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CHAPTER 1

WATERSHEDS

Lotic systems move water downhill, but where does all the water originate? Answering that question requires an understanding of the water-shed concept. A watershed includes all land upstream that contributes water to a specific point in a lotic system. Water gets delivered to the surface of Earth via rain and snow and, beholden to the inflexible rules of gravity, begins a tireless journey toward the lowest point it can possibly reach. The typical water molecule will begin that journey by passing through empty pores in soil and bedrock, but gravity will eventually deliver this groundwater to the bottom of a valley where it contributes to lotic flow. Defining watershed boundaries and exploring land attributes explains much about how lotic systems behave. Several terms are synonymous with watershed, including basin, catchment, and drainage.

In most cases, defining a watershed boundary involves nothing more than following elevation contours. Walking from the edge of a channel and following a path traversing the highest elevations that contribute water to the river until reaching the starting location on the opposite bank constitutes navigating the watershed boundary for that specific point. Such journeys are rarely feasible and can be thousands of miles long for large rivers, so scientists typically use elevation to delineate watersheds. Because demarcating watershed boundaries represents such a crucial part of lotic science, watershed delineation tools have become very sophisticated and widespread, so much so that anyone can define and explore the watershed of a favorite lotic system.

Figure 2.1 shows the boundaries for the five largest watersheds in the continental United States. The greatest among these, the Mississippi River, represents the fourth-largest watershed in the world. Watershed sizes do not necessarily correspond to river size by other metrics. For example, the Mississippi would be the thirteenth-largest river in the world if ranked by flow volume. The Colorado River currently dries up completely before reaching its terminus in the Gulf of California.


Identifying the watershed boundary for any river or stream is possible using a sophisticated online tool developed by the United States Geological Survey (USGS): StreamStats. To create a watershed map for any point along a lotic system in the lower 48 United States and generate a report of key watershed attributes, execute the following steps:


	Navigate to the StreamStats website at https://streamstats.usgs.gov.

	Click the StreamStats application and use the map tool to zoom to the stream reach targeted for watershed mapping.

	Zooming in will lead to an option to choose the state or region of interest on the left menu. Select the most appropriate state for the reach.

	Continue zooming in until dark blue lines appear as waterways.

	Click on the blue Delineate button on the left menu, then on the blue line of the reach location. Delineation may take a few moments and larger rivers will take more time, but most will finish within a minute.

	The watershed area will appear in yellow. All precipitation that falls in this area and is not evaporated or transpired by plants eventually flows through the stream or river.

	To learn more, click on the blue Continue button on the left menu for further information about the watershed. For example, the Annual Flow Statistics will calculate the average flow rate.

	Farther down in the left menu is a menu for Basin Characteristics: watershed attributes that shape the character of a river or stream, such as the percentage of forested land, annual precipitation, and elevation. Click on the blue Continue button once variables are selected.

	The USGS will now build a watershed report. Click again on the blue Continue button and a report will appear with a watershed map and all metrics. Scroll down to the bottom of the report for the option to save the document.





Major watershed boundaries constitute continental divides (Figure 2.1). Such boundaries demarcate the fate of rain or snowmelt by the ultimate ocean where the rivers downslope of the divides terminate. North America features two major continental divides whose boundaries determine if rivers flow toward the Atlantic, Pacific, or Arctic Oceans. Eastern North America also features minor continental divides that parse river flow toward the Gulf of St. Lawrence, the Atlantic coast, or the Gulf of Mexico. In rare instances, precipitation may also fall in a terminal or


[image: Figure 2.1. Boundaries of the five largest watersheds in the continental United States. Dark lines show major continental drainage divides and arrows illustrate flow direction.]
Figure 2.1. Boundaries of the five largest watersheds in the continental United States. Dark lines show major continental drainage divides and arrows illustrate flow direction.




USGS hydrologists created a tool to identify the watershed for any location or the path a raindrop will traverse on its journey to the sea.


	Navigate to the StreamStats website at https://streamstats.usgs.gov.

