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15Valuing Urban Tree Impacts on Precipitation
Partitioning
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Abstract
Trees impact surface stormwater runoff, soil moisture, streamflow, water quality, and air temperatures by intercepting
precipitation (rain and snow), enhancing soil water infiltration, shading surfaces, and evapotranspiring water. These
impacts affect human health and well-being. Many of these tree impacts remain to be more accurately quantified and
valued, particularly related to water quality aspects such as mass (e.g., sediments), chemical (e.g., nutrients, metals,
pesticides), biological (e.g., pathogens, microbes), and thermal loads. Urban trees can help mitigate many of the negative
hydrologic effects created by the relatively large amount of impervious surfaces in cities. Urban tree impacts are generally
positive but can create negative outcomes if improperly managed (e.g., leaves or branches clogging drains or streams).
Although more and better valuation of tree impacts is needed, studies to date value tree effects on reducing runoff into
water bodies in the range of millions of dollars per year at the city or watershed scale.
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15.1 Introduction

One of the more important benefits that trees provide in urban settings relates to their hydrological functions, which impact
surface stormwater runoff, soil moisture, streamflow, water quality, and air temperatures. Trees affect hydrological processes
primarily through three main precipitation partitioning mechanisms: canopy interception, soil water infiltration, and evap-
otranspiration, which includes evaporation from leaf and soil surfaces and transpiration of soil moisture through leaves.
Trees also affect water quality by generally decreasing the concentration and amount of nutrients and pollutants reaching a
water body. Air temperatures can be reduced by trees returning precipitation to the atmosphere via evapotranspiration (ET).
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With ET, some of the net radiation that would otherwise warm air temperature is directed to evaporating water when water is
available (latent heat). Further, warm air passes its heat to the evaporating water, which also reduces the temperature of the
air (sensible heat).

The impact of trees can vary within an urban environment depending upon the extent of impervious surfaces and
variations in urban forest structure and management. Impervious surfaces limit the infiltration of water into soils, and due to
their slopes and relative smoothness can accelerate runoff speed, increasing peak flows reaching streams through pipe or
gutter networks. Urban forest structure affects rainwater storage, evaporation, and transpiration through variations in the
number of trees, species composition, and leaf area. Likewise, urban forest management can affect local tree composition,
density and leaf area through such actions as tree planting, removals, and pruning.

The purpose of this chapter is to discuss how urban trees and impervious surfaces combine to affect streamflow, soil
moisture, and water quality, as well as air temperature; review economic impacts of changes in streamflow and water quality;
and summarize how tree processes can affect these economic impacts and which impacts need to be valued. By under-
standing tree impacts on hydrology and their wide-ranging broader impacts, better management plans can devise uses for
trees and forests to improve water quality, reduce negative economic impacts, and promote human health and well-being.

15.2 Tree Impacts on Hydrology (Evapotranspiration, Streamflow, and Soil Moisture)

Trees affect streamflow rates primarily through: (a) rain and snowfall interception, which captures precipitation in the tree
canopy on leaf and stem surfaces and prevents, slows, and reduces precipitation reaching the ground; (b) enhancing soil
water infiltration via tree root impacts, which reduces total and peak runoff and recharges unsaturated and saturated soils
pores used to support plants and baseflow to rivers; and (c) evapotranspiration, which cools air temperatures and regenerates
water storage space in the canopy and in soils for future precipitation. These processes are part of a natural hydrologic cycle.
While these processes generally increase baseflow in streams and reduce peak streamflow events (e.g., flooding), unmanaged
trees can also increase flooding if branches or leaves clog drains or dam streams.

15.2.1 Rainfall and Snow Interception, Throughfall and Stemflow

Tree canopies intercept precipitation in the form of snow and rain, on leaves and branch surfaces, thereby affecting runoff
volumes and delaying the onset of peak stream flows. Trees have a specific leaf water holding capacity ranging from 0.07 to
0.6 mm, with an average of 0.25 mm, and an average branch water holding capacity of 0.15 mm (Wallace et al. 2013; van
Dijk 2010). The snow storage capacity of leaves can be much greater, maximizing around 40 mm under favorable con-
ditions, like high-density maritime snow on evergreen forests (Storck et al. 2002).

The leaf rain or snow water holding capacity is multiplied by the tree canopy leaf area index to get the total depth of
canopy interception at any time. During a precipitation event, some of this water can evaporate, some can be blown off, and
some can drip off and become throughfall or flow down the branches and trunk as stemflow. The effect of stemflow in
concentrating rainfall from the relatively large canopy area to the relatively small trunk area is quantified as a funneling ratio;
a funneling ratio of 10 implies 10 mm of rainfall depth arrives as stemflow for each 1 mm of rainfall measured above the
canopy. Schooling and Carlyle-Moses (2015) report average funneling ratios of 17.7 for single leader trees, and 20.2 for
multi-leader trees. Single leader trees have a dominant main stem trunk or leader, while a multi-leader tree has two or more
leaders converging at the base of the tree, with each leader intersected by feeder branches (Schooling and Carlyle-Moses
2015).

The depth of the canopy water storage capacity often exceeds the depth of precipitation for many low intensity and short
duration precipitation events. The water storage capacity of tree bark and the plants living on the canopy (i.e., epiphytes and
parasites) can be substantial: 0.2–5.9 mm (Liu 1998; Pypker et al. 2011) and 0.4–16.6 mm (Jarvis 2000; Van Stan and
Pypker 2015), respectively. Together, leaves, bark, and epiphytes can result in canopy water storage capacities up to 19 mm
(Porada et al. 2018). For more information on water storage capacity of vegetation elements and their influencing factors
during rainfall and snow, the reader is referred to Chap. 2.

Urban tree canopy interception may be different from that of natural forests because of differing microclimates and tree
architecture (Fig. 15.1). Compared with rural forests, urban forests typically have fewer trees per unit area, larger average
tree stem diameters, greater species diversity with different phenological patterns, and greater spatial variation in canopy
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cover (McPherson 1998). Urban forest structure is influenced by a mix of varying management actions (e.g., tree planting,
pruning), natural regeneration and other natural (e.g., storms) and anthropogenic (e.g., development) forces that create forest
change (Nowak 2012, 2017).

15.2.2 Soil Water Infiltration

Precipitation reaching the ground beneath canopies can enter soils in a natural hydrologic cycle. Terrain micro-topography
and tree organic matter can pool and slow water movement on the soil, and tree root growth and decomposition in soils can
increase water infiltration rates into soils and reduce surface runoff. Infiltration rates vary through time and are fastest when
soils are dry due to suction of water into the pores via capillary action, and then progressively decrease to the slowest rate,
which is typically limited by the soil saturated hydraulic conductivity. The soil saturated hydraulic conductivity varies with
soil texture, structure, and compaction, with an estimated value of 2.99 cm hr−1 for loamy sands and 0.05 cm hr−1 for silty
clays with standard compaction based on numerous observations from across the United States (Rawls et al. 1983). Tree
roots also create soil macropores that can accelerate infiltration through soil pores, further reducing runoff and recharging
deeper soil water (Aubertin 1971). Forests can be used as buffers around water bodies to naturally filter and infiltrate runoff.
Thus, forest buffers can not only reduce the quantity of urban runoff but also reduce pollutants carried with urban runoff
through physical, chemical, and biological processes in the soil. Greater detail on the relationship between soil moisture
patterns and throughfall and stemflow can be found in Chap. 13.

15.2.3 Evapotranspiration

Land cover strongly affects evapotranspiration (ET). ET is a measure of the amount of water evaporated from surfaces or
transpired (evaporation of liquid water in the plant) through leaf stomata. Globally, two-thirds of precipitation is evapo-
transpired, returned to the atmosphere through evaporation and transpiration (Hornberger et al. 1998). Evapotranspiration, on
average, annually accounts for 484 mm, nearly 60% of the 800 mm that falls on average as precipitation over the global land
area (Chin 2013). Over oceans, evaporation accounts for more than total precipitation, with additional water provided by
river runoff to the ocean. The combined flux of evaporation and transpiration from trees is lower than the evaporation from

Fig. 15.1 Schematic of hydrologic process differences between a forest and urban area. Due to reduced tree cover and increased impervious
surfaces, urban areas typically have reduced evapotranspiration, interception, throughfall, stemflow and infiltration, and increased runoff, relative to
forested areas
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an open water surface, due to resistances to vapor flux in tree stomata and the canopy air. Soil pores and the overlaying air
typically have even greater resistances to vapor flux, and hence have lower rates of ET than trees. Given that ET from soils is
at a lower rate than ET from trees, removal of forest cover can increase streamflow as a result of reduced ET, as well as lost
attenuation through interception.

