Alpine Tundra




	[image: ]Alpine tundra is located on mountains throughout the world at high altitude where trees cannot grow. The growing season is approximately 180 days, with nighttime temperatures usually falling below freezing.



	[image: ]Unlike the Arctic tundra, the soil in the alpine tundra is well drained. Plants are very similar to those of the Arctic tundra and include grasses, dwarf trees, and small-leafed shrubs. Animals living in the alpine tundra include mountain goats, sheep, elk, birds, beetles, grasshoppers, and butterflies.











Major Environmental Threats




	[image: ]Air pollution contaminates and kills lichen, a significant food source for many animals.



	[image: ]Exploration of oil, gas, and minerals and the construction of pipelines and roads can cause physical disturbances of the permafrost and habitat fragmentation.



	[image: ]Invasive species outcompete native vegetation and reduce the diversity of plant cover.



	[image: ]Melting permafrost, as a result of global warming, is radically changing the biome and what species are able to live there.



	[image: ]Oil spills can kill wildlife and significantly damage tundra ecosystems.



	[image: ]Ozone depletion at the North and South Poles means stronger ultraviolet rays that harm wildlife; with some restrictions on ozone-depleting chemicals, this problem is diminishing to some extent.






Environmental Solutions




	[image: ]Cutting harmful, planet-warming pollution by moving away from fossil fuels is key to safeguarding Earth’s tundra habitats.



	[image: ]Other measures include creating a refuge to protect certain species and regions while limiting or banning industrial activity.








1.3Aquatic Biomes


The main aquatic biomes include Antarctic, marine, lakes, wetlands, and rivers and streams. Listed here is some general information on aquatic biomes:




	[image: ]Many aquatic organisms obtain nutrients directly from the water. For example, filter feeders such as barnacles, clams, and oysters consume detritus, thereby reducing energy spent on searching for food.



	[image: ]Water allows for the effective dispersal of gametes and larvae to new areas.



	[image: ]Water has a high thermal capacity, and most aquatic organisms do not have to spend much energy on temperature regulation.



	[image: ]Water provides buoyancy and reduces organisms’ need for support structures such as legs and trunks.



	[image: ]Water screens out UV radiation.














Antarctic


The climate of Antarctica is the coldest on Earth, with an average annual temperature in the interior of around –70°F (–57°C), whereas the coast is warmer with an average temperature of 14°F (–10°C). The total precipitation (mostly in the form of snow) in Antarctica average ~6.5 inches (166 mm) per year, with areas (mostly in the interior) that receive less than 10 inches (~250 mm) or precipitation per year and are classified as deserts. Rainfall is rare and generally occurs during the summer in coastal areas and surrounding islands. The air in Antarctica is also very dry and, when combined with low temperatures, results in very low humidity. On most parts of the continent, the snow rarely melts and is eventually compressed to become the glacial ice that makes up the ice sheet. Winters have little light, no phytoplankton growth, and extremely cold temperatures (Figure 1.25).




[image: This graph is an antartic climatograph. Along the left of the graph is the average monthly precipitation (0-160). Along the bottom are months (Jan-Dec). Along the right side is the average monthly temp (-40 to 40). The key identifies solid gray boxes for precipiation and a dotted sq line for temperature. In the graph the bars along the bottom are different lengths for different months. Above it in a curvy line with dotted sq line is the temperature.]


Figure 1.25 Antarctic climatograph






Though terrestrial biodiversity is low, Antarctic seas are extremely productive because phytoplankton grow abundantly during the extended daylight of summer. This massive primary-producer population supports large populations of krill. Krill (shrimp-like crustaceans) are a key food source in this ecosystem and serve as food for many predators (e.g., penguins, seals, and whales) (Figure 1.26).




[image: This diagam identifies the antartic food web. At the top are top predators which is showing a killer whale. The next level are the secondary consumers, such as regular whales, seals, fishes and penguins. Then there are pics of the primary consumers that are krill, shrimp, small fish, and and squid. Krill = whales, shrimp = seals, small fish = bigger fish, and squid = penguins. The smallest group are the primary producers on the very bottom, which consist of bacteria, phytoplankton, and unicellular life forms.]


Figure 1.26 Antarctic food web








Major Environmental Threats




	[image: ]Climate change and global warming, resulting in a warming of the sea and the loss of sea- and land-based ice



	[image: ]Future exploration and exploitation of mineral reserves, oil, and gas. The current Antarctic Treaty bans all mining and mineral exploitation.



	[image: ]Future fishing, both legal and illegal. Fishing for krill could be particularly significant as krill are at the bottom of many Antarctic food chains.



	
[image: ]Invasive species. Organisms that are not native to Antarctica are being transported there on ships. Some are being released in ship ballast water, and seeds and spores are becoming attached to boots, clothing, and equipment. Some of these invasive species are now able to survive in the Antarctic as a consequence of global warming.


Rats, in particular, are a threat to Antarctica’s ground-nesting birds. These birds are particularly vulnerable as there were never any ground-based predators prior to the introduction of these rats. Therefore, the birds have not developed any defense mechanism behaviors.




	[image: ]Oceanic acidification (from extra dissolved carbon dioxide) and its long-term effects on the oceanic carbon cycle



	[image: ]Pollution and CFCs (chlorofluorocarbons) are responsible for the ozone hole that has appeared over Antarctica for over 30 years.



	[image: ]Tourism, with the pollutants that accompany ships and aircraft, and the effects of people and infrastructure on wildlife and the environment






Solutions




	[image: ]Address the issue of worldwide climate change.



	[image: ]Create effective mechanisms to prevent the introduction of invasive species, create monitoring systems for detecting new infestations, and move rapidly to eradicate newly detected invaders.



	[image: ]Place limits on fishing through enforcement and sanctions.














Marine


Oceans cover approximately 75% of Earth’s surface and have a salt concentration of about 3%. Evaporation of seawater is the primary source of most of the world’s rainfall. Ocean temperatures affect cloud cover, surface temperature, and wind patterns. The oceans supply oxygen through photosynthesis performed by marine algae and photosynthetic bacteria, and the oceans absorb a significant amount of carbon dioxide. The total net primary productivity of the oceans, when compared to the total surface of Earth, is greater than any other biome on Earth (Figure 1.27).




[image: This graph identfies the net primary productivity growth of the oceans when compared to the total surface of the earth. On the left are the types of biomes, along the bottom is the net primary activity (billion kcalories/year). The shaded bars start long at the top with the first biome listed and then get shorter as the numbers on the graph get smaller. The biomes are as listed: open ocean, tropical rainforest, temperate forest, savanna, northern coniferous forest (taiga), continental shelf, agricultural land, temperate grassland, woodland/shrubland, estuaries, swamps/marshes, desert scrub, lakes/streams, tundra, and extreme desert.]


Figure 1.27 Net primary productivity (NPP) compared by total surface area on Earth








Ocean Circulation


The Northern Hemisphere is dominated by land, and the Southern Hemisphere is dominated by oceans. Air temperature differences between summer and winter are more extreme in the Northern Hemisphere because the land warms and cools more quickly than water does. Heat is transported from the equator to the poles mostly by atmospheric air currents but also by oceanic water currents. The warm waters near the surface and colder waters at deeper levels move by convection, which is the circular motion that happens when warmer air or liquid—which has faster-moving molecules, making it less dense—rises, while the cooler air or liquid sinks; i.e., changes in ocean temperatures have a direct bearing on ocean currents.


Surface ocean currents are driven by wind patterns that result from the flow of warmer, higher-pressure air generated at the tropics to colder, lower-pressure areas at the polar regions. Deep-water, density-driven currents are primarily controlled by differences in water temperature and density. Deeper ocean waters are colder and more dense than near-surface waters. In the Northern Hemisphere, north-flowing ocean currents originating near the equator are warm, while south-flowing ocean currents are colder.




The Great Ocean Conveyor Belt


There is constant ocean-water motion in the form of a “conveyor belt” driven by thermohaline currents, which are themselves driven by the density differences caused by temperature and water salinity, in contrast to most surface currents, which are driven primarily by winds (Figure 1.28).




[image: On this world map, there are pathways with arrows showing the great ocean conveyer belt throught the Altantic, Pacific, and Indian oceans.]


Figure 1.28 The Great Ocean Conveyor Belt






Cold, salty water is dense and sinks to the bottom of the ocean, while warmer water is less dense and rises to the surface. Warm water from the Gulf Stream enters the Norwegian Sea and provides heat to the atmosphere in the northern latitudes. The loss of heat by the water in this area makes the water cooler and denser, causing it to sink. This cold bottom water then flows south to Antarctica, and eventually the cold bottom waters warm and rise to the surface in the Pacific and Indian Oceans.


It takes around 1,600 years for seawater to make a round trip around the earth. The Great Ocean Conveyor Belt plays an important role in supplying heat to the polar regions and in regulating the amount of sea ice there.