	Click on the Exploration Tools button that appears in the upper-left corner of the map.

	Choose the Flow (Raindrop) Path option.

	A window will appear with a button labeled Select Point On Map. Click on this button to return to the map application.

	Zoom in on the map and click on the location of interest. The point does not need to be on or near a stream.

	A similar window will appear. The raindrop path length can be adjusted using the Limit on the right side of the window. Be sure to both click on the circle button and adjust the distance to lengthen or shorten the raindrop path. Click the green Go button.

	The hypothetical raindrop path appears as a red line on the map. Zoom in to see the names of the streams and rivers the raindrop will eventually contribute water to. To see the larger rivers farther downstream, adjust the Limit to a longer distance.





endorheic basin: a watershed boundary where water evaporates into the atmosphere after settling in an inland lake. The best-known North American terminal basin is the Great Basin, where water flows into the Great Salt Lake and ultimately evaporates.

Any land attribute within a watershed, including vegetation, geologic features, and human activities, significantly shapes lotic ecosystems downstream. Some consider water flowing through a river or stream to be watershed tea, a concept fully realized by aquatic scientists during the mid-twentieth century. However, the many features of a watershed that influence flowing water occur simultaneously, and landscapes continuously change. Thus there is still very much to learn in the field of watershed science. The attributes listed below represent major watershed features whose influence on rivers and streams are reasonably well understood.


CLIMATE

Lotic systems are inexorably linked to watershed climate. Storms or droughts within watershed boundaries obviously lead to floods and low flows. But climatic (long-term weather) attributes also shape the physical and biological character of rivers by influencing terrestrial ecosystems. Higher precipitation levels support more terrestrial vegetation, and decaying plants build soils that act as watershed-scale sponges. Therefore, watersheds with thick forests absorb far more rainfall during a storm compared to those in desert environments, where floods occur very quickly.

Atmospheric temperatures in a watershed are also key to understanding lotic systems. In very cold climates, much of the water delivered to watersheds remains locked on land as ice and snow. As a result, groundwater delivery to rivers significantly diminishes over winter but predictably floods annually once the spring snowmelt ensues. Rivers in tropical, humid climates with rainforests pulse with wet and dry seasons. The largest river on Earth by flow volume, the Amazon, flows at an average of 31.2 million gallons per second at the end of the dry season in November but more than doubles to about 65 million gallons per second by the end of the wet season in May. Sailors encounter water fresh enough to drink in the Atlantic Ocean over 100 miles offshore from the Amazon River mouth during the wet season.




MOUNTAINS

Lotic systems that flow from mountain watersheds exhibit distinctly different flow patterns relative to the lowlands. Mountain ranges where most of the precipitation falls as snow and remains frozen most of the year, such as the Rocky Mountain and Sierra Nevada ranges of western North America, prevent water from melting into rivers until spring or summer. Annual flow patterns in mountain settings follow the melt seasonality very closely, with the lowest flows occurring in winter when freezing temperatures lock water at the surface and the highest flows corresponding with peak snowmelt in late spring. Water originating as snowmelt also means very cold water temperatures year-round; thus cold-loving species such as trout thrive in montane watersheds.




LIMESTONE

Watersheds with large limestone deposits offer excellent examples of how environments from the deep geologic past influence modern-day lotic systems. The presence of limestone means that the environmental setting millions of years ago was oceanic, perhaps a shallow inland sea. Microscopic marine life known as plankton living in the water column created shells of calcium carbonate, the same chemical found in chalk and antacid medicines, to help stay afloat. When these organisms died, the shells sank and accumulated over time. If geologic forces eventually uplift such layers above sea level and the calcium carbonate shells harden under pressure from layers of rock above, limestone forms. Rain-water is naturally acidic and calcium carbonate dissolves in acid. Consequently, long-term exposure of limestone to water flowing underfoot causes cavities to form that often grow to form caves. Cavities in limestone near the land surface also cause sinkholes to form.