When water is not limited by storage, rates of ET are a function of tree leaf area index and stomatal conductance, as well
as atmospheric variables such as vapor pressure gradient, wind speed, pressure, and radiation. Generally evergreen trees have
the highest actual ET, due to year-round ET, followed by deciduous trees, shrubs, and grasses, with differences diminished in
areas with low mean annual precipitation (Matheussen et al. 2000). Evapotranspiration changes the phase of water from
liquid to gas and reduces local air temperatures (Akbari et al. 1992). A comparison of different evapotranspiration com-
ponents in forest ecosystems and their dynamics/controls is provided in Chap. 3.

15.3 Tree Impacts on Stormwater Quality

Precipitation partitioning by plants not only affect water flows, but also water quality. Important tree-based processes that
can improve stormwater quality include: (a) soil filtration of particles/sediments and adsorption of chemicals that can reduce
the transport of substances such as plant and animal wastes, nutrients, pesticides, petroleum products, metals, and other
compounds that can cause water quality problems (Clark 1985; Neary et al. 1988); (b) nutrient assimilation by plants which
can reduce excess nutrients (e.g., nitrogen, phosphorous) reaching the stream and degrade water quality (e.g., eutrophication)
(Dupont 1992; US EPA 1995); (c) slowing the movement of metals and other contaminants (e.g., pathogens, pesticides) to
surface waters, thereby increasing the opportunity for the contaminants to become buried in sediments, adsorbed into clays
or organic matter, or transformed by microbial and chemical processes (Johnston et al. 1984; Young et al. 1980; MacKay
1992); (d) degradation or volatilization of chemicals by microorganisms (Winogradoff 2002); and (e) shading surfaces and
reducing air temperatures, which reduces thermal loads on shaded objects and can reduce the heating of river water, thereby
mitigating biological activity that can degrade water quality (e.g., eutrophication) (Yang et al. 2008).

15.3.1 Sediments

Sediments are considered the largest pollutant by mass in surface waters and are primarily transported by surface runoff.
Sediment refers to soil particles that enter receiving waters from eroding land, including plowed fields, logging sites, urban
construction, and eroding stream banks (US EPA 1995). Trees can also increase sediments in surface runoff due to stemflow
funneling water from the canopy to the base of the tree. The magnitude of this stemflow initiated erosion depends upon tree
architecture, rainfall intensity, and soil cover/conditions (e.g., Herwitz 1986; Keen et al. 2010). To reduce the likelihood of
stemflow initiated soil erosion in urban areas, Schooling et al. (2015) recommend maintaining high infiltration capacities at
the base of trees, or maintaining micro-topography that retains soils rather than conveying them to receiving waters.

In addition to mineral soil particles, eroding sediments may transport other substances such as plant and animal wastes,
nutrients, pesticides, petroleum products, metals, and other compounds that can cause water quality problems (Clark 1985;
Neary et al. 1988). Sedimentation of receiving waters can have negative impacts on water quality and aquatic habitat. In a
study of upper Chattahoochee River Basin, GA, the greatest suspended sediment yields were from urban areas, compared
with forested and agricultural lands (Faye et al. 1980). In Virginia, forestry practices contributed little sediment; agriculture
was an important source of sediment, and urban development contributed the most sediment (as well as other pollutants)
(Jones and Holmes 1985).

Studies indicate that forest riparian buffers can effectively trap sediment when runoff is spread across the area and not
concentrated in a rill or gully, ranging from removal of 60–90% of the sediment (Cooper et al. 1987; Daniels and Gilliam
1996). Along the Little River in Georgia, riparian forests have accumulated between 350 and 529 tonnes ha−1 of sediment
annually over the last 100 years (Lowrance et al. 1986). Based on this finding, a hectare of riparian forest can protect
between 39 and 112 ha, using national average erosion rates between 4.7 and 9 tonnes ha−1 of sediment annually. Many
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factors influence the ability of the buffer to remove sediments from land runoff, including the sediment size and loads, slope,
type and density of riparian vegetation, presence or absence of a surface litter layer, soil structure, surface and subsurface
drainage patterns, and frequency and intensity of storm events (Osborne and Kovacic 1993).

15.3.2 Nutrients

Nutrients are essential elements for aquatic ecosystems, but in excess amounts, they can lead to many changes in the aquatic
environment and reduce the quality of water (Dupont 1992). Urban runoff can transport chemicals that lead to nutrient
enrichment in rivers (Long and Dymond 2014; Allan and Castillo 2007). Lawn and crop fertilizers, sewage, and manure are
major sources of nutrients in surface waters. Industrial sources and atmospheric deposition also contribute significant
amounts of nutrients (Guldin 1989). One of the most significant impacts of nutrients on streams is accelerated eutrophi-
cation, the excessive growth of algae and other aquatic plants in response to high levels of nutrient enrichment (US EPA
1995). When this growth dies, its decomposition will lower the oxygen level in the water column and can lead to loss of
target water species and uses. In addition, some forms of nutrients can be directly toxic to humans and other animals (Chen
et al. 1994; Evanylo 1994). In general, the highest nitrogen and phosphorus yields typically occur in highly agricultural and
urbanized watersheds, and lowest nutrient yields occur in streams of forested watersheds (e.g., Spruill et al. 1998; Hampson
et al. 2000). Riparian forests have been found to be effective filters for nutrients, including nitrogen, phosphorus, calcium,
potassium, sulfur, and magnesium (Lowrance et al. 1984a, b).

Riparian forests have been shown to reduce between 48 and 95% of nitrogen from stormwater runoff (Lowrance et al.
1984b; Peterjohn and Correll 1984; Jordan et al. 1993; Snyder et al. 1995). In urban areas, such forests and their soils can
include vegetation bordering flow paths along drainage paths or other intermittent channels. The processes by which soils
remove nitrates include denitrification, uptake by vegetation and soil microbes, and retention in riparian soils (Beare et al.
1994; Evanylo 1994). Trees can take up large quantities of nitrogen as they produce roots, leaves, and stems, with a fraction,
returned to the soil as plant materials decay. For example, scientists in Maryland estimated that deciduous riparian forests
took up 77.4 kg ha−1 of nitrogen annually, and returned 61.7 kg ha−1 (80%) each year in the litter (Peterjohn and Correll
1984). Nevertheless, Correll (1997) suggested that vegetative uptake is still a very important mechanism for removing nitrate
from riparian systems, because vegetation (especially trees) removes nitrates from deep in the ground, converts the nitrate to
organic nitrogen in plant material, then deposits the plant materials on the surface of the ground where the nitrogen can be
mineralized and denitrified by soil microbes.

Riparian areas can be important sinks for phosphorus; however, they are generally less effective in removing phosphorus
than either sediment or nitrogen (Parsons et al. 1994). Removal of phosphorus by riparian stands range from 30 to 80%
(Cooper et al. 1987; Lowrance et al. 1984b; Peterjohn and Correll 1984). Some phosphorus may be taken up and used by
vegetation and soil microbes, and like nitrogen, much of this phosphorus is eventually returned to the soil. For example,
researchers estimated that less than 3% of the phosphate entering a floodplain forest in eastern North Carolina was taken up
and converted to woody tissue, while scientists in Maryland reported a deciduous riparian forest buffer annually took up
9.9 kg ha−1 of phosphorus but returned 7.8 kg ha−1 (80%) as litter (Brinson et al. 1984; Peterjohn and Correll 1984). In
some riparian areas, small amounts of phosphorus (0.06–2.4 kg ha−1) may be stored as peat annually (Walbridge and
Struthers 1993). Through leaf and branch drop into streams, trees add nutrients to streams and provide food and habitat for
various aquatic organisms (Allan and Castillo 2007).