For more information on increasing temperatures in the polar regions and the effects of warmer ocean temperatures on atmospheric CO2 concentrations, refer to Unit 9.










Ocean Zones


Marine communities are distributed through several zones based upon the depth of the water, the degree of light penetration, and the distance from the shore (Figure 1.29).




[image: This is an illustration of the different levels of ocean zones. Across the top it is labeled Neritic and Oceanic between arrows going in both directions. Below on the left: Littoral, Bathyal, Bathyal, Abyssal, and Hadal. In the middle, each in an oval shape are: Epipelagic, Mesopelagic, Bathylpelagic, Abyssalpelagic. Along the right side are ocean depths starting at the top with 200m and then going to the following: 1,000m, 4,000m, 6,000m and then 10,000m.]


Figure 1.29 Ocean zones






The zones that you should be most familiar with are listed here:




	
1.Littoral Zone—The littoral (or intertidal) zone is the part of the ocean that is closest to the shore. Characteristics of this zone include the following:




	[image: ]Organisms must cope with exposure to freshwater from rain, cold, heat (drying out), and predation by land animals and seabirds.



	[image: ]Sand dunes and estuaries are found here.



	[image: ]The availability of water enables a large diversity of plant and animal life, particularly in wetlands.



	[image: ]Wave action and the turbulence of tides require specific adaptations by many organisms (e.g., barnacles attaching to rocks, clams burying themselves in sand).








	
2.Neritic Zone—Also known as the sublittoral zone, this zone extends to the edge of the continental shelf.


Characteristics of this zone include the following:




	[image: ]Permanently covered with well-oxygenated water, this zone receives plenty of sunlight and has low water pressure and relatively stable temperature, pressure, light, and salinity levels, which makes it suitable for photosynthetic life.



	[image: ]Sunlight reaches the ocean floor, which results in high primary production and makes the neritic zone the location of the majority of sea life.








	
3.Photic Zone—The uppermost layer of water in a lake or ocean that is exposed to sunlight down to the depth where 1% of surface sunlight is available, and the layer just above the depth where the rate of carbon dioxide uptake by plants is equal to the rate of carbon dioxide production by animals. Characteristics of this zone include the following:




	[image: ]Approximately 90% of all aquatic marine life, which consists of copepods, phytoplankton (e.g., dinoflagellates and diatoms), zooplankton (e.g., drifters such as jellyfish and small crustaceans such as krill), and nekton or active swimmers (e.g., fish, seals, and whales), live in the photic (light) zone. The depth of the photic zone is dependent on how clear the water is (~50 feet [15 m] in murky water to ~700 feet [215 m] in clear water).



	
[image: ]The photic zone allows for photosynthesis, which forms the base of most energy and food pyramids on Earth (Figure 1.30).




[image: This illustration is that of a marine food web. Producers and Consumers labels appear at the top of the web. Arrows point to which organism and marine animal and fish survive on one another. Photoplankton, to zooplankton to mussles; prawns to fish and seagulls; mussles to crabs to gulls; Limpets to crabs and whelks and limpets to crabs and lobsters are just a few items seen.]


Figure 1.30 Marine food web
























Corals


Corals are marine invertebrates that typically live in compact colonies of many identical individual polyps (small, sac-like animals with a set of tentacles surrounding a central mouth opening and an exoskeleton made of calcium carbonate at the base). The group of polyps includes the important reef builders that inhabit tropical oceans. Corals can reproduce asexually by budding or dividing. They can also breed sexually by releasing gametes.


Although some corals are able to catch small fish and plankton using stinging cells on their tentacles, most corals obtain the majority of their energy and nutrients from photosynthetic unicellular dinoflagellates, commonly known as zooxanthellae, that live within their tissues. Such corals require sunlight and grow in clear, shallow water, typically at depths less than 200 feet (60 m). Corals are major contributors to the physical structure of the coral reefs that develop in tropical and subtropical waters.


There are three major types of coral reef (Figure 1.31):




[image: Three islands in the water with palm trees at the top. The coral reefs for each are below. The first reef is Fringing reef, the second is the Barrier Reef, and the third is the Atoll reef. Both the Barrier and Atoll reefs have a subsidence.]


Figure 1.31 Types of coral reefs








	1.Fringing reefs grow near the coastline around islands and continents and are separated from the shore by narrow, shallow lagoons. Fringing reefs are the most common type of reef.



	2.Barrier reefs, such as Australia’s Great Barrier Reef, are also parallel to the coastline but are separated by deeper, wider lagoons. At their shallowest point, they can reach the water’s surface, forming a “barrier” to navigation.



	3.Atolls are rings of coral that create protected lagoons and are usually located in the middle of the sea. Atolls usually form when islands, often the tops of underwater volcanoes, surrounded by fringing reefs, sink into the sea, or the sea level rises around them. The fringing reefs continue to grow and eventually form circles with lagoons inside.











Major Environmental Threats




	[image: ]Coastal pollution from oil drilling and larger oil spills (e.g., Exxon Valdez and the Deepwater Horizon).



	[image: ]Excessive ocean acidity due to increased levels of atmospheric CO2 that is taken up by seawater. The higher levels of CO2 increase the acidity of the ocean water (lowering the pH), resulting in the death (bleaching) of coral.



	[image: ]Overfishing using cyanide and/or dynamite, pollution from sewage and agriculture (which lowers the oxygen content of seawater), outbreaks of predatory sea stars (starfish), invasive species, and sedimentation from poor land-use practices.



	[image: ]Rising ocean temperatures, which result from global warming. Warmer than normal sea water breaks down the relationship between corals and symbiotic microalgae.






Solutions




	[image: ]Ban or reduce non-biodegradable plastic.



	[image: ]Enforce international treaties that ban the sale of products derived from endangered species (e.g., shark fins (soup), coral jewelry, and whale meat).



	[image: ]Take steps to reduce the effects of climate change (e.g., rising ocean water temperatures, reduction of marine biodiversity, and coastal inundation of seawater).














Lakes


Lakes are large natural bodies of standing freshwater formed when precipitation, runoff, or groundwater seepage fills depressions in Earth’s surface. Most lakes on Earth are located in the Northern Hemisphere at higher latitudes (between 30 and 60 degrees) and are generally found in mountainous areas, rift zones, areas with ongoing or recent glaciations, or along the courses of mature rivers.


Processes that form lakes include the following:




	[image: ]Advance and retreat of glaciers that scrape depressions in Earth’s surface where water can accumulate (e.g., Great Lakes)



	[image: ]Crater lakes formed in volcanic craters and calderas (e.g., Crater Lake)



	[image: ]Oxbow lakes formed by erosion in river valleys



	[image: ]Salt or saline lakes that form where there is no natural outlet or where the water evaporates rapidly (e.g., Dead Sea, Great Salt Lake, and the Aral Sea)



	[image: ]Tectonic uplift of a mountain range that creates a depression that accumulates water






Lake inputs include




	[image: ]manmade sources from outside the catchment area;



	[image: ]precipitation; and



	[image: ]runoff carried by streams and channels from the lake’s catchment area, groundwater channels, and aquifers.






Lake outputs include




	[image: ]evaporation;



	[image: ]extraction of water by humans; and



	[image: ]surface water and groundwater flow.






Artificial lakes are constructed for hydroelectric power generation, recreational purposes, industrial and agricultural use, and/or domestic water supply.


The depth to which light can reach in lakes depends on turbidity, or the amount and type of suspended particles in the water. These particles can be either sedimentary (e.g., silt) or biological (e.g., algae or detritus) in origin.


The material at the bottom of a lake can be composed of a wide variety of inorganic materials, such as silt or sand, and/or organic materials, such as decaying plant or animal matter. The composition of the lake bed has a significant impact on the flora and fauna found near the lake, as it contributes to the amount and the types of nutrients available (Figure 1.32).




[image: This drawing is of typical lake food web. The sun is at the top and arrows connect each part of the web. Light from the sun goes down to larger plants and algae and then that trickles down to different types of microorganisms. Fine organic particular matter is in the middle. Algae is eaten by invertebrate scrapers then goes to invertebrate predators. That is on the right side of the web. Microorganims go to invertebrate shreddres and then onto vertebrate predators on the left side of the web.]


Figure 1.32 Typical lake food web


Source: U.S. Department of Agriculture








Because of the high specific heat capacity of water, lakes moderate the surrounding region’s temperature and climate.


Productivity in aquatic environments is determined by temperature, depth, and nutrient and dissolved oxygen content. Oxygen can enter the water through photosynthesis and from mixing with air through wave action and determines the type of organisms found in a particular area.


Biological oxygen demand (BOD) is the amount of oxygen used by decomposers (e.g., bacteria and fungi) to break down a specific amount of organic matter. Larger amounts of organic matter increase the BOD and decrease the amount of oxygen available in the water.