Lotic systems draining watersheds with large limestone deposits (Figure 2.2) are greatly affected by water flowing through the rock. Limestone results in lotic systems with the following attributes:


	Chemical: Water flowing through limestone has high levels of dissolved calcium and magnesium. These chemicals are not harmful to life. However, high concentrations can cause problems by reforming solid deposits in pipes—a process called scaling.




[image: Figure 2.2. The extent of major limestone deposits (in purple) and glacial ice during the most recent ice age (in blue) in the continental United States.]
Figure 2.2. The extent of major limestone deposits (in purple) and glacial ice during the most recent ice age (in blue) in the continental United States.




	Thermal: Waters draining limestone watersheds tend to be very well buffered from temperature shifts. They are unlikely to freeze during winter in cold environments and stay cooler in the summer. Thermal buffering occurs because of the large volume of groundwater running through pores in the limestone, which keeps stream temperatures stable.

	Biological: Most anglers know well that trout love lotic ecosystems with limestone environments. As coldwater species, trout appreciate the water temperatures kept consistent by water flowing through underground limestone. Mussels, snails, and any organisms that build a shell thrive in rivers with limestone in their watersheds because the extra dissolved calcium eases their task of building a home. Large limestone caves with abundant water flowing through them, such as Mammoth Cave in Kentucky, can result in very strange aquatic organisms, called stygobites, found exclusively within their native subterranean ecosystems.

	Hydrological: Lotic system flows draining many limestone watersheds are hydrologically buffered in a similar way to the thermal buffering described above. Flows in limestone environments tend to experience fewer floods or very low flow periods because the large groundwater stores in the limestone pores help stabilize water delivery.



Abundant limestone can also distort watershed boundaries thanks to complex patterns of subterranean water flow. Flow paths created by tunnels formed by dissolved limestone can route water across boundaries defined by topography at the surface. Therefore, defining a watershed boundary for a river with plentiful porous limestone can prove difficult or impossible unless the cave network underground is well mapped.




GLACIAL HISTORY

Earth looked and felt like a very different planet over most of the past 2.5 million years. Ice ages dominated during this period, during which continent-sized glaciers geologists call ice sheets up to a mile thick covered much of the Northern Hemisphere (see Figure 2.2). The ice age climate was also very different from what we experience today: During ice ages, the Sahara Desert was a lush savanna and about one-fourth of modern-day Utah was submerged under a freshwater sea called Lake Bonneville (the remnants of which comprise modern-day Great Salt Lake). Our last ice age ended about 11,500 years ago, which is a very slight period by geologic standards. We currently live during an inter-glacial period.

The ancient ice masses shaped the Earth in ways that greatly affect lotic systems flowing today. Glaciers are moving ice masses that churn up the land they flow over, carving valleys out of bedrock and depositing boulders, gravel, and sand where they terminate. Consequently, rivers draining watersheds in post-glaciated landscapes tend to flow in and out of many lakes because glacier movements created depressions in the land. The Great Lakes and tens of thousands of smaller lakes, ponds, and wetland sloughs from Maine to Alaska exist thanks to the North American ice sheet churning the land beneath it for tens of thousands of years. Ice masses also leave behind large volumes of sediment where they terminate, which helped create the fertile soils of the upper Midwest. Post-glacial soils are also highly capable of absorbing water during storms. Therefore, in watersheds that were formerly covered by an ice sheet, water easily percolates into the ground and therefore reduces the intensity of floods.




VEGETATION

Although the shape of a watershed is defined by its geologic and topo-graphic boundaries, it also lives and breathes very much like a living organism thanks to plants. The major ingredients of photosynthesis, the process of synthesizing tissues and storing energy by plants (plus many single-celled organisms), are sunlight, carbon dioxide, and water. A photosynthesizing plant builds energy-storing carbohydrates by harnessing energy from the sun to chemically break apart carbon dioxide and water molecules. However, especially when the sun is down, plants also respire just like humans do, which means that they consume some of the carbohydrates generated during photosynthesis. Respiration results in the release of carbon dioxide and water as byproducts. Terrestrial plants release oxygen during photosynthesis and water vapor during respiration to the atmosphere via microscopic pores in their leaves called stomata (singular: stoma), a process called transpiration. Therefore, terrestrial plants are water-consuming engines, especially during periods of growth when they soak up water to support both photosyn-thesis and respiration.