15.3.3 Metals

Riparian areas may slow the movement of metals and other contaminants to surface waters and increase the opportunity for
the contaminants to become buried in the sediments, adsorbed into clays or organic matter, or transformed by microbial and
chemical processes (Johnston et al. 1984). Urban runoff can increase the concentration of contaminants such as copper (Cu),
zinc (Zn) (Strecker 1998), nitrogen (N), phosphorus (P), degradable carbon (Dong et al. 2013), and dissolved salts (Mer-
rikhpour and Jalali 2013). The fate of metals in riparian areas is not well understood. However, scientists in Virginia have
found significant amounts of lead, chromium, copper, nickel, zinc, cadmium, and tin buried in the sediments of the
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floodplain along the Chickahominy River downstream of Richmond (Hupp et al. 1993). Analysis of the woody tissue of
trees reveals that these compounds are also taken up by the trees. Therefore, sediment deposition and uptake by woody
vegetation may help mitigate heavy metals in riparian areas.

15.3.4 Pathogens and Other Microbes

Pathogens such as waterborne bacteria, viruses, and protozoa are the source of many diseases that infect humans, livestock,
and other animals (Chesters and Schierow 1985; Palmateer 1992). There is relatively little information on the role of riparian
buffers on pathogens. In one study, strips of corn, oats, orchardgrass, and sorghum/sudangrass were all effective in reducing
bacterial levels by nearly 70% (Young et al. 1980). They estimated a vegetation buffer 36 m wide would be required to
reduce total coliform bacteria to levels acceptable for human recreational use. Other researchers have demonstrated the
ability of grass sod filter strips to trap bacteria from dairy cow manure under laboratory conditions (Larsen et al. 1994). They
found that even a narrow (0.61 m) strip successfully removed 83% of the fecal coliform bacteria, while a 2.1 m filter strip
removed nearly 95%. Further information on the microbial communities hosted on habitats throughout the plant microbiome
and how they may be connected and transported during storms can be found in Chap. 14.

15.3.5 Pesticides

Pesticides are a common issue in urban areas with a wide array of insecticides, repellents, herbicides, fungicides, disin-
fectants, and rodenticides used in urban pest management programs (Racke 1993). Pesticides were frequently present in
streams and, to a lesser extent, groundwater, particularly in areas with substantial agricultural and/or urban land use.
Pesticide concentrations exceeding human health benchmarks are more likely for streams with agricultural or urban
watersheds, which account for *12 and 1%, respectively, of public water supply intakes on streams (Gilliom 2007).

Few studies have been conducted that examine the fate of pesticides in riparian areas. However, where the proper
conditions exist, riparian forest buffers have the potential to remove and detoxify pesticides in runoff. Probably the most
important process is the breakdown of organic chemicals by soil microorganisms (MacKay 1992). Scientists have observed
that soil microorganisms adapt to the presence of a pesticide and begin to metabolize it as an energy source (Fausey et al.
1995). As it is metabolized, the pesticide is broken down into various intermediate compounds, and ultimately carbon
dioxide. In addition, most pesticides have a high affinity for clay and organic matter and may be removed from the soil water
as they are bound to soil particles. Once bound, pesticides are often difficult to desorb from the soil (Clapp et al. 1995).
Pesticides are often designed to degrade in soils in an effort to limit their adverse impacts when released in the environment
(Kah et al. 2007).

15.3.6 Stream and Air Temperatures

Changes in both chemical and thermal properties of the water reaching rivers affect local water quality (Everard and
Moggridge 2012; Herb et al. 2008; Somers et al. 2013). Trees have a substantial influence on incoming solar radiation and
can reduce it by over 90% (Heisler 1986). Some of the radiation absorbed by tree canopies leads to the evaporation and
transpiration of water from leaves. This evapotranspiration cools tree leaves and the surrounding air. Along with evapo-
transpirational cooling, tree shade can help cool the local environment by reducing the solar heating of some below-canopy
surfaces (e.g., streams, buildings, parking lots). Together these evapotranspiration and shading effects can reduce air
temperatures by as much as 5 °C (Akbari et al. 1992). Reduced air temperatures will contribute to reduced stream
temperatures, given that air temperature leads to sensible heating of water (Mohseni et al. 1998). Shallower river water heats
more rapidly due to lower thermal inertia and larger surface area to volume ratios. Infiltration will generally increase
baseflow, and baseflow typically has a temperature equal to the average annual air temperature, which then cools the river
during the warm season (Loheide and Gorelick 2006).
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As runoff passes over impervious surfaces, the water is often warmed, creating thermal pollution within receiving water
bodies. This thermal pollution changes aquatic ecology by directly and indirectly affecting living organisms (Gitay et al.
2002). The combination of nutrient enrichment and elevated water temperatures in rivers are precursors to harmful algal
blooms (Erdner et al. 2008) and can lead to accelerated eutrophication (Rigosi et al. 2014; Lürling et al. 2017; Yang et al.
2008). After the algae bloom dies, its organic matter undergoes microbial decomposition, which can severely deplete the
dissolved oxygen (DO) (Peperzak 2003) and lead to biomass-related hypoxia and anoxia, also known as dead zones
(Chislock et al. 2013; Pang et al. 2017). In addition, the maximum or saturated DO is reduced by increased water
temperature (Coutant 1985), which limits habitat zones for aquatic organisms.

15.4 Urban Impervious Cover Impacts on Water Volume and Quality

Conventional urban development dramatically increases the amount of stormwater runoff generated by the landscape (Chow
and Yen 1976; Boyd et al. 1994; Beach 2002). The principal causes of this effect are impervious surfaces, primarily streets,
parking lots, and buildings (Leopold 1968; Schueler 1994); and compaction of the soil due to construction activities
(Hamilton and Waddington 1999; Pitt et al. 2003). Instead of infiltrating into the ground, precipitation, including rainfall and
snowmelt, is converted quickly to surface runoff and is rapidly delivered to receiving waters via sewers and other man-made
channels.

Impervious cover and compaction of soils in urban areas impede infiltration rates (Hamilton and Waddington 1999; Pitt
and Lantrip 2000) and transform more precipitation into stormwater runoff. Increased stormwater runoff leads to reduced
deeper percolation and consequently lower water table levels (Lerner 2002) and lowers stream baseflow regimes (Faulkner
et al. 2000). Lower baseflow adversely impacts drinking water supplies, aquatic habitat, water temperature, navigation, and
recreation. Increased stormwater runoff can increase surface flushing of pollutants to receiving waters, diminishing the
chance for biogeochemical transformation. When stormwater is treated in engineered retention or detention basins, rather
than infiltrated through forested areas, pollutants tend to experience less sorption with soils and are more likely to degrade
subsurface water quality (Thomas 2000; Fischer et al. 2003).

According to US General Accounting Office (2001), when natural ground cover is present over the entire site, infiltration
is higher and on average 10% of precipitation runs off the land into nearby creeks, rivers, and lakes. In contrast, when a site
has 75% impervious cover that is not all directly connected to receiving waters, on average 55% of the precipitation runs off
into receiving waters. Runoff from parking lots and other paved areas is estimated as 98% of storm event precipitation
(USDA NRCS 1986). The impervious surfaces in a typical city block may generate nine times more runoff than a woodland
area of the same size (US EPA 1996). Urban impervious cover in the conterminous United States averages 26.6% (Nowak
and Greenfield 2018). Runoff from urban land cover collects pollutants from the land surface and poses a threat to receiving
waters. Trees over impervious surfaces can help reduce these negative consequences by intercepting rainfall and reducing
the amount of rainwater reaching impervious surfaces.

15.5 Cumulative Effects of Urban Trees on Stream Flows and Runoff

Relatively little research has been conducted on the effects of urban trees on stream flows and runoff compared to non-urban
forest areas. In Tucson, Arizona, increasing tree canopy cover from 21% (existing) to 35 and 50% was projected to reduce
mean annual runoff by 2 and 4%, respectively (Lormand 1988). In Austin, Texas, it was estimated that the existing trees
reduce the potential runoff volume by 3.2 million m3, or 7% of a 14 cm, 5-year storm (Walton 1997).