Lake Zones




	
[image: ]Benthic—bottom of lake, organisms can tolerate cool temperatures and low oxygen levels (Figure 1.33)




[image: This diagram shows different lake zones and contains labels to identify each one. There are two arrows pointing in both directions at the top. The one on the left says Littoral Zone and the one on the right says Limnetic Zone (open water). Next to the lake there are terrestrial plants. Then floating down into the lake are emerged plants, floating plants, and submerged plants. Along the bottom of the lake are euphotic zone, profundal zone, and the benthic zone on the very bottom.]


Figure 1.33 Lake zonation








	[image: ]Euphotic—the uppermost layer of water in a water body, such as an ocean or lake, where light can penetrate, and photosynthesis occurs. There are enough nutrients for phytoplankton and other microscopic plants to grow.



	[image: ]Limnetic—well-lit, open surface water, farther from shore, extends to depth penetrated by light, occupied by phytoplankton, zooplankton, and higher animals; produces food and oxygen that supports most of a lake’s consumers



	[image: ]Littoral—shallow, close to shore, extends to depth penetrated by light; rooted and floating plants flourish



	[image: ]Profundal—deep, no-light regions, too dark for photosynthesis; low oxygen levels; inhabited by fish adapted to cool, dark waters
















Types of Lakes


Lakes are often classified according to their production of organic matter (Figure 1.34). The three general categories include the following:




[image: There are 3 illusrations of 3 types of lakes. Each illustration shows a curved bottom from the shore up top, fish, and plants. The top illustration is labeled Oligotrophic Lake, the middle illustration is labeled Mesotrophic Lake, and the bottom illusrtration is labeled Eutrophic lake.]


Figure 1.34 Types of lakes


Source: Vermont Agency of Natural Resources Department of Environmental Conservation










	
1.Oligotrophic (Young Lake)—Deep, cold, small surface area relative to depth; nutrient-poor, phytoplankton are sparse; not very productive; doesn’t contain much life; waters often very clear; and sediments are low in decomposable organic matter. Characteristics include the following:




	[image: ]Bottom mostly rocky



	[image: ]Deep and drops off quickly



	[image: ]High oxygen concentration



	[image: ]Populated with cold-water fish, such as trout, steelhead, whitefish, and salmon



	[image: ]Primarily conifer trees (pines) along the shore



	[image: ]Steep shorelines going down to the water’s edge



	[image: ]Very few aquatic weeds



	[image: ]Water very clear



	[image: ]Example: Lake Superior








	
2.Mesotrophic (Middle-Aged Lake)—Moderate nutrient content and moderate amounts of phytoplankton; reasonably productive. Characteristics include the following:




	[image: ]A mixture of conifer and deciduous trees, such as oak, maple, and ash, along the shore



	[image: ]Bottom mostly sand, resulting from erosion and weathering of rocks



	[image: ]Few aquatic weeds and more plants growing on the shoreline



	[image: ]Less deep on average than oligotrophic lakes



	[image: ]Less steep shorelines



	[image: ]Supports both cold- and warmer-water fish, such as bass, perch, and bluegill



	[image: ]Water still very clear



	[image: ]Example: Lake Ontario








	
3.Eutrophic (Old Lake)—Shallow, warm, large surface area relative to depth; nutrient-rich, phytoplankton more plentiful and productive; waters often murky; high organic matter content in benthos (the community of organisms that live on, in, or near a seabed river, lake, or stream bottom, also known as “benthic zone”), which leads to high decomposition rates and potentially low oxygen. Eutrophication occurs over long periods of time as runoff brings in nutrients and silt. Pollution from fertilizers often causes algae populations to dramatically increase (algal bloom), causing a decrease in the oxygen content of the water, with detrimental consequences for life in the lake. Characteristics include the following:




	[image: ]Few, if any, cold-water fish; bass, pike, and carp thrive in old lakes



	[image: ]Gentle, mostly flat shorelines



	[image: ]Heavy aquatic weed growth



	[image: ]Mostly deciduous trees along the shore and an abundance of shoreline plants



	[image: ]Usually quite shallow compared with sandy- or rocky-bottom lakes



	[image: ]Very little oxygen in waters deeper than 30 feet



	[image: ]Water



	[image: ]Water murky from organic material and single-cell planktonic algae



	[image: ]Example: Lake Erie













Lake Stratification


The stratification or layering of water in lakes is the result of density changes caused by shifts in temperature (Figure 1.35). The density of water increases as temperature decreases until it reaches its maximum density at about 39°F (4°C), causing thermal stratification—the tendency of deep lakes to form distinct layers in the summer months. Deep water is insulated from the sun and stays cool and denser, forming a lower layer called the hypolimnion. The surface and water near the shore are warmed by the sun, making them less dense, so that they form a surface layer called the epilimnion.




[image: This is an illustration that looks like a graph, but the inside of the graph part is water with small fish at the top and one bigger fish on the bottom. Along the top of the wavy water is the temperatures 50, 60, 70, and 80 degrees. Along the left side are the feet of the water ranging from 3 feet to 30 feet by every 3 feet.]


Figure 1.35 Thermal stratification













Seasonal Turnover


Seasonal turnover refers to the exchange of surface and bottom water in a lake or pond that happens twice a year (spring and fall) (Figure 1.36). During the summer, the sun heats water near the surface of lakes, which results in a well-defined warm layer of water occurring over a cooler one (stratification). As summer progresses, temperature differences increase between the layers, and a thin middle layer, or thermocline, develops, where a rapid transition in temperature occurs.




[image: Four small images of a lake. The first lake images is lake in winter with an ice covering and no sunlight. Spring is next with arrows moving around the lake all over showing a spring turnover. It is heated by the sun. The third is summer with heating by the sun and arrows moving in up and down directions showing layering. The last one is for fall. 3 random arrows pointing up and down and arrows coming out from the top of the lake showing fall turnover.]


Figure 1.36 Seasonal lake turnover






With the arrival of fall and cooler air temperatures, water at the surface of a lake begins to cool and becomes heavier. During this time, strong fall winds move the surface water around, which promotes mixing with deeper water—a condition known as fall turnover.


As the mixing continues, lake water becomes more uniform in temperature and oxygen level. As the winter approaches in areas where subfreezing temperatures are common, the lake surface temperatures approach the freezing mark. Thus, as lake waters move toward freezing and reach 4°C, the water sinks to the lake bottom (water is most dense at 4°C). Colder water remains above, potentially becoming capped by an ice layer, which further prevents the winds from stirring the water mass.


With spring, the surface ice begins to melt, and cold surface waters warm until they reach the temperature of the bottom waters, again producing a fairly uniform temperature distribution throughout the lake. When this occurs, winds blowing over the lake again set up a full circulation system known as spring turnover.










Wetlands


Wetlands are areas that are covered with water at some point in the year and that support aquatic plants (Figure 1.37). High plant productivity supports a rich diversity of animal life. The water found in wetlands can be saltwater, freshwater, or brackish (water that has more salinity than freshwater but not as much as seawater).




[image: The wetland food web starts at the bottom with an image of bacteria and dead organic matter. Crabs and shrimp eat the dead organic matter and bacteria. They also eat algae. Snapper fish eats the shrimp and the crab and the Heron eats the fish.]


Figure 1.37 Wetland (estuarine) food web






Wetlands are characterized by the following:




	[image: ]A water table that stands at or near the land surface for a long enough season each year to support aquatic plants



	[image: ]Shallow or standing water with emergent vegetation



	[image: ]Soil that is permanently or seasonally saturated by water, resulting in anaerobic conditions (also known as hydric soils)



	[image: ]Vegetation that is water tolerant













Ecological Services of Wetlands


Wetlands provide many ecological benefits (ecological services), which include the following:




	[image: ]Absorbing excess water from flooding or storm surges. The root systems of wetland plants stabilize soil at the water’s edge and enhance soil accumulation at the shoreline. Wetland vegetation along shorelines dampens wave action and slows the speed of water currents, which provides erosion control and protects shorelines, thereby reducing the impact of flood damage to buildings, roads, infrastructure, and crops.



	[image: ]Acting as carbon sinks. Wetlands can store large amounts of carbon dioxide or other forms of carbon to slow the atmospheric and marine accumulation of greenhouse gases, which are released by burning fossil fuels.



	
[image: ]As sediment flows through a wetland from the surrounding watershed, it becomes trapped, reducing the siltation into lakes, rivers, and streams. Ecological services can help with moving the siltation along. This reduces the amount of sedimentation buildup behind dams and in reservoirs and aids in coastline alteration.


Ecological services can also help preserve important and/or sensitive aquatic habitats by reducing turbidity, which in turn helps to increase fishery resources, reduce changes in fish migration patterns, and reduce the loss of submerged vegetation.