Transpiration profoundly affects the quantity of water flowing from watersheds to lotic systems. Plants acquire the water they need for photosynthesis and respiration by tapping groundwater with their roots, thereby consuming water that would otherwise eventually flow through the ground to a stream channel. All water transpired by plants ends up exported from the watershed to the atmosphere. When plants are abundant in a watershed and actively growing, the amount of groundwater delivered to a stream can diminish greatly. In places where plant growth accelerates and slows with predictable seasonal changes, water levels in streams and rivers will rise and fall based on plant growth. Water vapor released by plant stomata is invisible, which masks the impressive volume of water plants export to the air on a bright summer day. Scientists estimate that more than half of all water that falls as precipitation annually is absorbed and transpired back to the atmosphere by plants. In cold climates, winter causes leaves to fall and vegetation slows down or entirely shuts off photosynthesis and respiration. When that occurs, transpiration also greatly diminishes and most water delivered to a watershed will find its way to a stream channel.

One group of trees imparts a profound impact on the chemical and aesthetic properties of lotic systems. The needles that fall from cone-bearing trees, or conifers (pine, spruce, fir, hemlock, and larch), release tannins when they decompose. Tannins are acidic compounds that were historically used to cure leather by tanning the hides. When a watershed has abundant conifers, tannins leach from the decomposing needles and will stain the water in lotic systems a caramel color that resembles weak coffee or black tea. The term blackwater is applied to such lotic systems with high concentrations of tannins. High acidity in blackwater rivers is natural, and while they may be somewhat less biodiverse as a result, many animals have adapted to life in the acidic, tea-colored water and thrive in it. Blackwater rivers are also somewhat less prone to carrying waterborne pathogens. Though unaware of why such water was moderately safer to drink than other streams, the first waves of European colonists in North America realized this early and would cache blackwater in barrels for drinking.




HUMAN IMPRINTS ON THE LANDSCAPE

Lotic systems also carry many signatures of human activities in water-sheds. Agricultural and urban lands represent the most common changes to watersheds that scientists use to determine how much rivers may have been altered by human changes on the landscape. Excess fertilizer not consumed by crops or lawns will eventually travel through the watershed and into streams, where algae consume plant-supporting nutrients just as eagerly as terrestrial plants. When such changes cause algae populations to grow very large, respiring cells can cause water oxygen levels to become depleted enough to threaten fish and invertebrates. Activities that disturb soils like tilling and construction, when not conducted with care, can cause silt to wash from watersheds to streams. When this occurs, the extra silt fills in spaces between rocks on river and stream bottoms where many organisms make their homes.

However, the most severe changes in lotic systems occur when landscape development prevents rain and snow from soaking into the water-shed. Roofs, roads, sidewalks, and streets are collectively termed impervious surfaces by hydrologists because water cannot permeate into them. Instead, during rainfall or snowmelt, water rapidly flows downhill across these surfaces and typically gets quickly routed to a river or stream channel. Urban watersheds with extensive impervious surfaces therefore have streams that flood more rapidly, and with less rainfall, compared to similar watersheds without urban land. Stream channels physically change following watershed urbanization because of the increased flood activity. Eroded banks, loss of sand and gravel, and widened channels all typify urban streams. Impervious surfaces also effectively wash pollutants (such as oil leaked from cars) directly from pavement to stream channels. Even water temperatures change in urban streams, as rain that falls on pavement warmed by the summer sun sends a pulse of hot water to the channel. All these impacts can cause local extinction of aquatic species that are sensitive to environmental changes.

The annual hydrograph, a plot that shows seasonal changes of flow rates, offers perhaps the clearest expression of interactions between lotic systems and their watersheds. Figure 2.3 shows how the flow patterns of four streams change over four years, with many lessons illustrating how watersheds shape river behavior. All four lotic systems have similar watershed sizes yet show very distinct seasonal flow patterns.