In Baltimore, Maryland, an increase in tree cover over pervious surfaces, from 12 to 24%, together with an increase in tree
cover over impervious surfaces, from 5 to 20%, decreased peak flow by 12%, while increasing baseflow and only reducing
annual streamflow by 3%. By contrast, reducing tree cover over pervious areas from 12 to 6% and replacing it with
impervious surfaces connected to streams lead to a 30% increase in peak flow (Wang et al. 2008). The trend and relative
magnitude of these tree effects on runoff is consistent with other model findings.
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15.6 Economic Impacts of Hydrologic Changes

The removal of trees typically leads to increased stormwater runoff, potentially increasing localized and extensive flooding in
urban areas. The economic impacts of flooding can be substantial. The costs/impacts associated with urban flooding include:
wet structures with mold and potential increase in respiratory problems (Pind et al. 2017), potentially lower property values
(Snyder 2013), stream bank erosion (e.g., Hammer 1972), degraded water quality, and reduced health of aquatic ecosystems
(e.g., Brookes 1988). In Cook County, Illinois alone, total claims paid for urban flooding incidents over five years (2007–
2011) were more than $773 million (CNT 2014). In addition to larger peak flows, increased stormwater can also lead to
instability in drainage systems and reduced recharge of groundwater (Herricks 1995; Thorne 1998; FISRWG 1999).
Instability in the drainage system can rapidly erode stream banks, damage streamside vegetation, and widen stream channels
(Hammer 1972). Instability combined with reduced groundwater recharge results in lower water depths during non-storm
periods, higher than normal water levels during wet weather periods, increased sediment loads, and higher water temper-
atures (Brookes 1988). As described earlier, trees can reduce stormwater runoff in many ways and help reduce these impacts.

Over a third of our nation’s streams, lakes, and estuaries are impaired by some form of water pollution (US EPA 1998).
Pollutants can enter surface waters from point sources, such as single-source industrial discharges and wastewater treatment
plants. However, most pollutants result from nonpoint source (NPS) pollution activities, including runoff from agricultural
lands, urban areas, construction and industrial sites, and failed septic tanks. These activities can introduce harmful amounts
of sediments, nutrients, bacteria, organic wastes, chemicals, and metals into surface waters (WEF/ASCE 1998). Damage to
streams, lakes, and estuaries from nonpoint source pollution was estimated to be about $7 to $9 billion a year in the
mid-1980s (Ribaudo 1986), with urban NPS runoff a leading cause of receiving water pollution (US General Accounting
Office 2001). Nutrient pollution alone can lead to problems such as accelerated eutrophication or harmful algal blooms,
creating millions of dollars in costs associated with impacts on tourism and recreation, property values, human health,
drinking water treatment, and pollution mitigation (US EPA 2015).

Substantial economic value is derived from reducing river temperature (Seedang et al. 2008), increasing DO (Rabotyagov
et al. 2014), avoiding harmful algal blooms (Anderson et al. 2000; Hoagland et al. 2002), and slowing eutrophication (Dodds
et al. 2009; Pretty et al. 2003). The estimated annual damage costs of freshwater eutrophication are approximately $2.2
billion in the US (Dodds et al. 2009) and $105–160 million in England and Wales (Pretty et al. 2003). The loss in economic
welfare from recreational fishing due to lowering DO levels in the Patuxent River, Maryland is between $100,000 and
$300,000 per year (Lipton and Hicks 2003). The estimated economic impact of harmful algal bloom in the United States is
approximately $0.5 billion (Anderson et al. 2000). About 45% of this value is from impacts on public health costs. To help

Table 15.1 Summary of general tree effects, hydrologic services provided and associated hydrologic impacts. Services and impacts of trees are
denoted as generally increasing (+) or decreasing (−). The impacts could be assigned economic values based on their effects on human and aquatic
health, recreation and tourism, groundwater supplies, sedimentation removal, property values, insurance rates, etc

Tree Effects Services Impacts

Evapotranspiration Air temperature (–) Aquatic life (+)

Interception Aquatic food and habitat (+) Base streamflow (+)

Litter deposition Chemicala/biologicalb degradation (+) Dissolved oxygen (+)

Root growth Chemicala removal/uptake (+) Erosion (–)

Shade Chemicala transport (–) Eutrophication (–)

Infiltration (+) Flooding (�)

Nutrients (uptake, litter) (�) Groundwater recharge (+)

Runoff (–) Treatment costs (–)

Stream temperature (–) Water pollution (–)

Water uptake (+)
aMetals, nutrients, pesticides, sediment
bPathogens
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mitigate damage from urban runoff, the US Clean Water Act (US EPA 2013) sets a total maximum daily load (TMDL) for
rivers receiving urban runoff, which defines quantitative thresholds for the concentrations and fluxes of thermal and material
pollutant sources (Seedang et al. 2008; US EPA 2007).

15.7 Valuing Tree Impacts on Hydrology

To value tree impacts on hydrology, the tree effects (e.g., interception, ET, and avoided runoff) first need to be quantified.
Once the effects are quantified, these effects can be related to services and impacts (e.g., reduced pollution and improved
human health) and then the impacts valued (Table 15.1). Various models exist to quantify tree impacts on hydrology and
water quality (Coville et al. 2019), but the valuation of these impacts is limited. Once the flow or provision of the good or
service (e.g., reduced pollution) is quantified, various market and non-market valuation methods can be applied to char-
acterize their value. Methods of non-market valuation can be pecuniary or non-pecuniary (e.g., number of human lives
saved). This valuation includes various procedures such as market prices, contingent valuation surveys, replacement or
substitute costs, hedonic regression, and damage costs avoided (Nowak et al. 2017b). Some studies estimate the value of
reduced runoff due to trees in cities is on the order of millions of dollars per year (Table 15.2).

For the most part, the economic valuation of tree effects on the myriad of hydrologic impacts remains to be evaluated as
many of these impacts are not quantified. Once the impact of trees is more fully quantified, the total economic impact related
to human and aquatic health, recreation and tourism, groundwater supplies, sedimentation removal, property values, and
insurance rates, etc., can be evaluated. However, care must be exercised to avoid double-counting of benefits and costs. More
research is needed to quantify the many tree and forest hydrologic impacts and values. This research can lead to better, more
informed, and cost-effective management decisions to improve water quality, enhance groundwater recharge, and reduce
flooding. These improvements can ultimately enhance human and aquatic health and well-being for current and future
generations.

Table 15.2 Estimated monetary values of urban tree effects on reducing runoff into streams

City Value type $/gallon avoided Value/year References

Austin, TX Locala 0.27 $230 million Walton (1997)

Plaster Creek subwatershed, Grand Rapids, MI Localb 1.25 $52.7 million Plan-It Geo (2015)

Core city subwatersheds, Grand Rapids, MI Localb 1.25 $36.5 million Plan-It Geo (2015)

Houston, TX Averagec 0.009 $11.6 million* Nowak et al. (2017a)

Wakarusa River watershed, Lawrence, KS Averagec 0.009 $5.9 million Nowak et al. (2014)

New York, NY Averagec 0.009 $4.6 million Nowak et al. (2018)

Austin, TX Averagec 0.009 $4.3 million* Nowak et al. (2016a)

Blue River watershed, Kansas City, KS/MO Averagec 0.009 $4.2 million* Nowak et al. (2013a)

Cobbs Creek watershed, Philadelphia, PA Averagec 0.009 $3.0 million* Nowak et al. (2016b)

Don Watershed, Toronto, ON Averagec 0.009 $2.2 million* Nowak et al. (2013b)

First St. subwatershed, Grand Rapids, MI Localb 1.25 $2.0 million Plan-It Geo (2015)
aStormwater retention pond costs
bStormwater mitigation and environmental impact costs
cU.S. average stormwater control and treatment costs from several cities
*Value not given in publication, but reported here assuming $0.009 per gallon
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15.8 Valuing Total Tree Impacts and Costs

While this chapter is focused on urban tree impacts on hydrology, urban trees provide numerous other benefits and costs. To
understand the true value and costs of vegetation, all the benefits and costs need to be understood and quantified. Other
benefits provided by these trees include reducing building energy use and atmospheric carbon dioxide (CO2), improving air
quality, reducing ultraviolet radiation, creating wildlife habitats and esthetically pleasing environments, enhancing human
health and social well-being, and lowering noise levels (Nowak and Dwyer 2007). Although national effects of urban trees
on hydrology in the United States have not been analyzed, the national urban forest values from other benefits are estimated
as $18.3 billion per year; $5.4 billion from air pollution removal, $5.4 billion from reduced building energy use, $4.8 billion
from carbon sequestration, and $2.7 billion from avoided pollutant emissions (Nowak and Greenfield 2018). This estimate is
conservative as it only addresses four benefits out of a myriad of potential benefits from trees.