	[image: ]Providing areas for agriculture and timber (e.g., rice, various berries, and certain species of trees)



	[image: ]Providing recreational areas



	[image: ]Recharging groundwater, thereby reducing the need for water treatment facilities and replacing groundwater used for human and/or agricultural purposes



	[image: ]Serving as nurseries for fish and shellfish











Wetland Degradation


Countries with the most wetlands are Canada (14% of land area), the Russian Federation, and Brazil. Wetlands were once about 10% of the land area of the United States but are currently about 5%, with Florida and Louisiana having the most wetlands. Ninety percent of the loss of wetlands is due to the conversion of land for agriculture, and 10% is the result of urbanization.


As important as wetlands are, they are fragile ecosystems that are being continually threatened by human activity (e.g., one-third of all endangered species live in wetlands). Listed in the following table are examples of how the world’s wetlands have been compromised.




Anthropogenic Causes of Wetland Degradation and Their Environmental Consequences














	Anthropogenic Causes


	Environmental Consequence(s)











	Agriculture


	Wetlands have been drained to utilize the rich organic soil. Water is drained from wetlands by cutting ditches into the ground, which collect and transport water out of the wetland. This lowers the water table and dries out the wetland. Consequences include salinization and soil compaction.







	Commercial fishing


	The depletion of native species of fish and shellfish affects the wetland food webs.







	Dams and levees


	Dams and levees prevent nutrient-rich sediments from moving downstream and into the floodplain, negatively affecting a variety of food webs found in the wetlands. The buildup of sediments behind dams prevents them from eventually replenishing those sediments lost from barrier islands and beaches.







	Development


	Drained wetlands destroy natural habitats, which increases bank erosion and pollution. Dredging of streams lowers the surrounding water table and dries up adjacent wetlands. Water is diverted around wetlands, lowering the water table and increasing all forms of anthropogenic pollution (sediment, air, chemical, sewage, litter, etc.). Freshwater is depleted from wetlands for residential and commercial purposes.







	Grazing


	Soil compaction, removal of vegetation, and streambank destabilization are all consequences. Vegetation plays an important role in wetland ecology by removing water through evapotranspiration, altering water and soil chemistry, providing habitats for wildlife, and reducing erosion. Removal of vegetation can drastically and sometimes irreversibly alter wetland function.







	Invasive species


	Native species cannot always compete with introduced species. Common invasive species traits include fast growth, rapid reproduction, high dispersal ability, tolerance of a wide range of environmental conditions (i.e., ecological competence), ability to live off of a wide range of food types (i.e., generalist), association with humans, and prior successful invasions.







	Logging


	Logging decreases biodiversity in wetlands as natural habitats are destroyed, which may increase flooding.







	Mining


	Mine wastes (spoils) are often deposited in the floodplain.







	Oil exploration and spills


	Oil exploration and spills cause a disruption in wildlife both on land and in the sea, causing pollution and erosion as part of the drilling process. See Unit 6 for more on this topic.







	Pumping groundwater


	Pumping large quantities of water from springs lowers nearby groundwater and can result in the loss of wetland vegetation.







	Recreation


	Boating, all-terrain vehicles, etc., disturb sediments, which affects breeding grounds for fish and other wildlife and also produces noise pollution, which affects wildlife behavior.







	Roads and railroads


	Roads and railroads narrow the floodplain, increase flooding, and create low-quality wetlands upslope of the roads by interrupting surface water and groundwater flows, which reduces sediment renewal, resulting in a loss of nutrients for native vegetation, which also affects higher trophic levels. Lack of sediment renewal also affects fish nurseries and bird breeding grounds. Dumping fill material buries hydric soil, which is permanently or seasonally saturated by water, resulting in anaerobic conditions, and lowers the water table so that water-loving plants (hydrophytic) cannot compete with upland plants.















Major Environmental Threats




	[image: ]An invasion of exotic species can harm native animals and plants.



	[image: ]Overexploitation and pollution threaten groundwater supplies.



	[image: ]Runoff from agricultural and urban areas diminishes water quality.



	[image: ]The creation of dams and water-diversion systems blocks migration routes for fish and wildlife and disrupts habitats.



	[image: ]Water withdrawal for human use shrinks and degrades habitats.






Solutions




	[image: ]Ban the use of inorganic fertilizers and pesticides in areas that drain into watersheds.



	[image: ]Decrease the amount of impervious hardscaping—for example, asphalt roads, cement sidewalks, etc.—and substitute porous materials.



	[image: ]Establish and maintain a vegetative buffer or greenbelt—a strip of upland surrounding the wetland that is maintained in a natural vegetated state.



	[image: ]Establish programs to deal with invasive species once they are discovered.



	[image: ]In areas where livestock grazing occurs in wetlands or where excessive human use is degrading wetlands, erect fencing to minimize erosion, water pollution, and sedimentation.



	[image: ]Keep surface areas that wash into storm drains clean of pet feces, toxic chemicals, fertilizers, and motor oil, which eventually reach and impair wetlands.



	[image: ]Minimize the amount of storm-water runoff that is generated beyond background levels while considering how and where to convey the storm water.



	[image: ]Participate in local and government programs that help protect and restore wetlands.



	[image: ]Plant only native species of trees, shrubs, and flowers to preserve the ecological balance of local wetlands.



	[image: ]Reduce, reuse, and recycle household items and waste.



	[image: ]Report illegal activity, such as filling, clearing, or dumping in wetlands, to government authorities, such as the U.S. Environmental Protection Agency or the Army Corps of Engineers.



	[image: ]Use “living shoreline” techniques that make use of plant roots to stabilize soil.



	[image: ]Use nontoxic products for household cleaning and lawn and garden care.



	[image: ]Use phosphate-free laundry and dishwater detergents—phosphates encourage algae growth, which, when algae dies, depletes the oxygen levels in the water.













Rivers and Streams


The nutrient content of rivers and streams is largely determined by the terrain and vegetation of the area through which they flow and is also determined by adjacent and overhanging vegetation, the weathering of rocks in the area, and soil erosion.


Rivers and streams move continuously in a single downhill direction, and their inputs include




	[image: ]groundwater recharge



	[image: ]precipitation



	[image: ]springs



	[image: ]surface runoff;



	[image: ]the release of stored water in ice and snowpack






The downward flow of surface water and groundwater from higher elevations to the sea can be separated into three zones (Figure 1.38):




[image: This is an illustration with labeled parts to help identify the different zones of a river. The upper left corner of the diagram has a mounntain range with clouds and rain above. You can see the lakes and streams trickling through the land and right into the ocean. The ocean appears on right of the illustration. Labeled are the various zones and other features: source zone, transition zone, tributary, plateau, coastal plain, Meanders, Oxbo Lake, floodplain zone, sediment, delta, ocean, and deposited sediment.]


Figure 1.38 River zones








	[image: ]Floodplain Zone—As a result of large amounts of sediment and nutrients, the water is murky and warmer. Tributaries join to form rivers, which empty into oceans at estuaries.



	[image: ]Source Zone—Contains headwaters or headwater streams and often begins as springs or snowmelt of cold, clear water with little sediment and relatively few nutrients. The rocky channels are usually narrow, creating swift currents. The water has relatively high oxygen levels and may include freshwater species such as trout.



	[image: ]Transition Zone—Contains slower, warmer, wider, and lower-elevation moving streams, which eventually join to form tributaries. The water is less clear as it contains more sediment and nutrients, with the substrate beginning to accumulate silt. Species diversity is usually greater than in the source zone.











Riparian Areas




	[image: ]Animals found in riparian zones include beavers, opossums, river otters, Canadian geese, cranes, ducks, frogs, salamanders, toads, and a wide variety of snakes and fish.



	
[image: ]Riparian areas are lands adjacent to creeks, lakes, rivers, and streams that support vegetation dependent upon free water in the soil (Figure 1.39).




[image: This image is of a chart idenitying riparian areas and ecological services. Riparian vegitation begins the chart at the top. The arrows point to the next level of boxes: provides terrestrial habitat, supplies detritis, shades stream, and alters water quality and quantity. The next set of arrows only point from shades stream and water quality/quatity to controls primary production & controls stream temp. The last row which has arrows pointing down is for: food, rest, and hiding from emerging adults, some eggs laid on foiliage, food for aquatic invertebrates, growth rate/life cycles for invertebrates, and habitat space/quality for aquatic inverterbrates.]


Figure 1.39 Riparian ecological services









	[image: ]Vegetation consists of hydrophilic (water-loving) plants and trees (e.g., ferns, rushes, sedges, cottonwoods, and willows).



















1.4The Carbon Cycle


Carbon is exchanged among the biosphere, geosphere, hydrosphere, and atmosphere and is the basic building block of life and the fundamental element found in carbohydrates, fats, proteins, and nucleic acids (DNA and RNA). Although carbon is found in rocks, it is a minor component when compared with the mass of either oxygen or silicon atoms in rocks. Carbon is also found in carbon dioxide (CO2), which makes up less than 1% of the atmosphere (roughly 420 parts per million [ppm]) (Figure 1.40).