[image: Figure 2.3 Annual hydrographs for four lotic systems in the continental United States with very different watersheds and, by extension, very different annual flow patterns. Lines depict the flow rates from January 1, 2016, to December 31, 2019. Note that the scale on the vertical axis is nonlinear: Each major gridline represents an increase in flow by a factor of ten.]
Figure 2.3 Annual hydrographs for four lotic systems in the continental United States with very different watersheds and, by extension, very different annual flow patterns. Lines depict the flow rates from January 1, 2016, to December 31, 2019. Note that the scale on the vertical axis is nonlinear: Each major gridline represents an increase in flow by a factor of ten.



In the Chattahoochee River, a 44.7-square-mile watershed at the point where these data come from in northern Georgia, rain (and some snow) occurs year-round and the most important plant life are deciduous forests with trees that shed their leaves in winter. The upper watershed is moderately mountainous and was never covered by a glacier during ice ages. Thus we see some evidence of seasonal changes in transpiration, with flow tending to be highest in late winter or spring and lowest in summer. But storms large enough to cause minor flooding (indicated by the spikes in flow) can occur year-round, as the watershed can only store so much water after a storm.

Fossil Creek in Arizona (68.5 square miles) is famous for its beautiful swimming holes with impressive waterfalls. The watershed has abundant limestone deposits that help keep flow extremely consistent year-round by creating springs with large water reserves. However, winter storms can quickly lead to floods on Fossil Creek because the desert watershed is very poor at retaining stormwater. Instead, the desert floor acts almost like pavement, delivering water very quickly to the stream channel and potentially threatening the safety of swimmers cooling off in the stream. Limestone in the watershed dissolves and reforms in the river, creating structures formed of calcium carbonate travertine that form waterfalls.

The watershed of the Pigeon River (57.7 square miles) in Michigan’s lower peninsula was entirely under an ice sheet during the last ice age. When the ice sheet retreated it left behind many natural lakes and deep, porous soils. Consequently, although the watershed receives relatively even precipitation year-round like the Chattahoochee, flow levels remain quite stable throughout the year. The highest flows occur during spring when snowmelt delivers a predictable annual pulse of water.

Finally, the world-renowned trout stream Soda Butte Creek (30.9 square miles) in the northeastern corner of Yellowstone National Park shows the strongest seasonal shift in flows between seasons. Winter in Yellowstone is bitterly cold and most of the annual water delivered to Soda Butte’s watershed arrives as snow that remains frozen over winter. Temperatures are so cold in winter that flow in Soda Butte gets very low throughout this season as the groundwater drains from its water-shed. But snow rapidly melts once temperatures warm up enough in late spring or early summer, and flow increases by more than two orders of magnitude. Yellowstone was covered in glaciers during the last ice age, and watersheds there do have some limestone deposits. Both attributes help to slowly store and deliver water throughout the warm season, when rainfall is rarely strong enough to cause flooding.

The next chapter continues the use of hydrographs to explore how and why flows change over time in greater detail. But doing so requires keeping the watershed concept close in mind, as the physical, chemical, and biological properties of lotic systems cannot be understood without considering the landscapes they drain. All rivers and streams are intimately connected to the lands that provide them with water.






CHAPTER 2

HYDROLOGY

Hydrology is the science of how water moves through the Earth. A central tenet in the field is the hydrologic cycle, or the transition of water from oceans to the surface of Earth and back. Lotic systems orchestrate the hydrologic cycle finale by delivering water to its oceanic origin. The dynamics of the many complex stages throughout the hydrologic cycle, from precipitation to groundwater flow, are key toward structuring how lotic systems behave.