Urban forests also have various costs associated with tree planting, maintenance and removal, and other indirect costs
related issues such as allergies from tree pollen, chemical emissions from trees, and maintenance activities that contribute to
air pollution, invasive plants altering local biodiversity, and increased tax rates due to increased property values (e.g., Roy
et al. 2012; Lyytimaki 2017). Trees can also increase waste disposal, infrastructure repair, water consumption, and building
energy use in the winter due to tree shade.

Studies suggest that benefits from urban street trees are on the order of 1.4–5.8 times greater than costs (McPherson et al.
2005, 2016). However, these estimates are likely conservative as many benefits remain to be quantified. While the direct
management costs of street trees are generally known, these costs are often higher than other urban trees that require less
direct individual tree management and maintenance (e.g., trees in natural forest stands). Thus, management costs can vary
widely in urban areas. The benefits can also vary depending upon the number of healthy trees, species, sizes, and location.
These changes in management costs and benefits will alter the cost-benefit ratios in urban areas. The overall urban forest
likely has higher benefit-cost ratios than found for street trees due to often lower costs per tree and numerous benefits that
remain to be quantified. More research is needed to better understand local variations in tree costs and benefits to help sustain
optimal forest structures to enhance human health, well-being, and ecosystem sustainability.

15.9 Conclusions

Tree canopies can profoundly alter the amount, patterning, timing, and quality of precipitation reaching the ground and
streams. Tree precipitation partitioning processes alter all subsequent hydrological processes, including many that hold
market and non-market value, like stormwater runoff, soil moisture, peak streamflow, water quality, and air temperatures.
The interception of precipitation by tree canopies, in particular, can help mitigate the hydrologic consequences of increased
impervious cover in urban environments. This reduction of runoff to water bodies provides pecuniary benefits, being valued
at $2–200 million US dollars per year at various scales, and, more importantly, non-pecuniary benefits like improved human
health and well-being. Of course, urban trees have inherent costs (for installation and maintenance) to maintain these benefits
and minimize negative hydrologic outcomes (e.g., clogging of stormwater management systems). As trees provide multiple
benefits that go well beyond hydrologic benefits, net total benefits typically exceed total costs. Many theoretical and
methodological unknowns remain that impact our ability to comprehensively quantify and value urban tree hydrologic
benefits and costs, including the: (i) dynamics of suspended, dissolved, and thermal stormwater qualities; (ii) influence of
stemflow and throughfall drip points on runoff versus infiltration in urban settings, and associated water quality; and
(iii) relationship between variability in precipitation partitioning processes and societal processes beyond stormwater
management, like recreation/tourism, property values, etc. Improved understanding of the costs and benefits of trees
facilitates informed and cost-effective water resource management using nature-based solutions, that can enhance human
well-being and ecosystem sustainability for current and future generations.

262 D. J. Nowak et al.

jvanstan@georgiasouthern.edu



References

Akbari H, Davis S, Dorsano S, Huang J, Winnett S (1992) Cooling our communities: a guidebook on tree planting and light-colored surfacing. US
Environmental Protection Agency, Washington, DC, p 217

Allan JD, Castillo MM (2007) Stream ecology: structure and function of running waters, 2nd edn. Springer, New York, p 436
Anderson DM, Hoagland P, Kaoru Y, White AW (2000) Estimated annual economic impacts from harmful algal blooms (HABs) in the United

States. Woods Hole (MA), Department of Biology, Woods Hole Oceanographic Institution. WHOI-2000-11. 97 pp
Aubertin GM (1971) Nature and extent of macropores in forest soils and their influence on subsurface water movement, Northeastern Forest

Experiment Station, Research Paper NE-192. Upper Darby, PA, 33 pp
Beach D (2002) Coastal sprawl: the effects of urban design on aquatic ecosystems in the united states. Pew Oceans Commission, Arlington, VA,

p 32
Beare MH, Lowrance RR, Meyer JL (1994) Biotic regulation of nitrate depletion in a Coastal Plain riparian forest: experimental approach and

preliminary results. In: Riparian ecosystems in the humid U.S. functions, values and management. Proceedings of a conference, Atlanta, GA.
National Association of Conservation Districts, Washington, D.C. pp 388–397, 15–18 Mar 1993

Boyd MJ, Bufill MC, Knee RM (1994) Predicting pervious and impervious storm runoff from urban drainage basins. Hydrol Sci J 39(4 Aug):321–
332

Brinson MM, Bradshaw HD, Kane ES (1984) Nutrient assimilative capacity of an alluvial floodplain swamp. J Appl Ecol 21:1041–1057
Brookes A (1988) Channelized rivers: perspectives for environmental management. Wiley, New York, p 326
Center for Neighborhood Technology (CNT) (2014) The prevalence and cost of urban flooding: a case study of cook county, IL. Center for

Neighborhood Technology, 26 pp https://www.cnt.org/sites/default/files/publications/CNT_PrevalenceAndCostOfUrbanFlooding2014.pdf,
Sept 2018

Chen YD, McCutcheon SC, Carsel RF (1994) Ecological perspectives on silvicultural nonpoint source pollution control. In: Watershed 93: a
national conference on watershed management. proceedings of a conference 14–21 Mar 1993, Alexandria, Va. E.P.A. publication
840-R-94-002, pp 229–235

Chesters G, Schierow LJ (1985) A primer on nonpoint pollution. J Soil Water Conserv 40:9–13
Chin DA (2013) Water-resources engineering, 3rd edn. Pearson Education, 960 pp
Chislock MF, Doster E, Zitomer RA, Wilson AE (2013) Eutrophication: causes, consequences, and controls in aquatic ecosystems. Nat Educ 4

(4):1–10
Chow TV, Yen BC (1976) Urban stormwater runoff: determination of volumes and flowrates. U.S. Environmental Protection Agency, Office of

Research and Development, Municipal Environmental Research Laboratory, Cincinnati, OH, 224 pp
Clark EH (1985) The off-site costs of soil erosion. J Soil Water Conserv 40:19–22
Clapp CE, Liu R, Dowdy RH, Mingelgrin U, Hayes MHB (1995) Humic acid-herbicide complexes in soil and water biosystems. In: Clean water,

clean environment—21st century. Volume I: Pesticides. Proceedings of a conference. Mo. American Society of Agricultural Engineers, St.
Joseph, MI, Kansas City, pp 33–36, 5–8 Mar 1995

Cooper JR, Gilliam JW, Daniels RB, Robarge WP (1987) Riparian areas as filters for agricultural sediment. Soil Sci Soc Am J 51:416–420.
Correll DL (1997) Buffer zones and water quality protection: general principles, pp 7–20. In: Haycock NE, Burt TP, Goulding KWT, Pinay G
(eds) Buffer zones: their processes and potential in water protection. In: Proceedings of the international conference on buffer zones. Quest
Environmental, Harpenden, England, 326 pp, Sept 1996

Correll DL (1997) Buffer zones and water quality protection: general principles, pp 7–20. In: Haycock NE, Burt TP, Goulding KWT, Pinay G
(eds) Buffer zones: their processes and potential in water protection. In: Proceedings of the international conference on buffer zones. Quest
Environmental, Harpenden, England, 326 pp, Sept 1996

Coutant CC (1985) Striped bass, temperature, and dissolved oxygen: a speculative hypothesis for environmental risk. Trans Am Fisher Soc
114:31–61

Coville RC, Nowak DJ, Endreny TA (2019) Modeling the impact of urban trees on hydrology. In: Chapter in forest-water interactions textbook.
Springer Ecological Studies Series. (Forthcoming.)