[image: This illustration shows how the carbon cycle is viewed as a chemical process. In the image there is a fossil fuel burning plant on a hill. Smoke is coming from the plant. On the left of the plant is water source and then clouds above. Other items labeled are the following: CO2 in biomass, soil/organic matter, underground there are coal and oil along with dolomite and limestone. Towards the left of the plant the following are labeled: Photosynthesis, Decomposition & Respiration, Aquatic biomass, CO2 in atmosphere and then in oceans.]


Figure 1.40 Carbon cycle chemical processes






Important facts to remember about the carbon cycle include the following:




	[image: ]Carbon can be precipitated into the ocean’s deeper, more carbon-rich layers as dead soft tissue or in shells as calcium carbonate (CaCO3).



	[image: ]Carbon enters the ocean primarily through the dissolution (dissolving) of atmospheric carbon dioxide (CO2).



	[image: ]Oceanic absorption of carbon through carbon dioxide in the atmosphere increases ocean acidity (lower pH), disrupting numerous biological cycles, including the creation of coral reefs and the viability of externally fertilized egg cells.



	[image: ]One-third of soil carbon is stored in organic form, such as calcium carbonate, which can (depending on climatic conditions) remain for thousands of years before being washed into rivers through erosion or released during soil respiration by plant roots, soil microbes, and soil fauna.



	[image: ]The projected rate of increasing oceanic acidity due to increasing concentrations of CO2 could slow the biological precipitation of calcium carbonate, thus decreasing the ocean’s capacity to absorb CO2.






The major reservoirs or “sinks” of carbon include the following:




	
[image: ]Oceans—The carbon in carbon dioxide dissolved in seawater is utilized by phytoplankton and kelp for photosynthesis. Carbon is also required by marine organisms for the production of shells, skeletons, and coral. The oceans are absorbing about 2 gigatons (4 × 1012 kg) of carbon each year; however, most of it is not involved with rapid exchanges with the atmosphere. When carbon dioxide mixes with seawater, it has the effect of reducing the availability of carbonate (CO32-) ions, which many organisms, such as corals, marine plankton, and shellfish, need to build their shells:


[image: C O subscript 2 plus H subscript 2 O rightwards arrow H subscript 2 C O subscript 3 rightwards arrow H to the power of plus plus H C O subscript 3 superscript minus ]


The increase in the hydrogen ion (H+) concentration decreases the pH of seawater, making it more acidic. Simultaneously, carbonate ions (CO32-) are consumed by the hydrogen ions to form even more bicarbonate ions (HCO3−). The net effect is that one unit of carbonate ion is consumed for each unit of carbon dioxide added to seawater. Because the forward and reverse reactions run simultaneously, both the pH and the availability of carbonate are reduced as the atmospheric concentration of carbon dioxide rises:


[image: C O subscript 2 plus H subscript 2 O plus C O subscript 3 superscript 2 minus reversible reaction arrow 2 H C O subscript 3 superscript minus.]




	
[image: ]Plant Matter—A portion of atmospheric carbon (~15%) is removed through photosynthesis, by which carbon is incorporated into plant structures and compounds:


[image: 6 C O subscript 2 plus 6 H subscript 2 O plus energy open parenthesis sunlight close parenthesis rightwards arrow C subscript 6 H subscript 12 O subscript 6 plus 6 O subscript 2.]




	
[image: ]Sedimentary Deposits—Limestone (CaCO3) is the largest reservoir of carbon in the carbon cycle (Figure 1.41). The calcium comes from the weathering of calcium-silicate rocks, which causes the silicon in the rocks to combine with oxygen to form sand or quartz (silicon dioxide), leaving calcium ions available to form limestone.




[image: The top illustration is of how the inorganic carbon cycle occurs. There is a volcano surrounded by water. Smoke billows out from the volcano. It is labeled CO2. There is a capital M under the volcano and two S’s that appear in the water. Each represents a formula under the illustration. There are 3 formulas. Under the formulas there are three circles with arrows circulating around forming Carbon, Calcium, and Silicon. Calcium and Silicon circles are joined in the middle by a label called metamorphic rock.]


Figure 1.41 Inorganic carbon cycle








	[image: ]Terrestrial Biosphere—Forests store about 90% of the planet’s above-ground carbon and about 75% of the planet’s soil carbon. Carbon can be stored for very long periods of time in old-growth forests, limestone (CaCO3), and peat, which serve as long-term carbon sinks.






Carbon is released back into the atmosphere through the following:




	[image: ]Burning fossil fuels (e.g., wood, coal, etc.)



	
[image: ]Cellular respiration of plants and animals that break down glucose into carbon dioxide and water:


[image: C subscript 6 H subscript 12 O subscript 6 plus 6 O subscript 2 rightwards arrow 6 C O subscript 2 plus 6 H subscript 2 O plus energy.]




[image: This cycle is illustrated as a web. On the bottom is a decayed organisms respiration. In the middle is a rabbit figure with dead orgnanic matter and waste underneath. To the left is a flying bird with animal respiration and oxygen. To the right is plant respiration, photosythesis, and carbon dioxide.]


Figure 1.42 Carbon ecosystem cycle








	[image: ]Decay of organic material by the action of decomposers; if oxygen is present, the carbon is released in the form of carbon dioxide; if oxygen is absent, it is released in the form of methane (CH4)



	[image: ]Incineration of wastes, which releases ash and soot (carbon) along with carbon dioxide and carbon monoxide



	[image: ]Release of carbon dioxide by warmer ocean waters



	[image: ]Strip-mining and deep plowing, which disturb the soil, releasing CO2



	[image: ]Volcanic eruptions



	[image: ]Weatherization of rocks and especially the erosion of limestone, marble, and chalk, which break down to carbon dioxide and carbonic acid (H2CO3)



	[image: ]When oxygen is not present, anaerobic respiration occurs and releases carbon into the atmosphere in the form of methane (CH4); e.g., as marsh gas or in flatulence released by ruminant animals; e.g., cattle, dairy cows, deer, sheep, etc.






Every year, billions of tons of carbon are exchanged between the atmosphere, plants, soils, and the ocean. These exchanges are largely driven by the activity of plants and soil microbes going through the processes of photosynthesis and cellular respiration. The total amount of carbon contained in vegetation and soil sinks is more than three times the total carbon in the atmosphere. Vegetation and microbes are the most important biological components, decomposing plant litter and dead wood in the soil and returning billions of tons of carbon to the atmosphere each year through cellular respiration. The global carbon cycle is largely biological and was in a relatively steady state prior to the Industrial Revolution. Since that time, the shift to burning fossil fuels has released the trapped carbon in the form of carbon dioxide gas.




Carbon Sinks (in descending order)














	Carbon Sink


	Amount (Billions of Metric Tons)











	Marine sediments and sedimentary rocks


	~75,000,000







	Oceans


	~40,000







	Fossil fuel deposits


	~4,000







	Soil organic matter


	~1,500







	Atmosphere


	578 (in 1700 c.e.) to 766 (in 2000 c.e.)







	Terrestrial plants


	~580












Human Impact on the Carbon Cycle


Human activity since the Industrial Revolution has impacted the natural carbon cycle in the following ways:




	
[image: ]During and after the Industrial Revolution, the deforestation of old-growth forests and the combustion of fossil fuels have released carbon stored in long-term carbon sinks, ultimately resulting in climate change, with some of the following environmental impacts:




	[image: ]increased acidity of oceans



	[image: ]increase in atmospheric particulate matter



	[image: ]increased rate of melting of long-term water storage, e.g., land ice, which results in higher sea levels



	[image: ]stronger and more frequent storm events; e.g., hurricanes, storm surges, and floods








	[image: ]Prior to the Industrial Revolution, transfer rates of CO2 through photosynthesis, cellular respiration, and the burning of fossil fuels (e.g., wood) were fairly balanced. However, after the Industrial Revolution, more CO2 was, and continues to be, released into the environment than is being sequestered (stored long term).














1.5The Nitrogen Cycle


Nitrogen makes up 78% of the atmosphere. Nitrogen is also an essential element needed to make amino acids, proteins, and nucleic acids. Other nitrogen stores include organic matter in the soil and the oceans (one million times more nitrogen is found in the atmosphere than is contained in either land or ocean waters).




TIP


Know all steps involved in the nitrogen cycle. You will find more questions on the APES exam about the nitrogen cycle than about any other cycle.





Important facts to remember about the nitrogen cycle include the following:




	[image: ]Human activities such as fossil fuel combustion, use of inorganic fertilizers, and production of wastewater and sewage have dramatically altered the nitrogen cycle.



	[image: ]Increased concentrations of nitrogen in water can lead to water acidification, eutrophication, and toxicity.