Before exploring water movement, however, an account of how much water exists among Earth systems reveals the rarity and value of lotic freshwater as a natural resource (Figure 3.1). Although water covers 70 percent of Earth’s surface, 96.5 percent of all global water is saltwater. Permanently frozen ice and snow, with the largest volumes found in the Antarctic and Greenland ice sheets, constitute more than two-thirds of global freshwater reserves. Water flowing through lotic systems represents only 0.006 percent of global freshwater, or 0.0002 percent of all water on Earth. The Earth is therefore truly an oceanic planet, and our rivers and streams reflect the rarest representatives of global aquatic systems.


[image: Figure 3.1. Global water proportionally quantified by marine versus freshwater and major stocks of freshwater. Note that water amounts are represented by sphere volume, not circle area. CULLEN HANES]
Figure 3.1. Global water proportionally quantified by marine versus freshwater and major stocks of freshwater. Note that water amounts are represented by sphere volume, not circle area. CULLEN HANES



All water traveling through lotic systems started the journey as rain or snow (precipitation). Most precipitation begins as water evaporating from a distant, oceanic source, but water vapor released by plants and evaporating from land can also contribute significantly to the clouds. As discussed in the previous chapter, the amount of precipitation that falls on a watershed directly determines how much water ultimately flows through the lotic system. Annual precipitation levels vary substantially throughout North America (Figure 3.2). By extension, the size of a lotic system relative to its watershed will be directly determined by regional precipitation. For example, if comparing flows, the Missouri and Ohio Rivers draining the two watersheds as highlighted in Figure 3.2 are approximately the same size, with both rivers flowing at an annual average of about 90,000 cubic feet per second. However, the Missouri River watershed is 7.5 times larger than the portion of the Ohio River water-shed shown on the map (522,500 square miles compared to 70,130). By extension, this means that one will encounter far more permanently flowing lotic systems in wet climates relative to deserts.


[image: Figure 3.2. Average annual precipitation in the continental United States. In terms of flow rates, the sizes of the Missouri and Ohio Rivers draining the watersheds shown are equal.]
Figure 3.2. Average annual precipitation in the continental United States. In terms of flow rates, the sizes of the Missouri and Ohio Rivers draining the watersheds shown are equal.



Not all the water delivered as precipitation remains near the surface of Earth, however. A very large fraction of rainwater and melted snow can quickly evaporate or transpire through plants directly back into the atmosphere given the right conditions. Warm temperatures, low humidity, plenty of sunlight, and strong winds all promote physical evaporation, and photosynthesizing plants serve as very effective pumps that move water from soil to the atmosphere. Both processes return an estimated 60 percent of all global precipitation that falls on land right back into the atmosphere within hours. If conditions are just right, such as in desert with low humidity and abundant sun, over 95 percent of precipitation that falls on a watershed might return to the atmosphere without ever reaching a lotic system. In other words, effectively all water that falls on a desert watershed will very quickly return to the atmosphere, as if the storm represented a pit stop on a road trip. Seasonal changes in precipitation, evaporation, and transpiration profoundly affect rivers, as only the water that arrives as precipitation and remains below or on the surface of Earth becomes flow in a lotic system. However, evaporated or transpired water does not necessarily travel far and may fall to Earth again within short periods of time or at close distance. For example, in the Amazon River watershed, more than 50 percent of all rainwater may come from water transpired by the towering rainforest trees growing within the system. A water molecule in the Amazon watershed may theoretically transition from the atmosphere to the forest trees multiple times before contributing to the mighty river, if it ever does.

Most of the water that avoids evapotranspiration will travel to a lotic system as slowly moving, subterranean flow called groundwater. Rainfall delivered to a watershed percolates into the soil under typical conditions, as water flows into and through pore spaces between the soil particles. The amount of water that soils can accommodate in these tiny spaces can be quite large. For instance, up to 40 percent of space in a jar of sand may be empty space, ready for water to fill. Water that travels below the depths where roots reach may contribute to flow through an aquifer, defined as a geologic layer with high permeability to water. The depth below ground where all pore spaces are entirely filled by water, or the point at which you will strike water if you are digging a well, is termed the water table. Seasonal changes in precipitation and evaporation will cause the water table to rise and fall; thus water tables can be as topographically variable as a hilly landscape. The elevation of a water table can be estimated without using a shovel by walking to the nearest lotic system, as the elevation where the water table is shallow enough that it reaches the surface of Earth marks the edge of a river or stream. The amount of time required for water to flow through soils and aquifers before it reaches a lotic system is highly variable. Ten- to one-hundred-year periods for a water molecule to flow as groundwater before reaching a lotic channel are very common, while aquifers with water that last fell as precipitation millions of years ago can be found around the world. The oldest groundwater discovered to date, extracted from a South African gold mine, was dated to 2.6 billion years ago using stable isotopes of chemicals dissolved in the water. Although such groundwater clearly was not about to contribute water to a lotic system, the situation illustrates how water can stay in the ground a very, very long time before bubbling to the surface.