Daniels RB, Gilliam JW (1996) Sediment and chemical load reduction by grass and riparian filters. Soil Sci Soc Am J 60:246–251
Dodds WK, Bouska WW, Eitzmann JL, Pilger TJ, Pitts L, Riley AJ, Schloesser JT, Thornbrugh DJ (2009) Eutrophication of U. S. freshwaters:

analysis of potential economic damages. Environ Sci Technol 43(1):12–19
Dong W, Li HE, Li JK (2013) Monitoring and analysis of evolution process of rainfall runoff water quality in the urban area. Environ Sci 34

(2):561–569
Dupont DP (1992) Economic assessment of the performance of alternative environmental policy instruments as they pertain to agriculture and

water quality. In: Miller MH, FitzGibbon JE, Fox GC, Gillham RW, Whiteley HR (eds) Agriculture and water quality. Proceedings of an
interdisciplinary symposium. Centre for soil and water conservation, University of Guelph, Guelph, Ontario, Canada, 213 pp, 23–24 Apr 1991

Erdner DL, Dyble J, Parsons ML, Stevens RC, Hubbard KA, Wrabel ML, Moore SK, Lefebvre KA, Anderson DM, Bienfang P, Bidigare RR,
Parker MS, Moeller P, Brand LE, Trainer VL (2008) Centers for oceans and human health: a unified approach to the challenge of harmful algal
blooms. Environ Health 7(Suppl 2):S2. https://doi.org/10.1186/1476-069X-7-S2-S2

Evanylo GK (1994) Mineralization and availability of nitrogen in organic waste-amended Mid-Atlantic soils. In: Perspectives on Chesapeake Bay,
1994: advances in estuarine sciences. Chesapeake Bay program scientific and technical advisory committee. Chesapeake Research Consortium,
CRC Publication 147, Edgewater, MD, pp 77–104

Everard M, Moggridge HL (2012) Rediscovering the value of urban rivers. Urban Ecosyst 293–314

15 Valuing Urban Tree Impacts on Precipitation Partitioning 263

jvanstan@georgiasouthern.edu

https://www.cnt.org/sites/default/files/publications/CNT_PrevalenceAndCostOfUrbanFlooding2014.pdf
http://dx.doi.org/10.1186/1476-069X-7-S2-S2


Faulkner H, Edmonds-Brown V, Green A (2000) Problems of quality designation in diffusely polluted urban streams—the case of Pymme’s
Brook, north London. Environ Pollut 109(1):91–107

Fausey N, Dowdy R, Steinheimer T, Spalding R, Blanchard P, Lowery B, Albus W, Clay S (1995) Where’s the atrazine?—a regional groundwater
synopsis. In: Clean water, clean environment—21st century. Volume I: pesticides. Proceedings of a conference. American Society of
Agricultural Engineers, St. Joseph, MI, Kansas City, Mo, pp 69–72, 5–9 Mar 1995

Faye RE, Carey WP, Stamer JK, Kleckner RL (1980) Erosion, sediment discharge, and channel morphology in the upper Chattahoochee River
Basin, Georgia. U.S. Geological Survey. Prof. Pap. 1107. Washington, D.C., 85 pp

Federal Interagency Stream Restoration Working Group (FISRWG) (1999) Stream corridor restoration—principles, processes, and practices,
federal interagency stream restoration working group, Washington, DC. NTIS: PB98-158348INQ, 637 pp

Fischer D, Charles EG, Baer AL (2003) Effects of stormwater infiltration on quality of groundwater beneath retention and detention basins.
J Environ Eng 129(5):464–471

Gilliom RJ (2007) Pesticides in U.S. streams and groundwater. Environmental Science & Technology, pp 3409–3414
Gitay H, Suárez A, Watson R, Dokken DK (2002) Climate change and biodiversity. Intergovernmental Panel on Climate Change (IPCC), vol 24,

77 pp
Guldin RW (1989) An analysis of the water situation in the United States: 1989–2040. USDA forest service general technical report RM-177.

Rocky Mountain Forest and Range Experiment Station, Fort Collins, CO, 178 pp
Hamilton GW, Waddington DV (1999) Infiltration rates on residential lawns in Central Pennsylvania. J Soil Water Conserv, 3rd Quarter, 564–568
Hammer TR (1972) Stream channel enlargement due to urbanization. Water Resour Res 8(6):1530–1540
Hampson PS, Treece Jr MW, Johnson GC, Ahlstedt SA, Connell JF (2000) Water quality in the upper Tennessee River Basin, Tennessee, North

Carolina, Virginia, and Georgia, 1994–1998. U.S. Geological Survey. Circ. 1205, Washington, D.C., 33 pp
Heisler GM (1986) Energy savings with trees. J Arboric 12(5):113–125
Herb WR, Janke B, Mohseni O, Stefan HG (2008) Thermal pollution of streams by runoff from paved surfaces. Hydrol Process 22:987–999
Herricks EE (1995) Stormwater runoff and receiving systems: impact, monitoring, and assessment. CRC Lewis Publishers, New York, 480 pp
Herwitz SR (1986) Infiltration-excess caused by stemflow in a cyclone prone tropical rainforest. Earth Surf Proc Land 11:401–412
Hoagland P, Anderson DM, Kaoru Y, White AW (2002) The economic effects of harmful algal blooms in the United States: estimates, assessment

issues, and information needs. Estuaries 25(4b):819–837
Hornberger GM, Raffensperger JP, Wiberg PL, Eshleman KN (eds) (1998) Elements of physical hydrology. The Johns Hopkins University Press,

312 pp
Hupp CR, Woodside MD, Yanosky TM (1993) Sediment and trace element trapping in a forested wetland, Chickahominy River. Va. Wetlands 13

(2):95–104
Jarvis A (2000) Measuring and modelling the impact of land-use change in tropical hillsides: the role of cloud interception to epiphytes. Adv

Environ Monit Modell 1:118–148
Johnston CA, Bubenzer GD, Lee GB, Madison FW, McHenry JR (1984) Nutrient trapping by sediment deposition in a seasonally flooded lakeside

wetland. J Environ Qual 13:283–289
Jones RC, Holmes BH (1985) Effects of land use practices on water resources in Virginia. Bull. 144. Virginia Polytechnic Institute and State

University, Water Resources Research Center, Blacksburg, VA
Jordan TE, Correll DL, Weller DE (1993) Nutrient interception by a riparian forest receiving inputs from adjacent croplands. J Environ Qual

22:467–473
Kah M, Neulke S, Brown CD (2007) Factors influencing degradation of pesticides in soil. J Agric Food Chem 55(11):4487–4492
Keen B, Cox J, Morris S, Dalby T (2010) Stemflow runoff contributes to soil erosion at the base of macadamia trees. In: 19th world congress of

soil science, soil solutions for a changing world, Brisbane, Australia. Published on DVD, pp 240–243, 1–6 Aug 2010
Larsen RE, Miner JR, Buckhouse JC, Moore JA (1994) Water quality benefits of having cattle manure deposited away from streams. Biores

Technol 48:113–118
Leopold DJ (1968) Hydrology for urban land planning: a guidebook on the hydrologic effects of urban land use. U.S. Geological Survey, Reston,

VA. U.S. Geological Survey Circular, vol 554, 18 pp
Lerner DN (2002) Identifying and quantifying urban recharge: a review. Hydrogeol J 10(1):143–152
Lipton D, Hicks R (2003) The cost of stress: Low dissolved oxygen and economic benefits of recreational striped bass (Morone saxatilis) fishing in

the Patuxent River. Estuaries 26(2A):310–315
Liu S (1998) Estimation of rainfall storage capacity in the canopies of cypress wetlands and slash pine uplands in north-central Florida. J Hydrol

207:32–41
Loheide SP, Gorelick SM (2006) Quantifying stream-aquifer interactions through the analysis of remotely sensed thermographic profiles and

in situ temperature histories. Environ Sci Technol 40(10):3336–3341
Long DL, Dymond RL (2014) Thermal pollution mitigation in cold water stream watersheds using bioretention. J Am Water Resour Assoc 50

(4):977–987
Lormand JR (1988) The effects of urban vegetation on stormwater runoff in an arid environment. Master’s thesis, School of Renewable National

Resources, Univ. Ariz., Tucson, AZ. 100 pp
Lowrance RR, Todd RL, Asmussen LE (1984a) Nutrient cycling in an agricultural watershed: I. phreatic movement. J Environ Qual 13:22–27
Lowrance R, Todd R, Fail J Jr, Hendrickson O Jr, Leonard R, Asmussen L (1984b) Riparian forests as nutrient filters in agricultural watersheds.