	[image: ]In plants, nitrogen is essential for the process of photosynthesis and is found in chlorophyll, which is essential for plant growth.



	[image: ]Nitrogen availability can affect the rate of ecosystem processes, including primary production and decomposition.



	[image: ]Nitrogen is a key component in nucleic acids (DNA and RNA) and proteins.



	
[image: ]Since nitrogen is often a limiting nutrient in terrestrial ecosystems, its presence often determines how much food can be grown on a piece of land. The natural cycling of nitrogen, in which atmospheric nitrogen is converted to nitrogen oxides by lightning and deposited in the soil by rain, where it is assimilated by plants and either eaten by animals (and returned as feces) or decomposed back to elemental nitrogen by bacteria, includes the following processes (Figure 1.43):




	[image: ]Nitrogen Fixation—Atmospheric nitrogen is converted into ammonia (NH3) or nitrate ions (NO3−), which are biologically usable forms of nitrogen. The key participants in nitrogen fixation are legumes, such as alfalfa, clover, and soybeans, and nitrogen-fixing bacteria known as rhizobium.



	[image: ]Nitrification—Ammonia (NH3) is converted to nitrite (NO2−) and nitrate (NO3−), which are the most useful forms of nitrogen to plants.



	[image: ]Assimilation—Plants absorb ammonia (NH3), ammonium ions (NH4+), and nitrate ions (NO3−) throughtheir roots.



	[image: ]Ammonification—Decomposing bacteria convert dead organisms and wastes, which include nitrates, uric acid, proteins, and nucleic acids, to ammonia (NH3) and ammonium ions (NH4+)—biologically useful forms.



	[image: ]Denitrification—Anaerobic bacteria convert ammonia into nitrites (NO2−), nitrates (NO3−), nitrogen gas (N2), and nitrous oxide (N2O) to continue the cycle.








	[image: ]Though atmospheric nitrogen (N2) is abundant (composing 78% of Earth’s atmosphere), it has limited use biologically, which leads to a scarcity of usable forms of nitrogen in terrestrial and aquatic ecosystems.








[image: In this cycle illustration there is a mouse with tall grass above ground. Under the ground are blocks labeled the following: plants, decomposers, Amonium, Nitrates NO2, Nitrates NO3, back to plants and the mouse. The arrows show the direction this cycle goes. Part of the process is labeled: Nitrogen-fixing bacteria, Nitrogen fixing soil bacteria, Ammnofication, Nitrification, Nitrifying bacteria, Deinitrfying bacteria, assmimilation and then finally Nitrogen in atmosphere.]


Figure 1.43 Nitrogen cycle










Effects of Excess Nitrogen


Fossil fuel combustion has contributed to a sevenfold increase in nitrogen oxides (NOx) to the atmosphere, particularly nitrogen dioxide (NO2). NOx is a precursor of tropospheric (lower atmosphere) ozone production, contributes to smog and acid rain, and increases nitrogen inputs to ecosystems.


Ammonia (NH3) in the atmosphere has tripled as a result of human activities since the Industrial Revolution. Ammonia acts as an aerosol and decreases air quality. Nitrous oxide (N2O) is a significant greenhouse gas and has deleterious effects in the stratosphere, where it breaks down and acts as a catalyst in the destruction of atmospheric ozone. N2O is in a large part emitted during nitrification (conversion of ammonium (NH4+) to nitrate (NO3−) and nitrite (NO2−)) and denitrification (converting oxides back to nitrogen gas or nitrous oxides for energy generation) processes that take place in the soil. The largest N2O emissions are observed where nitrogen-containing fertilizer is applied in agriculture. Human activity has more than doubled the annual transfer of nitrogen into biological available forms through




	[image: ]biomass burning;



	[image: ]cattle and feedlots;



	[image: ]extensive cultivation of legumes (particularly soy, alfalfa, and clover);



	[image: ]industrial processes; and



	
[image: ]the extensive use of chemical fertilizers and pollution emitted by vehicles and industrial plants (NOx)




[image: This illustration shows plant nutrient cycle. Each part of the process is labeled in a box with an arrow proceeding to the next part of the path. The bottom 3 boxes are: Nitrogen fixing by bacteria, nutrient loss from soil erosion. Then the middle cycle boxes are labeled: supply of available plant nutrients in soil, and nutrient loss by bacterial processes. Towards the top of the illustration are images of a corn plant, a cow, dead organic matter, and commercial inorganic fertilzer.]


Figure 1.44 Plant nutrient pathways



















1.6The Phosphorus Cycle


Phosphorus is essential for the production of nucleotides (building blocks of DNA and RNA), ATP, fats in cell membranes, bones, teeth, and shells.


Phosphorus is not found in the atmosphere; rather, the primary sink for phosphorus is in sedimentary rocks. Generally, phosphorus is found in the form of the phosphate ion (PO43-) or the hydrogen phosphate ion (HPO42−). Phosphorus is slowly released from terrestrial rocks by weathering and the action of acid rain and then dissolves into the soil and is taken up by plants. It is often a limiting factor for soils due to its low concentration and solubility, and it is a key element in fertilizer. A fertilizer labeled 6-24-26 contains 6% nitrogen (N), 24% phosphorus (P), and 26% potassium (K). Unlike the carbon, nitrogen, sulfur, or water cycles, the phosphorus cycle does not involve a gaseous or atmospheric phase (Figure 1.45). Since phosphorus is trapped in rocks and minerals, it must undergo a weathering process to be released before it can be utilized.




[image: In this illustration we see a rocky bottom with a deer on a hill eating grass, weathering rock (hills) , uplifting rock (moutnains) and clouds in the sky with sheets of rain coming down. There are parts of the cycle labeled in the following boxes and these go from bottom of the picture to the top: precipiatated (solid) phosphates, phostphates in solution, Detrivitores in soil, phosphates in soil (organic), Detritus, phosphates in rock, phostphates in organic compounds. There are arrows that show each part of the process.]


Figure 1.45 Phosphorus cycle






Humans have impacted the phosphorus cycle in several ways, as follows:




	[image: ]Allowing runoff from feedlots, fertilizers, and the discharge of municipal sewage plants, which collects in lakes, streams, and ponds, causing an increase in the growth of cyanobacteria (blue-green algae), green algae, and aquatic plants. In turn, this growth results in decreased oxygen content in the water, which then kills other aquatic organisms in the food web.



	[image: ]Applying phosphorus-rich guano and other phosphate-containing fertilizers to fields



	[image: ]Clear-cutting tropical habitats for agriculture, which decreases the amount of available phosphorus, as it is contained in the vegetation



	[image: ]Mining large quantities of rocks containing phosphorus for inorganic fertilizers and detergents











1.7The Hydrologic (Water) Cycle


The water cycle is powered by energy from the sun, which evaporates water from oceans, lakes, rivers, streams, soil, and vegetation (Figure 1.46). The oceans hold 97% of all water on the planet and are the source of 78% of all global precipitation. Oceans are also the source of 86% of all global evaporation, with evaporation from the sea surface keeping Earth from overheating. If there were no oceans, surface temperatures on land would rise to an average of 153°F (67°C).




[image: This illustration has an ocean, a lake, a hill with trees, a mountain with ice and snow, and cloudsin the sky where precipiatation is labeled. These items are all part of the water cycle through an environment. The rest of the illustration is labeled with the water cycle process and arrows to help follow it. Starting at the top the following are labeled: precipitation, condensation, evaporation going up and down to bodies of water, rain runoff, ice cap melting run off, transpiration and infiltration.]


Figure 1.46 Water cycle






The water cycle is in a state of dynamic equilibrium by which the rate of evaporation equals the rate of precipitation. Warm air holds more water vapor than cold air. Processes involved in the water cycle include the following:




	[image: ]Condensation—The conversion of a vapor or gas to a liquid



	[image: ]Evaporation—The process of turning from liquid into vapor



	[image: ]Evapotranspiration—The process by which water is transferred from the land to the atmosphere by evaporation from the soil and other surfaces and by transpiration from plants



	[image: ]Infiltration—The process by which water on the ground surface enters the soil



	[image: ]Precipitation—Rain, snow, sleet, or hail that falls to the ground



	[image: ]Runoff—Part of the water cycle that flows over land as surface water instead of being absorbed into groundwater or evaporating








Human Impact on the Water Cycle














	Human Activity


	Impact on Water Cycle











	Agriculture


	Runoff contains nitrates, phosphates, ammonia, etc.







	Building power plants


	Increased thermal pollution







	Clearing of land for agriculture and urbanization


	
Accelerated soil erosion


Decreased infiltration


Increased flood risks


Increased runoff








	Destruction of wetlands


	Disturbing natural processes that purify water







	Pollution of water sources


	Increased occurrences of infectious agents such as cholera, dysentery, etc.