The position of the water table relative to a valley channel will also determine how a lotic system changes in size as it flows downhill. Most lotic systems grow larger as they move downstream because the water table in the surrounding landscape is at least somewhat higher in elevation relative to the channel. However, if a channel is perched well above the water table, then water in the lotic system will percolate into the ground and become progressively smaller as it flows. Such scenarios are termed gaining streams and losing streams, respectively. Losing streams are most often encountered in desert settings, as lotic systems originating in higher elevations receive more precipitation then flow into drier settings.


[image: Figure 3.3. The water table elevation relative to a stream channel will determine if a lotic system grows larger (gaining stream) or smaller (losing stream) as it flows downstream. CULLEN HANES]
Figure 3.3. The water table elevation relative to a stream channel will determine if a lotic system grows larger (gaining stream) or smaller (losing stream) as it flows downstream. CULLEN HANES



But not all water flowing through lotic systems necessarily got there by first journeying through soils and aquifers. If soil pore spaces at the surface are already completely saturated with water, and if rainfall during a storm exceeds the rate at which water can percolate into the ground, the new water will instead travel over the land surface toward the lowest point it can find, which is typically the channel of a lotic system. Therefore, a storm delivering rain to soils already fully saturated by water can rapidly lead to flooding. Water levels therefore rise and fall based on the recent weather history within the watersheds they are inexorably linked to.

A sponge serves as a useful metaphor for how water moves from a watershed to a lotic system. Soils and permeable rock layers act as a sponge, soaking up water during rain or snowmelt and then slowly releasing it over time as gravity pulls downward. Just like a sponge remains damp after squeezing it, watersheds retain some water even after gravity extracts all that it can because residual water clings to surfaces within tight soil pores. The same force that holds a suction cup to a smooth surface will retain water within soil and rock. Holding a fully saturated sponge under a faucet will result in immediate overflow, just as watersheds with soils fully saturated by water will route water quickly to a channel. Even if a sponge does have the ability to hold water, placing it under a faucet with too much flow will cause some of that flow to run off because it takes a bit of time for a sponge to absorb water. Similarly, if rainfall during a heavy storm exceeds the rate at which a watershed can soak up water, excess flow will immediately run off into the stream. On the other end of the spectrum, if a sponge really dries out, it might not instantly absorb water when placed under a faucet because the pore spaces have contracted so much. Similarly, very dry soils may become compacted and temporarily lose some absorbency.

To show how a lotic system typically responds to a storm, Figure 3.4 illustrates flow in Cataloochee Creek, a pristine mountain stream that runs east out of Great Smoky Mountains National Park, responding to two summer storms in August 2020. About three-quarters of an inch of rain fell on August 3, causing flows in the Cataloochee to rise more than threefold in five hours. The rapid increase in flow likely occurred because soils in the watershed became quickly saturated after receiving so much rain; thus some of the water that fell during the later stages of the storm flowed over land directly to the channel.


[image: Figure 3.4. Cataloochee Creek, North Carolina, responding to two storm events that occurred in early August 2020.]
Figure 3.4. Cataloochee Creek, North Carolina, responding to two storm events that occurred in early August 2020.