Bioscience 34:374–377
Lowrance R, Sharpe JK, Sheridan JM (1986) Long-term sediment deposition in the riparian zone of a coastal plain watershed. J Soil Water

Conserv 41:266–271
Lürling M, Van Oosterhout F, Faassen E (2017) Eutrophication and warming boost cyanobacterial biomass and microcystins. Toxins 9(2):1–16

264 D. J. Nowak et al.

jvanstan@georgiasouthern.edu



Lyytimaki J (2017) Chapter 12: Disservices of urban trees. In: Ferrini F, Konijnendijk CC, Fini A (eds) Routledge handbook of urban forestry.
Routledge, New York, pp 164–176

MacKay D (1992) A perspective on the fate of chemicals in soils. In: Miller MH, Fitzgibbon JE, Fox GC, Gillham RW, Whiteley HR
(eds) Agriculture and water quality: proceedings of an interdisciplinary symposium, 23–24 Apr 1991. Centre for Soil and Water Conservation,
Guelph, Ontario, pp 1–11

Matheussen B, Kirschbaum RL, Goodman IA, O’Donnell GM, Lettenmaier DP (2000) Effects of land cover change on stream flow in the interior
Columbia River Basin (USA and Canada). Hydrol Process 14:867–885

McPherson EG (1998) Structure and sustainability of Sacramento’s urban forest. J Arboric 24(4):174–190
McPherson EG, Simpson JR, Peper PJ, Maco SE, Xiao Q (2005) Municipal forest benefits and costs in five US cities. J Forest 103(8):411–416
McPherson EG, van Doorn N, de Goede J (2016) Structure, function and value of street trees in California, USA. Urban Forest Urban Green

17:104–115
Merrikhpour H, Jalali M (2013) The effects of road salt application on the accumulation and speciation of cations and anions in an urban

environment. Water Environ J 27(4):524–534
Mohseni O, Stefan HG, Erickson TR (1998) A nonlinear regression model for weekly stream temperatures. Water Resour Res 34(10):2685
Neary DG, Swank WT, Riekerk H (1988). An overview of nonpoint source pollution in the Southern United States. In: The forested wetlands of

the southern U.S. USDA Forest Service General Technical Report SE-50, pp 1–7
Nowak DJ (2012) Contrasting natural regeneration and tree planting in 14 North American cities. Urban Forest Urban Greening 11:374–382
Nowak DJ (2017) Urban forest sustainability in the United States. In: Ning Z, Nowak D, Watson G (eds) Urban forest sustainability. International

Society of Arboriculture. Champaign, IL, pp 2–11
Nowak DJ, Dwyer JF (2007) Understanding the benefits and costs of urban forest ecosystems. In: Kuser J (ed) Urban and community forestry in

the northeast. Springer, New York, pp 25–46
Nowak DJ, Greenfield EJ (2018) U.S. urban forest statistics, values and projections. J Forest 116(2):164–177
Nowak DJ, Bodine AR, Hoehn RE, Crane DC, Ellis A, Endreny TE, Yang Y, Jacobs T, Shelton K (2013a) Assessing forest effects and values in

the greater Kansas City region. USDA Forest Service, Northern Research Station Resource Bulletin NRS-75. Newtown Square, PA, 72 pp
Nowak DJ, Hoehn RE, Bodine AR, Greenfield EJ, Ellis A, Endreny TE, Yang Y, Zhou T, Henry R (2013b) Assessing forest effects and values:

Toronto’s urban forest USDA forest service, Northern Research Station Resource Bulletin NRS-79. Newtown Square, PA, p 59
Nowak DJ, Bodine AR, Hoehn RE, Ellis A, Bomberger K, Crane D, Endreny T, Taggart T, Stephan E (2014) Assessing forest effects and values:

Douglas, County, KS. USDA Forest Service, Northern Research Station Resource Bulletin NRS-91. Newtown Square, PA. 76 pp
Nowak DJ, Bodine AR, Hoehn RE, Edgar CB, Hartel DR, Lister TW, Brandeis TJ (2016a) Austin’s urban forest, 2014. USDA Forest Service,

Northern Research Station Resources Bulletin. NRS-100. Newtown Square, PA. 55 pp
Nowak DJ, Bodine AR, Hoehn RE, Low SC, Roman LA, Henning JG, Stephan E, Taggart T, Endreny T (2016b) The urban forest of Philadelphia.

Resour Bull NRS-106. Newtown Square, PA: U.S. Department of Agriculture, Forest Service, Northern Research Station, 80 pp
Nowak DJ, Bodine AR, Hoehn RE, Edgar CB, Riley G, Hartel DR, Dooley KJ, Stanton SM, Hatfield MA, Brandeis TJ, Lister TW (2017a)

Houston’s urban forest, 2015. USDA forest service. South Res Stn Resour Bull SRS-211. Newtown Square, PA, 91 pp
Nowak DJ, Poudyal NC, McNulty SG (2017b) Chapter 4, Forest ecosystem services: carbon and air quality. In: Sills EO, Moore SE, Cubbage FW,

McCarter KD, Holmes TP, Mercer DE (eds) Trees at work: economic accounting for forest ecosystem services in the U.S. South. USDA forest
service southern research station general technical report SRS-226, Asheville, NC, pp 49–64

Nowak DJ, Bodine AR, Hoehn RE. III, Ellis A, Hirabayashi S, Coville RC, Auyeung DSN, Sonti NF, Hallett RA, Johnson ML, Stephan EA,
Taggart TP, Endreny TA (2018) The urban forest of New York City. Resource Bulletin NRS-117. U.S. Department of Agriculture, Forest
Service, Northern Research Station. Newtown Square, PA. 82 pp

Osborne LL, Kovacic DA (1993) Riparian vegetated buffer strips in water quality restoration and stream management. Freshw Biol 29:243–258
Palmateer GA (1992) Transport of biological pollutants from agricultural sources through aquatic sediment systems in Ontario. In: Miller MH,

Fitzgibbon JE, Fox GC, Gillham RW, Whiteley HR (eds) Agriculture and water quality: Proceedings of an interdisciplinary symposium. Centre
for Soil and Water Conservation, Guelph, Ontario, Canada, vol 213, pp 59–77, 23–24 Apr 1991

Pang C, Radomyski A, Subramanian V, Nadimigoki M (2017) Multi-criteria decision analysis applied to harmful algal bloom management: a case
study. Integr Environ Assess Manage 13(4):631–639

Parsons JE, Gilliam JW, Munoz-Carpena R, Daniels RB, Dillaha TA (1994) Nutrient and sediment removal by grass and riparian buffers. In:
Campbell KL, Graham WD, Bottcher AB (eds) Environmentally sound agriculture—proceedings of the 2nd conference, Orlando, Fla.
American Society of Agricultural Engineers, St. Joseph, MI. pp 147–154, 20–22 Apr 1994

Peperzak L (2003) Climate change and harmful algal blooms in the North Sea. Acta Oecol 24(Supplement 1):S139–S144
Peterjohn WT, Correll DL (1984) Nutrient dynamics in an agricultural watershed: observations on the role of a riparian forest. Ecology 65:1466–

1475
Pind CA, Gunnbjörnsdottír M, Bjerg A, Järvholm B, Lundbäck B, Malinovschi A, Middelveld R, Nilsson Sommar J, Norbäck D, Janson C (2017)

Patient-reported signs of dampness at home may be a risk factor for chronic rhinosinusitis: a cross-sectional study. Clin Exp Allergy 47
(11):1383–1389

Pitt R, Lantrip J (2000) Infiltration through disturbed urban soils. In: James W (ed) Applied modeling of urban water systems. CHI, Guelph,
Ontario, pp 1–22

Pitt R, Chen SE, Clark S, Lantrip J, Ong CK, Voorhees J (2003) Infiltration through compacted urban soils and effects on biofiltration design. In:
James W (ed) Practical modeling of urban water systems. CHI, Guelph, Ontario, pp 217–252

Plan-It Geo, LLC (2015) Modeling urban forest scenarios and hydrology in grand rapids, Michigan, 11 pp. https://issuu.com/planitgeoissuu/docs/
modeling_urban_forest_scenarios_and, Feb 2019

15 Valuing Urban Tree Impacts on Precipitation Partitioning 265

jvanstan@georgiasouthern.edu

https://issuu.com/planitgeoissuu/docs/modeling_urban_forest_scenarios_and
https://issuu.com/planitgeoissuu/docs/modeling_urban_forest_scenarios_and


Porada P, Van Stan JT, Kleidon A (2018) Significant contribution of non-vascular vegetation to global rainfall interception. Nat Geosci 11:563–
567

Pretty JN, Mason CF, Nedwell DB, Hine RE, Leaf S, Dils R (2003) Environmental costs of freshwater eutrophication in England and Wales.
Environ Sci Technol 37(2):201–208