	Sewage runoff, feedlot runoff


	Cultural eutrophication







	Withdrawing water from lakes, aquifers, and rivers


	Groundwater depletion and saltwater intrusion












Water Distribution and Properties


Over 70% of Earth’s surface is covered by water, with oceans holding about 97% of all water on Earth, and freshwater making up only about 3%. Of the freshwater that is available, most of it is trapped in glaciers and ice caps, with the rest found in (descending order) groundwater, lakes, soil moisture, atmospheric moisture, rivers, and streams (Figure 1.47).




[image: There are 3 drawings presented in this diagram. The one on the left is of a long column shape with freshwater being 3% on top, saline oceans in the middle with 97%, then Earth’s water on the bottom. The second column is made up of other 0.9% at top, surface water 3%, groundwater 30.1%, icecaps & glaciers 68.7%, and freshwater on the bottom. The last column has rivers 2%, swamps 11%, and fresh water surface on the bottom.]


Figure 1.47 Distribution of Earth’s water








Water has many unique properties, as follows:




	[image: ]A lot of energy is needed to evaporate water.



	[image: ]Strong hydrogen bonds hold water molecules together.



	[image: ]The temperature of water changes slowly due to its high specific heat capacity.



	[image: ]Water expands when it freezes.



	[image: ]Water filters out harmful UV radiation in aquatic ecosystems.



	[image: ]Water has a high boiling point.



	
[image: ]Water is a polar molecule, which means the following:




	[image: ]Capillary action, a result of hydrogen bonding, helps tree roots take up water, allowing trees to grow as large as they do.



	[image: ]Floating ice, essential to life near the poles, results from the different ways water molecules arrange themselves at different temperatures.



	[image: ]The polarity of water helps to dissolve many compounds.



	[image: ]Water’s polarity allows interaction with non-polar molecules, e.g., fatty acids, and allows for the compartmentalizing of membranes, essential for living organisms.
















Freshwater


The renewal of Earth’s freshwater supply depends on the regular movement of water from Earth’s surface into the atmosphere and back again. Listed in the following table are average water renewal rates.




Freshwater Renewal Rates














	Source of H2O


	Average Renewal Rate









	Groundwater (deep)


	~10,000 years







	Groundwater (near surface)


	~200 years







	Lakes


	~100 years







	Glaciers


	~40 years







	Water in the soil


	~70 days







	Rivers


	16 days







	Atmosphere


	8 days








The use of freshwater, a limited resource, is growing at a rate that is twice the rate of population growth (Figure 1.48). The average amount of freshwater allocated per person for all purposes in the United States is about 500,000 gallons (~2 million liters) per year.




[image: This large graph shows the global water use vs population for the projected years 1900-2025. Marked in the graph are popluation, water consumption, and water withdrawals. Population line is a line with open circles, water consumption is a dotted line, and water withdrawals is a line with x’s along it. The years are on the bottom of the graph, and along the side is percent growth from 1900 baseline (0% to 900%).]


Figure 1.48 Global water use and global population, 1900–2025 (projected)


Source: United Nations Environmental Programme













Aquifers


An aquifer is a geologic formation that contains water in quantities sufficient to support a well or spring (Figure 1.49). Aquifers in the United States hold 30 times more water than all U.S. lakes and rivers combined, with groundwater supplying approximately 40% of all freshwater in the United States.




[image: Simple illustration shows how a typical aquifier works. Water along the bottom and trees at the top. Starting on the bottom, there is arrows pointing to a confined aquafier, then above, more arrows pointing to an unconfined aquafier, then a little ditch with wavy water called a stream. The few trees drawn are next to the stream with curvy arrows rising from the trees and labeled transpiration by vegetation. On the left of the trees, there is a water table, and to the right is an unsaturated zone and another water table.]


Figure 1.49 A typical aquifer






Important terms regarding aquifers include the following:




	[image: ]Confined “artesian well” aquifer—An aquifer below the land surface that is saturated with water. As a result of impermeable material above and below the aquifer, the water is under pressure.



	[image: ]Recharge zone—The surface area above an aquifer that supplies water to the aquifer



	[image: ]Unsaturated zone—The zone immediately below the land surface where the open spaces (pores) in the soil contain both water and air, but are not totally saturated with water



	[image: ]Water table—The level below which the ground is saturated with water








Factors That Threaten Aquifers


Aquifer (or groundwater) depletion is primarily caused by sustained groundwater pumping. When the rate of groundwater extraction is greater than the rate of aquifer recharge, the net effect is a drop in the water table. Though agriculture is the largest sector responsible for aquifer depletion, domestic and municipal withdrawals also affect groundwater levels in many areas around the world (Figure 1.50). As human populations increase, the rates of groundwater extraction likewise increase.




[image: This is a pie graph and shows the following: medium shaded agriculture with 70%, lightly shaded piece with Municipal at 11%, and darkly shaded piece with Industrial at 19%]


Figure 1.50 Global sources of water withdrawal


Source: Food and Agricultural Organization of the United Nations








Changes in global weather patterns also reduce aquifer inputs, jeopardizing groundwater levels. This issue is an example of the “Tragedy of the Commons”* combined with high economic externalities (cost or benefit incurred or received by a third party; however, the third party has no control over the creation of that cost or benefit).










Effects of Groundwater Depletion




	[image: ]Increased costs as more energy is required for pumping



	
[image: ]Land subsidence—The sinking of land that results from groundwater extraction. Land subsidence is a major problem in developing countries, as large cities continue to increase in population without there being many alternatives for supplying freshwater to the growing population (Figure 1.51).




[image: This graph shows the years 1900-2000 along the bottom and water use in (km to the third power) (0-4500) along the left side. Along the right side is world population (8-18 bn). On the graph, there is a shaded area that goes from 5 on the left to 16 on the right. This is the world water use. In the inside of the same shaded area is a solid, dark line identifying the global popualation and that line goes from nearly 500 on the left to number 6 on the right.]


Figure 1.51 Global water use vs. population growth


Source: Food and Agricultural Organization—United Nations












	
[image: ]Lowering of the water table (Figure 1.52)




[image: There are two side-by-side diagrams here. The diagram on the left is named natural conditions while the diagram on the right is named decline in water table from pumping. They each have a confining layer along the bottom. The diagram on the left shows arrows going up to the stream with a natural water table forming on the left. The diagram on the right shows ground water flow going to a pump to the left with a larger water table.]


Figure 1.52 Decline in water table from groundwater pumping


Source: University of Georgia











	[image: ]Overgrazing and the resulting erosion



	[image: ]Reduction of water in lakes, ponds, and streams



	
[image: ]Saltwater intrusion—The movement of saltwater into freshwater aquifers, which can lead to contamination (Figure 1.53). Water extraction drops the water table, which reduces the water pressure and allows saltwater to flow farther inland. Agricultural, drainage, and navigational channels, hurricanes, and storm surges also provide ways for saltwater to move inland.




[image: This is a diagram of a pumping well in a body of water showing saltwater intrusion. It is a simple drawing that has the following labels: on the bottom: zone of transition, saline ground water, fresh groundwater, sea water. On the the top: sea level, water table, pumping well, and land surface.]


Figure 1.53 Saltwater intrusion


Source: U.S. Environmental Protection Agency











	[image: ]Water shortages—Since groundwater is the main water source for many populations (especially in arid environments), residents of these areas may experience water insecurity for domestic and agricultural needs.
















1.8Primary Productivity


The ultimate source of energy is the sun. Plants (autotrophs) are able to use this light energy to create food through the process of photosynthesis, in which plants remove carbon dioxide from the atmosphere and use light energy to produce carbohydrates and other organic compounds:


[image: 6 C O subscript 2 plus 6 H subscript 2 O plus sunlight rightwards arrow C subscript 6 H subscript 12 O subscript 6 plus 6 O subscript 2.]


Plants capture light primarily through the green pigment chlorophyll, which is contained in organelles called chloroplasts. The energy derived from the oxidation of glucose during cellular respiration is then used to form other organic compounds such as cellulose (for support), lipids (waxes and oils), and amino acids and eventually proteins. Oxygen gas is released into the atmosphere during photosynthesis, and plants emit carbon dioxide during respiration. Since plants produce less carbon dioxide than they absorb, they therefore become net sinks of carbon.


Factors that affect the rate of photosynthesis include




	[image: ]carbon dioxide concentration;



	[image: ]the amount of light and its wavelength;



	[image: ]the availability of water; and



	[image: ]temperature.











1.9Trophic Levels


A trophic level is the position an organism occupies in a food chain and is the number of steps it is from the start of the chain. The food chain in Figure 1.54 starts at trophic level 1 with primary producers (grass—producer), which are eaten by herbivores (grasshopper—primary consumer), which are eaten by bluebirds (bluebird—secondary consumer), which are eaten by snakes (snake—tertiary consumer), which are finally eaten by the owl, which is known as the apex or quaternary predator.