[image: Figure 3.5. Cataloochee Creek, North Carolina is a pristine mountain stream that flows east out of Great Smoky Mountains National Park. RON WELCH]
Figure 3.5. Cataloochee Creek, North Carolina is a pristine mountain stream that flows east out of Great Smoky Mountains National Park. RON WELCH




If you would like to know how high your favorite waterway in the United States is currently flowing, chances are you can find real-time information on it or a nearby lotic system using the impressively large USGS network of flow monitoring stations. All hydrographs shown in this book were made using data made freely available by the USGS. But the lotic systems shown here are by no means the extent of systems they monitor. Hundreds of stations report data in real time, allowing one to check if flows are running safely for a planned activity just about anywhere water is flowing within the United States.


	Start at the USGS National Water Information System at https://dashboard.waterdata.usgs.gov/

	Zoom in to the lotic system of interest on the map.

	All actively running flow monitoring gages are shown as circles with color indicating if they are running high (cool colors) or low (warm colors). Click on the dot to access the in-depth data.

	You will see a new window appear with figures showing current and recent conditions in your lotic system (or one flowing nearby). Some USGS stations report water temperatures, for instance, and this figure may appear first. You open or close all plots using the menu on the top ribbon.

	Data for the past seven days will appear by default. However, you can explore all data the USGS collected by selecting Data on the top ribbon. Doing so opens a more in-depth interface for the site. You can quickly choose to view the past 7, 30, or 365 days automatically, or choose Change Time Span to enter specific dates.





Flows dropped once the rain ceased, but not as quickly as they rose. More than five hours after the river peaked and the rain stopped, flow was still twice as high as it was before the storm. The tendency for water to rise much faster in response to a storm than it recedes after the peak flow is very typical in headwater lotic systems and is termed hysteresis. Just like a sponge, the soil and permeable rocks in the Cataloochee watershed absorbed plenty of water during the storm and then released it at a rate that gradually slowed down over time. Many predatory fish, including native brook trout that inhabit the Cataloochee, take advantage of slowly declining but still elevated flow during this period because their prey organisms are easily dislodged by turbulence. More than three days after the first storm, the Cataloochee was still flowing at a higher rate than before the first pulse of rain. Within a day, though, most water comprising flow had already been filtered by soil and rock. By the morning of August 4, the water flowing through the Cataloochee was probably crystal clear.

As discussed earlier, watershed characteristics determine flood frequency and severity. Comparing long-term hydrographs of the Cataloochee and the upper Colorado River (Figure 3.6) reveals how climate attributes determine annual peak flows. The average flow of these two lotic systems (at the points where USGS gauges that provided these data are located) are similar, but land upstream on the Colorado River consists of montane forests and alpine tundra of Rocky Mountain National Park, where most water arrives as snow and remains frozen all winter. In contrast, the Cataloochee drains a pristine deciduous forest watershed at a much lower elevation that receives more precipitation year-round. Consequently, the highest annual flows on the Cataloochee typically occur during winter or early spring, when vegetation is dormant and strong early season storms cause the creek to easily flood. Peak flow on the Colorado always occurs in late spring or early summer when snowmelt in the high country reaches a maximum. Although predicting the maximum flood each year is impossible, the likelihood of annual peak floods can be calculated if decades of flow data are available.


[image: Figure 3.6. Hydrographs of Cataloochee Creek, North Carolina, and the Colorado River outside Grand Lake, Colorado, between 2015 and 2020. The highest daily average flows for each year and lotic system are noted.]
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Although all lotic systems rise after a storm, the larger the water-shed, the more slowly flows rise and fall. Figure 3.7 shows two hydro-graphs from the Delaware River watershed: Pohatcong Creek flows west into the Delaware River from a 56-square-mile watershed in New Jersey, while the watershed of the Delaware River just downstream of Pohatcong Creek is more than one hundred times larger (6,328 square miles). Two summer storms respectively delivered 0.1 and 0.4 inch of rain on July 10 and 11, 2020, to



[image: Figure 3.8. Flood recurrence interval plots for Cataloochee Creek, North Carolina, and the Colorado River outside Grand Lake, Colorado. Flows represent daily average values.]
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