Pypker TG, Levia DF, Staelens J, Van Stan JT (2011) Canopy structure in relation to hydrological and biogeochemical fluxes. In: Forest hydrology
and biogeochemistry. Springer, pp 371–388

Rabotyagov SS, Kling CL, Gassman PW, Rabalais NN, Turner RE (2014) Gulf hypoxia action plan 2008 for reducing, mitigating, and controlling
hypoxia in the northern Gulf of Mexico and improving water quality in the Mississippi River basin. Office. Rev Environ Econ Policy 8(1):58–
79

Racke KD (1993) Urban pest control scenarios and chemicals. In: Racke KD, Leslie AR (eds), Pesticides in urban environments, ACS symposium
series, vol 522. American Chemical Society, Washington, DC., pp 1–9

Rawls WJ, Brakensiek DL, Miller N (1983) Green-ampt infiltration parameters from soils data. J Hydraul Eng 109(1):62–70
Ribaudo MO (1986) Regional estimates of off-site damages from soil erosion. In: Waddell TE (ed) The off-site costs of soil erosion. Proceedings of

a symposium held May 1985. Conservation Foundation, Washington, D.C. pp 29–46
Rigosi A, Carey CC, Ibelings BW, Brookes JD (2014) The interaction between climate warming and eutrophication to promote cyanobacteria is

dependent on trophic state and varies among taxa. Limnol Oceanogr 59(1):99–114
Roy S, Byrne J, Pickering C (2012) A systematic quantitative review of urban tree benefits, costs, and assessment methods across cities in different

climatic zones. Urban Forests Urban Green 11(4):351–363
Schooling JT, Carlyle-Moses DE (2015) The influence of rainfall depth class and deciduous tree traits on stemflow production in an urban park.

Urban Ecosyst 18:1261–1284
Schueler T (1994) The importance of imperviousness. Watershed Prot Tech 2(4):100–111
Seedang S, Fernald AG, Adams RM, Landers DH (2008) Economic analysis of water temperature reduction practices in a large river floodplain: an

exploratory study of the Willamette River, Oregon. River Res Appl 24:941–959
Snyder NJ, Mostaghimi S, Berry DF, Reneau RB, Smith EP (1995) Evaluation of a riparian wetland as a naturally occurring decontamination zone.

In: Clean water, clean environment—21st century. Volume III: practices, systems, and adoption. proceedings of a conference. American
Society of Agricultural Engineers, St. Joseph, MI, Kansas City, Mo, pp 259–262 5–8 Mar 1995

Snyder T (2013) Wet basements and their effect on house value. http://www.myhomescience.com/wet-basements-and-their-effect-on-house-value/,
Mar 2019

Somers KA, Bernhardt ES, Grace JB, Hassett BA, Sudduth EB, Wang S, Urban DL (2013) Streams in the urban heat island: spatial and temporal
variability in temperature. Freshw Sci 32(1):309–326

Spruill TB, Harned DA, Ruhl PM, Eimers JL, McMahon G, Smith KE, Galeone DR, Woodside MD (1998) Water quality in the
Albemarle-Pamlico drainage basin, North Carolina and Virginia, 1992–1995. U.S. Geological Survey Circ. 1157. Washington, DC, https://
water.usgs.gov/pubs/circ1157, 11 May 1998

Strecker EW (1998) Considerations and approaches for monitoring the effectiveness of urban BMPs. In: National conference on retrofit
opportunity for water resources protection in urban environments, pp 65–82

Storck P, Lettenmaier DP, Bolton SM (2002) Measurement of snow interception and canopy effects on snow accumulation and melt in a
mountainous maritime climate, Oregon, United States. Water Resour Res 38(11):5, 1–16

Thomas MA (2000) The effect of residential development on ground-water quality near Detroit, Michigan. J Am Water Resour Assoc 36(5):1023–
1038

Thorne CR (1998) River width adjustment. I: processes and mechanisms. J Hydraul Eng 124(9):881–902
U.S. Department of Agriculture, Natural Resources Conservation Service (1986) Urban hydrology for small watersheds. Technical Release 55, 164

pp
U.S. Environmental Protection Agency (USEPA) (1995) National water quality inventory: 1994 report to congress. U.S. Environmental Protection

Agency Office of Water. E.P.A. Publication 841-R-95-005. Washington, D.C., 497 pp
U.S. Environmental Protection Agency (USEPA) (1996) Managing urban runoff, EPA841-F-96–004G, 2 pp
U.S. Environmental Protection Agency (USEPA) (1998) National water quality inventory: 1996 report to congress. U.S. Environmental Protection

Agency Office of Water. E.P.A. Publication 841-R-97-008. Washington, D.C., 137 pp
U.S. Environmental Protection Agency (USEPA) (2007) Developing effective nonpoint source TMDLs: an evaluation of the TMDL development

process. U.S. Environmental Protection Agency, 57 pp
U.S. Environmental Protection Agency (USEPA) (2013) EPA periodic retrospective review of existing regulations; reducing reporting burden

under clean water act Sections 303 (d) and 305 (b). U.S. Environmental Protection Agency, 303, 68 pp
U.S. Environmental Protection Agency (US EPA) (2015) A compilation of cost data associated with the impacts and control of nutrient pollution.

U.S. Environmental Protection Agency Office of Water, EPA 820-F-15-096, 110 pp. https://www.epa.gov/sites/production/files/2015-04/
documents/nutrient-economics-report-2015.pdf, Sept 2018

U.S. General Accounting Office (GAO) (2001) Water quality: better data and evaluation of urban runoff programs needed to assess
effectiveness. GAO-01-679, 63 pp

van Dijk AIJM (2010) The australian water resources assessment system. Technical Report 3. Landscape model (Version 0.5) Technical
description. Water for a healthy country national research flagship, CSIRO, 75 pp

Van Stan II JT, Pypker TG (2015) A review and evaluation of forest canopy epiphyte roles in the partitioning and chemical alteration of
precipitation. Sci Total Environ 536:813–824

Walbridge MR, Struthers JP (1993) Phosphorus retention in non-tidal palustrine forested wetlands of the mid-Atlantic region. Wetlands 13:84–94
Wallace J, Macfarlane C, McJannet D, Ellis T, Grigg A, van Dijk A (2013) Evaluation of forest interception estimation in the continental scale

Australian Water Resources Assessment-Landscape (AWRA-L) model. J Hydrol 499:210–223
Walton JT (1997) Stormwater runoff reduction by urban trees in Austin, Texas. In: Proceedings of the 8th national urban forest conference,

Atlanta, Georgia, pp 17–20

266 D. J. Nowak et al.

jvanstan@georgiasouthern.edu

http://www.myhomescience.com/wet-basements-and-their-effect-on-house-value/
https://water.usgs.gov/pubs/circ1157
https://water.usgs.gov/pubs/circ1157
https://www.epa.gov/sites/production/files/2015-04/documents/nutrient-economics-report-2015.pdf
https://www.epa.gov/sites/production/files/2015-04/documents/nutrient-economics-report-2015.pdf


Wang J, Endreny TA, Nowak DJ (2008) Mechanistic simulation of urban tree effects in an urban water balance model. J Am Water Resour Assoc
44(1):75–85

Water Environment Federation & American Society of Civil Engineers (WEF/ASCE) (1998) Urban Runoff quality management. Water
Environment Federation & American Society of Civil Engineers, Alexandria, VA, p 259

Winogradoff DA (2002) Bioretention manual. Prince Georges County, MD. Department of Environmental Resources Programs and Planning
Division. http://www.goprincegeorgescounty.com/Government/AgencyIndex/DER/ESD/Bioretention/bioretention.asp. Last accessed Dec
2006

Yang XE, Wu X, Hao HL, He ZL (2008) Mechanisms and assessment of water eutrophication. J Zhejiang Univ Sci B 9(3):197–209
Young RA, Huntrods T, Anderson W (1980) Effectiveness of riparian buffer strips in controlling pollution from feedlot runoff. J Environ Qual

9:483–487

15 Valuing Urban Tree Impacts on Precipitation Partitioning 267

jvanstan@georgiasouthern.edu

http://www.goprincegeorgescounty.com/Government/AgencyIndex/DER/ESD/Bioretention/bioretention.asp