[image: This is a food chain to help show each animal and insects trophic level. The following are labeled in food chain: mushrooms to grass to grasshopper to bluebird to snake to owl back to decomposer.]


Figure 1.54 Food chain






A food web (Figure 1.55) is the natural interconnection of food chains.




[image: This is a food web featuring the following from the top down: wolf, mountain lion and cat to ringtail, whiptail, eagle, jackrabbit and pine marten. Then rat, nuthatch, frog, butterfly, squirrel, and deer.]


Figure 1.55 Food web








Ecological Pyramids


Ecological pyramids place the primary producers at the base of the pyramid and are able to show various properties of ecosystems, such as the numbers of individuals per unit of area, biomass (g/m2), or energy (kcal ⋅ m-2 ⋅ yr-1), with amounts of available energy decreasing as species become further away from the producers.




[image: Three different groups of pyramids for biomass and energ for terrestrial and aquatic biomes. The left side of the pyramid groups are labeled fox, rabbit, and grass. The second set on the left side is labeled Sealion, Herring, Zooplankton, and Phtyoplankton. The three groups of pyramids are labeled left to right: Pyrmaid of Numbers, Pyramid of Biomass, and Pyramid of Energy. Each pyramid has different leves (sizes) and shadings.]


Figure 1.56 Pyramids of numbers, biomass, and energy for terrestrial and aquatic biomes






In some instances, biomass pyramids can be inverted, and are often seen in aquatic and coral reef ecosystems. For example, the biomass of zooplankton is higher than that of phytoplankton, as the life span of zooplankton is longer, even though the phytoplankton multiply much faster and have a shorter life span than zooplankton. Therefore, a number of generations of phytoplankton may be consumed by a single generation of zooplankton. However, during transfer, only 10% of the biomass of one generation is passed on to next trophic level.




Furthermore, primary consumers have longer life spans and slower growth rates, and accumulate more biomass than the producers they consume. Phytoplankton live just a few days, whereas the zooplankton eating the phytoplankton live for several weeks and the fish eating the zooplankton live for several years.


Aquatic predators also tend to have a lower death rate than the smaller consumers, which further contributes to the inverted pyramid pattern.


However, energy pyramids will always have an upright pyramid shape if all sources of food energy are included, according to the Second Law of Thermodynamics, which states that as energy is transferred or transformed, more and more of it is wasted (usually as heat), and that there is a natural tendency of any isolated system to degenerate from an ordered state into a more disordered state—also known as entropy.










1.10Energy Flow and the 10% Rule




Cellular Respiration


[image: C subscript 6 H subscript 12 O subscript 6 plus 6 O subscript 2 rightwards arrow 6 C O subscript 2 plus 6 H subscript 2 O plus energy.]


Organisms dependent on photosynthetic organisms are called heterotrophs. In general, cellular respiration is the opposite of photosynthesis. In respiration, glucose is oxidized by the cells to produce carbon dioxide, water, and chemical energy. This energy is then stored in the molecule adenosine triphosphate (ATP).




Ecological Pyramids and the 10% Rule


During the transfer of energy from one trophic level to the next, only about 10% of the energy is used to convert organic matter into tissue. The remaining energy is generally lost in the form of heat during respiration, metabolic processes, temperature regulation, incomplete digestion (e.g., elephants only digest 40% of the material they consume), and decay of waste products.


Sunlight is the ultimate source of energy required for most biological processes. Of the sun’s energy that reaches Earth, 35% is spent to heat water and land areas and to evaporate water. Only 8% of energy released from the sun is available to plants with only 1% being used for photosynthesis; about 15% is reflected back into space, and 80% is absorbed by Earth. The amount of available energy decreases approximately 10% from one stage to the next (10% Rule), with the majority of energy being lost in the form of heat.


Productivity refers to the rate of generation of biomass in an ecosystem and is expressed in units of mass per unit surface area (or volume) per unit time, e.g., grams per square meter per day (g/m2/d), with mass referring to dry matter or to the mass of carbon generated. Productivity of autotrophs (plants) is called primary productivity, while that of heterotrophs (animals) is called secondary productivity.


Secondary production is the generation of biomass by heterotrophic consumers in a system, is driven by the transfer of organic material between trophic levels, and represents the quantity of new tissue created through the use of assimilated food by organisms responsible for secondary production, including animals, protists, fungi, and most bacteria.










Biomass Pyramids


A biomass pyramid shows how much organic mass is within each trophic level (Figure 1.57). For example, the vast majority of all mass within a rainforest is held within the trees.




[image: This is an illustration of a biomass pyramid with several levels labeled. At the top is a bear labeled tertiary consumers/predators. Then secondary consumers which are frogs, raccoons, birds, and a fox. The next level is labeled primary consumers/herbivores. They are squirrel, deer, more birds, and mice. Last and bottom level are trees, shrubs, ferns, and grasses.]


Figure 1.57 Pyramid of biomass






A marine pyramid of biomass is inverted (Figure 1.58) because




	[image: ]the biomass of the trophic levels is dependent on the longevity of the members within that trophic level;



	[image: ]the biomass of zooplankton is greater than that of phytoplankton (the producers) because of their small size and low weight, and predatory fish are much larger than zooplankton; and



	[image: ]the producers in ocean or aquatic ecosystems are phytoplankton, which have short life spans, turn over (grow and reproduce) rapidly, and have lower mass than zooplankton (primary consumers).








[image: This is an upside down (inverted) pyraid of biomass for marine life. It shows carnivores at the top as the widest part of the pyramid. This level contains whales, dolphins, and sharks. The next level are herbivores showing different types of fish. The bottom and most narrow part of the pyramid are producers which are jellyfish, shrimp, krill, and other smaller organisms in the ocean.]


Figure 1.58 Inverted pyramid of biomass













Energy Pyramids


Energy pyramids show the proportion of energy passed from one trophic level to the next-level consumers in an ecosystem (Figure 1.59). The energy temporarily “trapped” within the mass of the trophic level is not counted.




[image: The sun shines above this energy pyramid that has 4 3-D levels. The first level: tertiary level (10 units of energy available). Second level: secondary consumers (100 units of energy available). Third level: Primary herbivores (1,000 units of energy available) and last level: producers (10,000 units of energy available). Along the 3-D side of the pyramid (right) is the biomass productivity for each level.]


Figure 1.59 Energy pyramid











Ecosystem Productivity


Of all available sunlight that reaches Earth, less than 3% for land plants and less than 1% for aquatic plants is used for photosynthesis. This relatively low efficiency of the conversion of solar energy into energy stored in carbon compounds sets the overall amount of energy available to heterotrophs at all other trophic levels.


There are two types of primary productivity:







Gross Primary Production (GPP)


Gross primary productivity (GPP)—the amount of carbon fixed during photosynthesis by all producers in the ecosystem. GPP can also be described as the rate of production of organic matter during photosynthesis.







Net Primary Production (NPP)


Net primary production (NPP) is how much carbon dioxide vegetation takes in during photosynthesis minus how much carbon dioxide the plants release during cellular respiration.


[image: N P P equals G P P minus R subscript plant respiration]


Some net primary production goes toward the growth and reproduction of primary producers, while some is consumed by herbivores.


Open oceans, due to their making up a large proportion of the earth’s surface, collectively have the highest net primary productivity. However, when compared on a one-to-one per square meter basis, estuaries have the highest net primary productivity (Figure 1.60).




[image: This bar graph illustrates the net primary productivity of estuaries per square meter. On the left of the graph are the types of estuaries and along the bottom is the average net primary activity. The shaded bars across the graph start out long and then get shorter for each estuary. The estuaries along the left are listed as: estuaries, swamps/marshes, tropical rainforest, temperate forest, Northern coniferous forest (taiga), savannah, agricultural land, woodland/shrubland, temperate grassland, lakes/streams, continental shelf, tundra, open ocean, desert scrub, and extreme desert.]


Figure 1.60 Net primary productivity—compared per square meter











Productivity Practice Problems




#1Dr. Smith’s AP Environmental Science class was studying ecosystem productivity, focusing on cellular respiration (R), net primary productivity (NPP), and gross primary productivity (GPP).


To help reinforce the concept, the class went on a field trip to a local pond which contained relatively large amounts of planktonic algae and microscopic organisms (e.g., amoebas, diatoms, euglena, paramecium, planaria rotifers, and stentors).


The relative rates of respiration and photosynthesis within the pond determine whether there is a net addition or decrease of carbon dioxide in the water and therefore whether the pH of the water rises (becoming more basic) or falls (becoming more acidic). Respiration rates are affected by water temperature and the biomass of plants, animals and microorganisms in the water and bottom sediment.


Upon arrival to the pond, the students used a portable dissolved oxygen (DO) meter and determined that the pond water had a dissolved oxygen (DO) concentration of 10 mg of O2
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